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General Introduction

Natural fossil resources such as coal, oil, and gas combined present over 80% of the global energy supply in 2019 [START_REF] Adrian | Key World Energy Statistics[END_REF] . Their massive use exposes the planet to the depletion of natural reserves as well as the increase of CO2 emissions and other greenhouse gases which contribute to global warming and climate change. The International Energy Agency (IEA) reported that CO2 emission is still increasing even though it is at a slower rate and will reach 37.2 Gt by 2035 2 . To avoid dangerous climate change, some actions such as decarbonizing the energy supplies by the development of renewable energy technologies or CO2 valorization are the subject of intense research. Solar energy, wind power, or ocean currents are sustainable sources that can provide energy intermittently which causes a large fluctuation of delivered energy incompatible with the daily demand. For these reasons, it is mandatory to develop new energy storage systems that can be adapted for electrical production and respond to human demand.

Portable rechargeable energy storage systems that can be made in various sizes and forms are desirable, especially for electric vehicles [START_REF] Dunn | Electrical Energy Storage for the Grid: A Battery of Choices[END_REF] . Since their commercialization by Sony in 1991, lithiumion batteries (LIBs) have gained more popularity in recent years thanks to their high energy density, low self-discharge rate, and long life cycle compared to other types of batteries 4 . These devices are used in all domains going from stationary to portable devices. However, the energy density of lithium-ion batteries has increased by 3-5% every year in the last decades but it is still below the target 350 Wh.kg -1 for electric vehicles at the cell level [START_REF] Francfort | Electrochemical Energy Storage Technical Team Roadmap[END_REF] . Moreover, the limited distribution and reserve of lithium resources, as well as the rapidly growing demand for LIBs have aggravated the imbalance between supply and demand, leading to an increase in lithium price. Hence, the development of low-cost secondary batteries is mandatory to be carried out.

Sodium-ion batteries (SIBs) have attracted much attention in the last decades since they have the same working process as LIBs with the insertion/extraction of alkali ion in a host material. Despite the drawback of sodium-ion technology compared to lithium, SIBs are very promising, especially for large-scale energy storage where the cost and lifetime are important factors. Currently, the main bottleneck of SIBs is the lack of a positive electrode material with good electrochemical performances. Many classes of material, including Prussian blue analogues and polyanionic compounds, have been identified as potential candidates, among them, layered oxides materials (NaxMO2) have the advantages of simple synthesis, adjustable composition, and high-power density which make them the most promising cathode materials for SIBs. In recent years, exciting progress has been made in increasing the properties of layered cathode materials. But, still a lot of work needs to be done to resolve the irreversible phase transitions and the limited content of exchanged sodium during cycling.

Despite the advances of LIBs, new emerging storage systems post-Li-ion need further development in order to achieve higher energy density and better safety for their implementation in nextgeneration energy storage devices. Another disadvantage of lithium-ion batteries is the use of organic flammable electrolyte which presents flammability, and instability at high voltage. All these issues contribute to the battery failure and tendency to explode [START_REF] Kong | Li-ion battery fire hazards and safety strategies[END_REF] . Moreover, the electric vehicle (EV) market has grown sharply over the past decade. The number of EVs on the world road's in 2019 was estimated at 7.2 million vehicles and this number is predicted to be near 140 million within the next decades showing the fast expansion of this market [START_REF]Global EV Outlook[END_REF] . Finding an alternative to liquid electrolytes has been the subject of intense research in during the last decade to resolve the security problem and increase the energy density of the battery.

Solid state electrolytes (SSEs) are non-flammable which improves safety and avoids the dendrite growth from the anode to the cathode causing shortcuts. These electrolytes are stable over a wide potential window which allows the use of high potential positive electrode material without electrolyte decomposition like in the case of liquid organic electrolytes. With solid electrolytes, it is possible to use lithium metal as anode material and increase the energy density to respond to the high demand of EVs market.

Many materials are now being studied for their lithium ion (Li + ) conducting properties for use as solid electrolytes. There is a wide variety of SSEs such as organic polymers and inorganic sulfides or oxides. Polymer electrolytes are already used and commercialized in all-solid systems for EVs. However, their low ionic conductivity requires the battery to be operated between 60 and 80°C. In the category of inorganic electrolytes, the sulfide family shows the best ionic conductivity at room temperature and can also be densified with applying pressure at 25°C. These SSEs have low electrochemical stability and can degrade into toxic compounds like H2S. The family of oxides electrolytes does not present these toxicity and stability problems. The garnet ceramic Li7La3Zr2O12 (LLZO) has attracted a lot of interest over the last ten years since the ionic conductivity of the material has become very interesting. However, like all conductive ceramics, LLZO needs to be densified and shaped at high temperatures in order to acquire its relevant conductive properties. The densification process has been developed to get a dense LLZO electrolyte that presents good electrochemical properties and high stability against lithium metal and cathode materials.

The overall aim of this work is to study post-lithium-ion technologies. Therefore, the development of novel materials and the investigation of chemistries that enable high energy density and higher safety are required. The work treats two problems of the post LIBs technologies. The first consists of the development of an electrode material for SIBs that presents high specific capacity by increasing the sodium content in the structure. Different synthesis techniques and parameters were studied to stabilize a stochiometric metastable phase. The obtained materials were characterized using electrochemical techniques to evaluate the sodium content, the delivered capacity, and the structural evolution during cycling.

The second part is dedicated to studying the properties of ceramic materials that are considered candidates for application as solid electrolytes. The stability of LLZO electrolyte against temperature and moisture was studied in order to identify the effect of impurities on the densification mechanism. Sintering process was conducted to get a dense electrolyte by studying the effect of densification temperature and the heating rate. The conduction properties and the stability of the obtained dense electrolyte with metallic lithium were evaluated to understand the Li-LLZO interface stability and improve it, especially at high current density. In the end, chemical and structural stability of LLZO with cathode materials was evaluated to control the microstructure and surface chemistry during the densification of the composite cathode.

The development of post-Lithium-ion technologies has been accelerated in the last decades to respond to global mobility needs. Energy storage systems like sodium-ion batteries and all-solidstate batteries (ASSBs) are at the heart of this development. In this chapter, we reported separately the work done on layered oxide materials for SIB and garnet as a solid electrolyte for ASSBs followed by a discussion on the requirements for each material.

1. Layered oxide materials in rechargeable batteries: from lithium to sodium

Lithium-ion battery

An accumulator is an electrochemical system comprising two electrodes separated by an electrolyte that plays the role of ionic conductor and electrical insulator, the system is connected by an external electrical circuit. While an oxidation reaction takes place at the negative electrode (anode) supplying the electrical circuit with electrons, the positive electrode is the seat of a reduction (cathode) consuming these electrons. The reversibility of the oxidation-reduction reactions at the electrodes by applying an opposite current gives the rechargeable or secondary systems. To characterize an electrochemical accumulator some fundamentals need to be introduced.

The gravimetric capacity Csp (mAh.g -1 ) corresponds to the amount of electric charge that can be stored or delivered per unit of mass by the electrode.

𝑐 𝑠𝑝 = 𝑥 ⋅ 𝐹 3.6 ⋅ 𝑀𝑤 (I -1)
Where Mw represents the molecular weight of the material. Faraday's constant (F) value is 96485 C.mole -1 and x refers to the number of electrons exchanged.

Energy density Ecell (Wh.kg -1 ) is the measure of how much energy a battery contains in a proportion of weight. It is proportional to both cell voltage (Vcell) and the specific capacity (Csp):

𝐸 𝑐𝑒𝑙𝑙 = 𝐶 𝑠𝑝 ⋅ 𝑉 𝑐𝑒𝑙𝑙 (I -2)
When the density ρ (Kg.l -1 ) is introduced, the volumetric energy density Ecell (Wh/l) is expressed as:

𝐸 𝑐𝑒𝑙𝑙 = ρ ⋅ 𝐶 𝑠𝑝 ⋅ 𝑉 𝑐𝑒𝑙𝑙 (I -3) Power density (Watt.kg -1 ) is the rate capability of delivering energy in an electrochemical accumulator.

LIBs have been developed since the 1970s and lithium metal has been used as anode material thanks to its reducing potential E(Li + /Li) = -3.04 V vs SHE (Standard Hydrogen Electrode) and low atomic weight which gives it a very high capacity of 3860 mAh.g -1 . However, many practical problems have been encountered in the development of these rechargeable lithium batteries like poor cycle performance, long charging time, and poor safety characteristics associated with the dendrite formation during cycling [START_REF] Nishi | Lithium ion secondary batteries; past 10 years and the future[END_REF] .

To overcome the limitation with metallic lithium as anode material some lithium-accepting materials have been investigated, especially graphite thanks to its high capacity of 372 mAh.g The energy density of the battery is determined by two key parameters: electrode capacities and the voltage difference between the cathode and anode. The nature of the electrolyte defines the voltage window, as shown in Figure I-1a, µa and µc are the electrochemical potentials of the anode and cathode respectively. This voltage window is the difference between the energy of the lowest unoccupied molecular orbital LUMO and the highest occupied molecular orbital HOMO shown as Eg. When µa is above the LUMO energy, then it will reduce the electrolyte, and likewise if µc is below the HOMO energy, it will oxidize the electrolyte. Destabilizing the electrolyte potential induces the formation of the solid electrolyte interface (SEI) which acts as a protector and expands the stability window of the electrolyte [START_REF] Gulzar | Next-generation textiles: From embedded supercapacitors to lithium ion batteries[END_REF] . However, this SEI leads to irreversible capacity loss and high interface resistance between the electrolyte and the electrode due to side reactions with the consumption of Li ions.

Why Sodium-ion battery?

Many efforts have been made to achieve a sustainable and low-emission energy model by developing renewable and green sources, which in most cases are intermittent. Rechargeable electrochemical batteries are at the heart of this transition with the development of LIBs for more than twenty years. Scientists have started investigating alternative systems because of the increasing demand for LIBs and the low abundance of lithium. Sodium-ion batteries are proving to be one of the best candidates with potentially very attractive properties and being environmentally friendly.

With the increased demand for lithium metal and its low abundance in the earth's crust, sodium is shown as an obvious replacement due to its similar properties. In contrast to lithium, sodium is abundant it's the 4 th most abundant element in the earth's crust for this reason the cost of sodium carbonate (about 135-165 $/ton) is much lower than lithium carbonate (about 17000 $/ton in 2021) [START_REF] Gielen | Critical materials for the energy transition: Lithium[END_REF] provide compelling rationales for the use of sodium in large scale battery applications. The reduction potential of Na is 0.3 V higher than that of Li metal which causes a lower operating voltage for sodium-ion batteries. An indirect benefit of Na-ion technology is the possibility to use Aluminum which does not alloy with Na instead of Li as a negative current collector. As a current collector Al is not only cheaper and lighter than Cu used in Li technology but it also makes the battery safer.

When the LIBs are over-discharged the potential of the current collector will increase above 3.5V vs Li + /Li and Cu will oxidize and dissolve into the electrolyte. The dissolved Cu 2+ is reduced on the anode forming dendrites that grow and short circuit the battery. In the case of Al, it gets passivated by the electrolyte and does not dissolve. This stability allows the possibility to stock Na-ion batteries at a completely discharged state (operating voltage of 0 V) so safer transportation [START_REF] Bandhauer | A Critical Review of Thermal Issues in Lithium-Ion Batteries[END_REF] .

Studies on SIBs started in the 1970s and the electrochemical properties of Na/TiS2 cells were reported in 1980 [START_REF] Newman | Ambient Temperature Cycling of an Na-TiS2 Cell[END_REF] . At the same time in 1981 Delmas studied the electrochemical intercalation of sodium in NaxCoO2 as positive electrode [START_REF] Delmas | Electrochemical intercalation of sodium in NaxCoO2 bronzes[END_REF] . However, due to the high energy density delivered by LIBs, SIBs were disregarded and the discovery of graphite as a negative electrode with a high theoretical capacity of 372 mAh.g -1 has further accentuated this because of the impossibility of using graphite as anode for SIBs due to the large Na + size [START_REF] Ellis | Sodium and sodium-ion energy storage batteries[END_REF] . In the early 2000s, Stevens and Dahn [START_REF] Stevens | High Capacity Anode Materials for Rechargeable Sodium-Ion Batteries[END_REF] demonstrated the possibility of using hard carbon for SIBs and obtained a high reversible capacity of 300 mAh.g -1 close to that for lithium insertion in graphitic carbon. The work on SIBs continued and several layered oxides have been studied and have shown their interest as cathode materials.

Komaba carried out the work by studying layered oxides like NaCrO2, NaxMn0.5Ni0.5O2, and NaxFe0.5Mn0.5O2 opening the doors for more understanding [START_REF] Komaba | Electrochemical intercalation activity of layered NaCrO2vs[END_REF] to attain high-voltage and highcapacity positive electrode materials for SIBs.

A SIB presents the same functional process as a LIB. During charging, the sodium is extracted from the active material and then travels throw the electrolyte to be inserted in the anode material. During discharge, it's the opposite process that happens (Figure I-2a). operating potential of LiCoO2 is 1.0 V higher than that of NaCoO2. When both cells are charged above 100 mAh.g -1 , the voltage difference is decreased. As a result, the energy density delivered by SIB is much lower than for LIB. Nevertheless, sodium-ion batteries are considered very promising, especially for stationary applications where energy density is less crucial [START_REF] Peters | Life cycle assessment of sodium-ion batteries[END_REF] .

Even with a larger ionic radius than lithium, sodium ion battery presents some advantages. The processes at the electrode-electrolyte interface (charge transfer, desolvation/solvation) are different, the desolvation energy for Na ions in a variety of organic solvents is 30% smaller compared to lithium. The charge transfer resistance should therefore be smaller in the case of sodium which might enhance electrode kinetics [START_REF] Okoshi | Theoretical Analysis on De-Solvation of Lithium, Sodium, and Magnesium Cations to Organic Electrolyte Solvents[END_REF] .

Layered oxides classification

The most promising classes of cathode material for Na-ion batteries are layered NaMO2 20 , Polyanionic compounds [START_REF] Jin | Polyanion-type cathode materials for sodium-ion batteries[END_REF] , and Prussian Blue analogues [START_REF] Wang | Rhombohedral Prussian White as Cathode for Rechargeable Sodium-Ion Batteries[END_REF] . These compounds are chosen by companies like Fardian, Tiamat, and Natron Energy to be developed.

Our study concerns working on the stabilization of stoichiometric P-type layered oxide phases, for this reason we will focus only on exploring layered oxides reported in the literature. The first AXMO2 layered oxides (A=alkali element) structure was adopted from the α-NaFeO2 which can be described as an ordered NaCl rocksalt structure. The difference in the ionic radii of the two ions (rNa+=1.02 Å and rFe3+=0.645 Å) induces a distortion of the cubic cell and the localization of the cations in different layers explains why AMO2 oxides are often seen stabilized in the layered structure. The ordering of cations breaks the cubic symmetry and induces that layered structures are described in the hexagonal crystal system. The P2-NaxMO2 structure (space group P63/mmc) is stable for sodium content 0.3 ≤ x ≤ 0.7.

The sodium occupies two trigonal prismatic sites differing by the sharing mode with MO2 slabs: Naf shares faces with MO6 octahedra while Nae shares edges with MO6 as described in to the high repulsive effect between Na + , adjacent Naf and Nae sites with too short distances that cannot be occupied simultaneously. Due to the short distance between the Na atoms so the high repulsion, the Naf site is less favored, and the ratio Naf:Nae is usually close to 1:2 for x = 0.7. The structure is consisting of two MO2 layers (AB, BA, capital letters are used to describe the packing patterns of MO2). The O3-type (space group R3m) phase is usually obtained for high sodium content close to 1 with MO2 layers stacking of (ABC, ABC) [START_REF] Wang | Layered Oxide Cathodes for Sodium-Ion Batteries: Phase Transition, Air Stability, and Performance[END_REF] . The P3-type materials with a space group of R3m have a structure consisting of three MO2 layers (AB, BC, and CA). Similar to P2-type, the P3 structure provides open prismatic channels for the Na ions transport during sodiation/desodiation [START_REF] Delmas | Structural classification and properties of the layered oxides[END_REF] .

Layered materials are very attractive intercalation hosts, as they generally have weak interlayer interactions and a 2D space for ion diffusion. Prepared at the discharged state (alkali ion already present), during extraction of the alkali species from the interlayer space, the structure initially undergoes an anisotropic expansion along the axis perpendicular to the layers (c axis) due to the increased repulsion between the negatively charged MO2 layers. The interlayer expansion is below 0.5 Å for Li + extraction and close to 1.5 Å for Na + deintercalation, in part due to the large ionic radius of Na + (1.02 Å) vs Li + (0.76 Å) and also due to the different sites occupied by this ions [START_REF] Clément | Review-Manganese-Based P2-Type Transition Metal Oxides as Sodium-Ion Battery Cathode Materials[END_REF] . 

. P2 phases

As mentioned in the previous section, P-type phase is obtained with intermediate Na content 0.3 ≤

x ≤ 0.7. This type of structure presents a very interesting electrochemical performance thanks to the succession of prismatic sites between the MO2 layers allowing fast Na + diffusion. In this section, the electrochemical characterization and the structural evolution during cycling (charge/discharge) will be discussed. The study of the electrochemical properties of single metal-based oxides started early in the 1980s with NaxCoO2 13 and NaxMnO2 [START_REF] Mendiboure | Electrochemical intercalation and deintercalation of NaxMnO2 bronzes[END_REF] .

NaxCoO2: This composition was first studied for the insertion/extraction of sodium in view of the excellent results of its analogue LiCoO2 [START_REF] Mizushima | LixCoO2 (0<x⩽1): A new cathode material for batteries of high energy density[END_REF] . Berthelot et al. studied the structural evolution of P2-NaxCoO2 using in situ X-ray diffraction (XRD). In the 0.5 ≤ x ≤ 1 composition range, nine phases were isolated along with different Na + /vacancy ordering patterns depending on different Na concentrations. The Na + /vacancy ordering arises from Na + -Na + in-plane repulsions and Co 4+ -Na + inter-plane electrostatic repulsions [START_REF] Berthelot | Electrochemical investigation of the P2-NaxCoO2 phase diagram[END_REF] . P2-Na0.74CoO2 shows a good reversible capacity of 107 mAh.g -1 obtained in the voltage range of 2.0-3.8 V with a capacity fading of 0.1% per cycle for the first 40 cycles [START_REF] Ding | Electrochemical properties of P2-phase Na0.74CoO2 compounds as cathode material for rechargeable sodium-ion batteries[END_REF] . NaxMnO2: These oxides are attractive due to the cost-effectiveness of the Na and Mn elements.

The sodium amount defines the crystal structure, for 0 ˂ x ≤ 0.44 3D tunnel structure is obtained, and for 0.44 ˂ x ≤ 1 the 2D layered structure is stable. P2-Na0.6MnO2 indexed in P63/mmc space group was reported to deliver a capacity of 140 mAh.g -1 in the initial few cycles, but rapid capacity decay was observed, resulting from structural collapse. The capacity decline is mainly related to the strong Jahn-Teller effect of Mn 3+ and the instability of the structure in moisture [START_REF] Caballero | Synthesis and characterization of high-temperature hexagonal P2-Na0.6MnO2 and its electrochemical behaviour as cathode in sodium cells[END_REF] . Trying to improve the capacity delivered by the P2-Na0.6MnO2 Komaba's group studied the electrochemical mechanism of distorted and undistorted P2-Na0.6MnO2. It was found that the distorted P'2-type delivered a high capacity of 216 mAh.g -1 with excellent cycling stability compared to undistorted Na0.6MnO2 [START_REF] Caballero | Synthesis and characterization of high-temperature hexagonal P2-Na0.6MnO2 and its electrochemical behaviour as cathode in sodium cells[END_REF] .

NaxMn1-yNiyO2:

To overcome the problems of limited capacity retention, and working voltage associated with monometallic compounds, their substitution by other electrochemically active or inactive elements has proven to be an interesting approach. The exploitation of the synergistic contributions of different metals could contribute to the improvement of the structural stability of these cathodic materials. In the following part, we will detail the bibliographic studies done on the mixed oxide P2-NaxMn1-yNiyO2 as a cathode material for SIBs. Indeed, the presence of nickel with its valence states (Ni 2+ /Ni 3+ /Ni 4+ ) makes it possible to have a high operating voltage and high specific capacity because it is capable of exchanging two electrons whereas the Mn 4+ keeps a stable crystalline structure [START_REF] Ortiz-Vitoriano | High performance manganese-based layered oxide cathodes: overcoming the challenges of sodium ion batteries[END_REF] .

Paulsen and Dahn [START_REF] Paulsen | Studies of the layered manganese bronzes, Na2/3[Mn1-xMx]O2 with M=Co, Ni, Li, and Li2/3[Mn1-xMx]O2 prepared by ion-exchange[END_REF] were the first to study the structural properties of Na0.66MnO2 compounds, and they proved that the substitution of Mn by another transition metal such as Fe, Co, or Ni reduced the Jahn-Teller distortion caused by the Mn 3+ cations and makes it possible to widen the range of stability of the P2 polymorph. In 2001, the behavior during electrochemical cycling of P2-Na0.66Mn0.66Ni0.33O2 material was studied by Dahn and his team [START_REF] Lu | Situ X-Ray Diffraction Study of P2-Na2/3[Ni1/3Mn2/3]O2[END_REF] . The material delivers a reversible capacity of 160 mAh.g -1 over 2.0-4.5 V which is close to the theoretical capacity of 173 mAh.g -1 (Figure I-7a). During the charging process, the sodium content in the structure decreases to ∼1/3 P2-Na0.66Mn0.66Ni0.33O2 transforms into O2 type Mn0.66Ni0.33O2 by the extraction of almost all Na on charge through the two-phase reaction above 4.1 V and this phase transition is accompanied by huge volume shrinkage of 23% mainly attributed to the decrease of interslab distance [START_REF] Lee | An advanced cathode for Na-ion batteries with high rate and excellent structural stability[END_REF][START_REF] Yoshida | P2-type Na2/3Ni1/3Mn2/3-xTixO2 as a new positive electrode for higher energy Na-ion batteries[END_REF] . The volume change significantly influences the battery performance, in particular, the capacity retention.

Recently, Liu et al. [START_REF] Liu | P2-type Na2/3Ni1/3Mn2/3O2 as a cathode material with high-rate and long-life for sodium ion storage[END_REF] have shown that limiting the cutoff voltage can be a solution to improve the long-term cycle stability of the P2-Na0.66Mn0.66Ni0.33O2 by preventing the high voltage P2-O2 and low voltage P2-P'2 structure conversions, however associated to a drastic decrease of the capacity. The electrode maintained a capacity of 89 mAh.g -1 with good cycling stability and excellent structural preservation between 4.0 and 2.0 V and the capacity retention is 71.2% after 1200 cycles at 10C. [START_REF] Lu | Situ X-Ray Diffraction Study of P2-Na2/3[Ni1/3Mn2/3]O2[END_REF][START_REF] Lee | An advanced cathode for Na-ion batteries with high rate and excellent structural stability[END_REF] .

O3 phases

NaCoO2: The electrochemical properties of this compound in Na cell were first reported by Braconnier et al. at the same time when O3-LiCoO2 in Li cells were studied [START_REF] Delmas | A new variety of LiCoO2 with an unusual oxygen packing obtained by exchange reaction[END_REF] . This material delivers a reversible capacity of ≈ 140 mAh.g -1 in a voltage range of 2.5-4.0 V as shown in Figure I-8a [START_REF] Kubota | Layered oxides as positive electrode materials for Na-ion batteries[END_REF] .

The charge/discharge curve shows multiple plateaus attributed to multiple and reversible phase transitions associated with CoO2-slab gliding.

NaMnO2: This compound exists in two allotropic varieties, O'3-NaMnO2 also called α-NaMnO2 which has a monoclinic symmetry, and a zigzag layered (or corrugated) type known as β-NaMnO2.

The O'3-NaMnO2 was reported by Ma et al. [START_REF] Ma | Electrochemical Properties of Monoclinic NaMnO2[END_REF] to deliver a capacity of 185 mAh.g -1 at the initial The cycling profile shows different series of plateaus indicating the existence of intermediate phases responsible for capacity decay. Even if the upper cut-off voltage is set to be below 3.5 V, the capacity fade is not completely avoided [START_REF] Ma | Electrochemical Properties of Monoclinic NaMnO2[END_REF] . The deterioration mechanism of the capacity, even if it is still not well understood, is associated to the Jahn-Teller distortion of Mn 3+ (t2g 3 eg 1 ). In addition to O'3-NaMnO2, NaMnO2 has another layered oxide polymorph of β-NaMnO2, of which its structure is known to be zig-zag layered, which is composed of edge-sharing MnO6 octahedra, and the Na ions occupy octahedral sites within two neighboring sheets (Figure I-8c). Recent work [START_REF] Billaud | β-NaMnO2 : A High-Performance Cathode for Sodium-Ion Batteries[END_REF] has shown that this compound exhibits a high discharge capacity of 190 mAh.g -1 at a low-rate C/20.

The complex structure changes during cycling have been monitored using in situ XRD, Na NMR, and HRTEM, showing that the structure collapsed (loss of crystallinity) when Na was extracted.

The Jahn-Teller distortion of Mn 3+ has a significant effect on the rearrangement and Na + diffusion during cycling. Replacing Mn with other elements is considered to be an effective method to reduce phase transformation and improve the Na + transport in the structure. In what follows, we will discuss the effect of the presence of Ni 2+ in the structure on the electrochemical activity of O3-NaMnO2 phases.

NaNi0.5Mn0.5O2

Inspired by the good electrochemical properties of LiNi0.5Mn0.5O2 as electrode material for lithiumion batteries [START_REF] Ohzuku | Layered Lithium Insertion Material of LiNi1/2Mn1/2O2 : A Possible Alternative to LiCoO2 for Advanced Lithium-Ion Batteries[END_REF] The multiple phase transitions during cycling limit the use of O3-NaNi0.5Mn0.5O2 as cathode materials for sodium-ion batteries so the effect of some dopants was studied. An in situ study reported by Maletti and his team [START_REF] Maletti | Operando Studies on the NaNi0.5Ti0.5O2 Cathode for Na-Ion Batteries: Elucidating Titanium as a Structure Stabilizer[END_REF] showed that the presence of Ti in the structure provides structural stability during cycling. Indeed, compared to O3-NaNiO2 [START_REF] Wang | Unravelling the origin of irreversible capacity loss in NaNiO2 for high voltage sodium ion batteries[END_REF] which presents a complex mechanism inoxidizability [START_REF] Yao | Designing Air-Stable O3-Type Cathode Materials by Combined Structure Modulation for Na-Ion Batteries[END_REF] showing noticeably effective improvement in the air-stability of O3-type cathode materials. The solid solution of this composition was also studied by Tarascon et al. [START_REF] Wang | Reaching the Energy Density Limit of Layered O3-NaNi0.5Mn0.5O2 Electrodes via Dual Cu and Ti Substitution[END_REF] who formed the O3-NaNi0.5-yMn0.5-zCuyTizO2 phase (y= 0, 0.05, 0.1, 0.2; z= 0.1, 0.2). The co-substitution of Cu 2+

and Ti 4+ reinforces the stability of the material against phase transition, thus allowing access reversibly to 0.9 Na + . Substitution of Mn 4+ (d3) in NaNi0.5Mn0.5O2 by Ti 4+ (d0) has been proven to increase the ionicity of the M-O bond which, in turn, leads to higher localization of the charge on the oxygen and therefore to a discrimination of the Na sites allowing a fast sodium diffusion.

Furthermore, the localization of the charge on the oxygen can help to limit the lattice contraction during the P3-O3 phase transition at the end of the charge through repulsion of the O-O interlayers [START_REF] Wang | Reaching the Energy Density Limit of Layered O3-NaNi0.5Mn0.5O2 Electrodes via Dual Cu and Ti Substitution[END_REF] .

Nevertheless, NaNi0.5Mn0.4Ti0.1O2 showed a biphasic process towards the end of charge (above 4 V)

showing that the Ti 4+ substitution alone cannot completely avoid the formation of a new phase.

However, with the additional Cu 2+ substitution, the biphasic process is no longer observed.

The O3-NaNi0.4Mn0.4Cu0.1Ti0.1O2 showed a high specific capacity of 170 mAh.g -1 and 80% capacity retention after 100 cycles at 0.05C, while the original O3-NaNi0.5Mn0.5O2 retained only 40% of its initial capacity under the same test conditions. 

P3 phases

The P3 phase has the same diffusion pathway as P2 phase with the existence of an open prismatic channel that allows a fast sodium diffusion. It has been reported that P3-type materials are synthesized at lower temperatures (700°C) compared to P2 and O3-type (900°C), providing an effective strategy to save energy consumption during cathode production [START_REF] Kalapsazova | P3-Type Layered Sodium-Deficient Nickel-Manganese Oxides: A Flexible Structural Matrix for Reversible Sodium and Lithium Intercalation[END_REF] . However, the P3-type performance is not as well as the P2 and O3-type since it is stabilized at a lower sodium content (x ≈ 0.5) and it was investigated in anionic redox [START_REF] Kim | Oxygen Redox Activity through a Reductive Coupling Mechanism in the P3-Type Nickel-Doped Sodium Manganese Oxide[END_REF][START_REF] Rong | Structure-Induced Reversible Anionic Redox Activity in Na Layered Oxide Cathode[END_REF] or Li + insertion [START_REF] Kalapsazova | Effects of the Particle Size Distribution and of the Electrolyte Salt on the Intercalation Properties of P3-Na2/3Ni1/2Mn1/2O2[END_REF][START_REF] Ivanova | Effect of Sodium Content on the Reversible Lithium Intercalation into Sodium-Deficient Cobalt-Nickel-Manganese Oxides NaxCo1/3Ni1/3Mn1/3O2(0.38 ≤ x ≤ 0.75) with a P3 Type of Structure[END_REF] . Recently Winter and his team have reported interesting studies on P3 phase. Using a solid-state reaction between (Ni0.5Mn0.5)CO3 and Na2CO3, they obtained a P3-type with the composition of Na0.9Mn0.5Ni0.5O2

which exhibits good coulombic efficiency and a high capacity of 142 mAh.g -1 in a voltage range of 1.5-4.5 V. Stabilization of a P3 phase with high sodium content (> 0.66) would address the Nadeficiency issue of the P-type and the slow Na + ion kinetics of the O3 phase [START_REF] Risthaus | 3 Na0.9Ni0.5Mn0.5O2 Cathode Material for Sodium Ion Batteries[END_REF] . In another study, the effect of the arrangement of transition metal on cycling performance is reported. A P3-Na0.66Mn0.66Ni0.33O2 with a disordered arrangement of Mn and Ni was intentionally synthesized through a multistep coprecipitation process. During cycling, the extraction and insertion of Na cause structural changes in NaO6 units, and this is the main reason for capacity fading in layered NaxMO2. The disorder in the distribution of transition metals improves the structural stability of the MO6 units and prevents the structural changes of NaO6 units. The authors claim that the disordered arrangement of transition metals increases the cycling and rate performances of the P3-type [START_REF] Zhang | Stabilizing P3-Type Oxides as Cathodes for High-Rate and Long-Life Sodium Ion Batteries by Disordered Distribution of Transition Metals[END_REF] . Matsui et al. [START_REF] Matsui | Ca-substituted P3-type NaxNi1/3Mn1/3Co1/3O2 as a potential high voltage cathode active material for sodium-ion batteries[END_REF] reported that doping a P3-NaxMn0.33Ni0.33Co0.33O2 with Ca allows stabilizing of the structure. Indeed, the substitution of Na + by Ca 2+ suppresses the irreversible O'3-

O1 phase transition at high potential observed with the pristine material (P3-O'3-O1-O'3-P3). The structural analyses indicated that the electrostatic repulsion between Ca 2+ ions and the transition metal at the face-shared MO6 site expands the lattice parameter along the c-axis.

The issues with sodium-deficient P-type structure

The sodium deficiency of the as-synthesized P-NaxMO2 materials presents a big issue regarding the capacity delivered so the energy density of Na-ion battery. As mentioned in the previous section, P-type presents higher Na + diffusion than O-type thanks to the prismatic channel between the MO2 layers. P2 and P3-type structures can only be obtained with Na content in the range 0.5 ≤ x ≤ 0.7.

When cycled in a half cell against Na metal, these materials can achieve high capacity thanks to the extra sodium provided by the counter electrode during discharge. In contrast, in a full cell, when paired with an anode without Na (hard carbon) the capacity drops by 30% to 50% because of the lack of a Na reservoir to compensate for the missing Na.

Many approaches have been developed to overcome Na deficiency in P-NaxMO2 materials. These strategies will be discussed to highlight their mechanisms and the electrochemical performances of the obtained materials.

Presodiation of P-type layered oxide

Singh et al. [START_REF] Singh | An approach to overcome first cycle irreversible capacity in P2-Na2/3[Fe1/2Mn1/2]O2[END_REF] investigated the addition of a sacrificial salt NaN3, they showed that the presence of this salt (5 wt%) in the cathode mixture (active material + conductive additive + binder) leads to the suppression of the first irreversible capacity loss of P2-Na0.66Mn0.5Fe0.5O2. Later the same group studied the combination of NaN3 with cathode material in full cell (vs hard carbon). Adding 20 wt% increases the reversible capacity from 50 mAh.g -1 to 130 mAh.g -1 which validated the concept [START_REF] Martinez De Ilarduya | NaN3 addition, a strategy to overcome the problem of sodium deficiency in P2-Na0.67[Fe0.5Mn0.5O2 cathode for sodium-ion battery[END_REF] . The use of sacrificial salt has some drawbacks. First, the decomposition of NaN3 (2NaN3 → 3N2 + 3Na + +2e -) produces N2 gas which diffuses to the anode side and disrupts the formation of the SEI. The second disadvantage is that NaN3 adds extra mass and volume to the cathode which decreases the energy density of the battery. In 2017, Sathiya et al. [START_REF] Sathiya | Dual Stabilization and Sacrificial Effect of Na2CO3 for Increasing Capacities of Na-Ion Cells Based on P2-NaxMO2 Electrodes[END_REF] proposed the use of Na2CO3 as a sacrificial salt. The presence of in situ carbonates with the layered P2-NaxMO2 allows an amelioration in the delivered capacity. However, the presence of sodium carbonates induces many problems like increasing the dead weight of the cell and also evolving gas (CO2).

The second approach to overcome sodium deficiency in P-type compounds was proposed by Zhang et al. It consists of a high-energy ball milling of the cathode active material P2-Na0.66Mn0.5Fe0.5O2

with Na metal [START_REF] Zhang | Insertion compounds and composites made by ball milling for advanced sodium-ion batteries[END_REF] . After 2h of ball milling under argon, the XRD of the obtained powder showed a P'2-Na1Mn0.5Fe0.5O2 phase confirming the formation of a fully sodiated phase. The refinement of the cell parameters is in agreement with the reported ones for P2 and P'2 phases and the change of symmetry from P2 to P'2 is associated with the distortion of the MnO6 octahedral due to the Jahn-Teller effect of reduced Mn 3+ . The comparison of the electrochemical behavior of the pristine and the sodiated phase showed that 0.85 Na + can be removed reversibly from the P'2 phase as opposed to 0.45 Na + in the pristine P2 phase (Figure I-10c). This approach is better than sacrificial salts as there is neither gas emission nor any volume added to the electrode. 

Direct synthesis of P-NaxMO2 with high sodium content

Direct synthesis of layered oxide material with high sodium content by introducing different elements like lithium into the pristine structure was proposed by Zhao et al. [START_REF] Zhao | Revealing High Na-Content P2-Type Layered Oxides as Advanced Sodium-Ion Cathodes[END_REF] . A key factor in structural stability of the P2 phase is the Na content. Na + shields the electrostatic repulsions between the MO2 slabs, in which during the desodiation in the charge process, the decreased shielding of Na, will drive the gliding of the MO2 slabs, resulting in the structural transition P-O.

Therefore, if more Na content can be retained in the P2 host, the structural stability can be better The material P2-Na0.82Li0.08Ni0.3Mn0.62O2 and the reference P2-Na0.66Ni0.33Mn0.66O2 were obtained by solid-state reaction. The ratio between the interlayer distance is calculated to be 1.62 for the high Na content material and 1.86 for the reference. The two materials were cycled in a voltage range Adapted from Zhao [START_REF] Zhao | Revealing High Na-Content P2-Type Layered Oxides as Advanced Sodium-Ion Cathodes[END_REF] .

In a similar study, Jin et al. [START_REF] Jin | Realizing Complete Solid-Solution Reaction in High Sodium Content P2-Type Cathode for High-Performance Sodium-Ion Batteries[END_REF] 

Conclusion

In the first part of this chapter, the working principle of SIB was introduced by showing the advantage of using sodium in terms of sustainability and availability of resources.

A comprehensive review of layered oxide materials was presented displaying the different structures P2, P3, and O3. The P-type material presents better sodium diffusion than the O-type thanks to the existence of prismatic sites. The electrochemical characterization of these structures proves insufficient performances limiting their use in a full-cell configuration. In order to improve the energy density and structural stability one solution was proposed, which consists of increasing the sodium content in these P-type structures. Existing studies like presodiation and the use of sacrificial sodium salts were discussed proving the possibility to form a P-type phase with a sodium content higher than 0.66 normally obtained.

Few studies reported direct synthesis of P-stoichiometric phase with the absence of a detailed determination of the sodium content in the structure. The P-stoichiometric phase is metastable and a detailed study of the phase formation mechanism must be carried out in order to understand the parameters allowing the stabilization of this phase at low temperature. With the aim of stabilizing stoichiometric P-type structure, we investigate the chemical process associated to the formation of layered type compounds and determine the synthesis parameters that have to be tuned to control both structure type and Na content.

LLZO Solid electrolyte for solid-state battery

Why Solid-state battery?

Lithium-ion batteries using liquid electrolytes present good electrochemical performance with high ionic conductivity and good wettability of the electrode materials. However, the presence of liquid electrolyte limits the use of cathode materials with high operating voltage and prevents the use of metallic lithium which reduces the energy density delivered by this technology. Moreover, there is a significant risk of catching fire due to the highly flammable organic solvents used in this technology.

The use of solid-state electrolytes, which are inflammable, prevents all safety issues associated to the use of organic and flammable liquid electrolytes. The mechanical properties of SSEs prevent the growth of dendrite, implying that lithium metal can be used as anode material which increases the volumetric energy density up to 70% compared to LIBs 61 . Moreover, Li-metal anodes are more chemically stable against SSE (Garnet) than are liquid-based electrolytes, which addresses most of the negative effects that conventionally occur in liquid batteries, such as dendrite formation induced safety concerns [START_REF] Krauskopf | Toward a Fundamental Understanding of the Lithium Metal Anode in Solid-State Batteries-An Electrochemo-Mechanical Study on the Garnet-Type Solid Electrolyte Li6.25Al0.25La3Zr2O12[END_REF] .

Bipolar The crucial role of the electrolyte in the electrochemical performance of all-solid-state batteries implies that key characteristics are requested.

• High ionic conductivity: The ionic conductivity of a solid electrolyte should be as close as possible to the one of a liquid electrolyte and at least higher than 10 -3 S.cm -1 at ambient temperature to allow fast charge-discharge.

• Good transference number: The polarization of the electrolyte can be reduced with a larger

Li + transference number (tLi+) which can further improve the power density of the battery. The tLi+ for typical inorganic solid electrolytes is close to one.

• Good electrochemical stability: The electrolyte being in contact with both positive and negative electrodes should present a wide electrochemical stability window at least in the range [0-5 V vs Li + /Li] 64 .

• Mechanical strength: Mechanical strength with moderate Young's modulus [START_REF] Wang | Mechanical properties of the solid electrolyte Al-substituted Li7La3Zr2O12 (LLZO) by utilizing micro-pillar indentation splitting test[END_REF] (140 GPa) of solid electrolytes is very important for their large-scale production and further practical application.

The electrolyte needs to ensure a mechanical barrier function to separate the two electrodes and avoid dendrites' growth.

• Chemical and thermal stability: When the electrolyte is in contact with both electrodes, side reactions must be avoided to ensure safety and good life cycle of the battery. On the other hand, thermal stability is important so the battery can operate under a wide temperature range. This can endure safety in situations such as overcharging and short circuits. Currently, there are no reported SSEs that satisfy all these criteria implying that a compromise should be reached. To date, besides polymers which will not be considered in this work, the highest ionic conductivities have been reported for mainly two families of compounds sulfide-based ceramics or glass ceramics and oxide-based ceramics as summarized in Figure I-15 [START_REF] Wang | A general method to synthesize and sinter bulk ceramics in seconds[END_REF][START_REF] Balaish | Processing thin but robust electrolytes for solid-state batteries[END_REF] . Both families are currently widely studied in parallel because of specific extra advantages. Sulfide-based SSEs are reported as soft compounds which can be shaped using cold compaction under pressure which makes the preparation of the ASSB easy. However, they suffer from very low electro(chemical) stabilities resulting in a lot of side reactions when in contact with both negative and positive active materials. On the other hand, oxides-based ceramics are known as hard implying that the assembly of the ASSB needs high-temperature treatment to optimize interfaces which may result in side reactions or instability of another cell component. However, most of them present decent electro(-chemical) stability window which facilitates their handling and the assembly of the ASSB cells. Recently, a new compound LLZO with a garnet type structure has attracted great attention as it combines main advantages of oxides (wide electro(-chemical) stability window) with a high ionic conductivity of 1 mS.cm -1 and appears now as one of the most promising solid electrolyte explaining why it has been selected for this study.

Lithium Garnets

Garnet originally refers to a family of orthosilicates with the general formula A3B2(SiO4)3 where A and B represent cationic sites with coordination 8 and 6 respectively. Garnets are mainly known for their magnetic and dielectric properties in microwave devices with the family of "YIG" 69 materials or for their optical properties with the family "YAG" [START_REF] Varney | On the optical properties of undoped and rare-earth-doped yttrium aluminium garnet single crystals[END_REF] when the Si is substituted with another atomlike Aluminum. In 2003, Thangadurai and his team were the first to report Li + ionic conduction of Li5La3M2O12 (M=Nb, Ta) garnet oxide. Despite low (10 -6 S.cm -1 ) [START_REF] Thangadurai | Novel Fast Lithium Ion Conduction in Garnet-Type Li5La3M2O12 (M: Nb, Ta)[END_REF] , this discovery increased the interest in garnet as an ionic conductor, which led the same team, two years after, to obtain a total conductivity of 10 -5 S cm -1 for the garnet Li6ALa2M2O12 (A=Ca, Sr or Ba; M=Nb or Ta) [START_REF] Thangadurai | 6ALa2Ta2O12 (A=Sr, Ba): Novel garnet-like oxides for fast lithium ion conduction[END_REF] . In 2007,

Murugan succeeded in synthesizing a new garnet Li7La3Zr2O12 (LLZO) by substituting the cation M with zirconium. The obtained garnet has a total conductivity of 3×10 -4 S.cm -1 at RT and activation energy of about 0.3 eV which was the highest value for lithium-ion conductor [START_REF] Murugan | Fast Lithium Ion Conduction in Garnet-Type Li7La3Zr2O12[END_REF] .

The crystal structure and Li-ion transport properties of garnet have been reviewed by Cussen 

LLZO polymorphs: Cubic and tetragonal structure

There exist two main polymorphs of the LLZO garnet structure, the low-temperature tetragonal structure (Space Group I41/acd) and the high-temperature cubic structure (Space Group Ia-3d).

Murgan [START_REF] Murugan | Fast lithium ion conduction in garnet-type Li7La3Zr2O12[END_REF] was the first to confirm obtaining a cubic garnet structure with a lattice parameter a= 12.968 Å. However, two years later in 2009, Awaka et al. [START_REF] Awaka | Synthesis and structure analysis of tetragonal Li7La3Zr2O12 with the garnet-related type structure[END_REF] reported a tetragonal polymorph of garnet LLZO with lattice parameters a= 13.134 Å and c= 12.663 Å. These two polymorphs differ mainly by the distribution of Li ions. For the tetragonal phase, Li-ions occupy three sites;

a tetrahedral site Li1(8a), and two distorted octahedral sites Li2(16f) and Li3(32g) while in the cubic phase they occupy tetrahedral Li1(24d) and octahedral Li2(48g/96h) sites (Figure I-17). Moreover, while the Li ions appear randomly distributed among the different sites of the cubic polymorph, they are ordered in the tetragonal one [START_REF] Meier | Solid-state electrolytes: Revealing the mechanisms of Li-Ion conduction in tetragonal and cubic LLZO by first-principles calculations[END_REF] . This difference is the evidence of a highly stable localization in the later polymorph resulting in a lower conductivity (two orders of magnitude) for the tetragonal than cubic polymorph. 

Conduction and lithium transport in garnet LLZO

To understand the mechanism of Li conduction in garnets, many studies have been carried out using neutron diffraction analysis, Li nuclear magnetic resonance spectroscopy (NMR), and computational modeling.

Xu et al. [START_REF] Xu | Mechanisms of Li + transport in garnettype cubic Li3+xLa3M2O12 (M = Te, Nb, Zr)[END_REF] (0.26 eV) and it's the more favorable pathway indicating higher bulk ionic conductivity. These results were confirmed using computational modeling studies carried out by Wang et al. [START_REF] Wang | Insight into lithium distribution in lithium-stuffed garnet oxides through neutron diffraction and atomistic simulation: Li7-xLa3Zr2-xTaxO12 (x = 0-2) series[END_REF] and Xingfeng et al. [START_REF] He | Origin of fast ion diffusion in super-ionic conductors[END_REF] who found that the path Oh-Td-Oh Li clusters appear to be the most advantageous for the conduction.

Solid-state Li nuclear magnetic resonance spectroscopy (NMR) has been used as a technique to provide information about Li distribution in the garnet. In low Li content garnet, such as Li3Nd3Te2O12, NMR studies showed the ordered arrangement of Li + ions in the tetrahedral sites (24d) while higher Li content (Li5, Li6 ) garnet shows the presence of Li + in distorted octahedral sites (48g) [START_REF] Cussen | Switching on fast lithium ion conductivity in garnets: The structure and transport properties of Li3+xNd3Te2-xSbxO12[END_REF] . O'Callaghan et al. did not observe Li + ion movement or hopping between Td and Oh sites. They proposed that even in Li + rich garnet, the partially occupied Li + tetrahedral sites do not seem to be involved in the Li + conduction and that only Li + in distorted octahedral sites are highly mobile through hopping between edge-shared octahedra. They considered that the energy barrier of Li migration from tetrahedron to octahedron is too high to be effective. 

Doping in LLZO

As discussed in the previous section, because of the different diffusion mechanisms the conductivity of cubic LLZO is two orders of magnitude higher than that of tetragonal LLZO. However, at room temperature tetragonal LLZO is the stable polymorph and converts to the cubic one at a temperature above 650°C. To stabilize at room temperature the highly conductive cubic polymorphs, several strategies have been developed among which element doping appears to be the most efficient. The doping can both regulate the lithium concentration and tune lattice relaxation allowing the stabilization of cubic polymorph. Starting with the pristine Li7La3Zr2O12 garnet-type structure, substitutions on all cationic sites have been studied resulting in different properties of doped compounds.

The substitution of lithium with aliovalent Al 3+ , Ga 3+ , and Fe 3+ ions leads mainly to the creation of vacant Li sites for charge compensation. Geiger et al. [START_REF] Geiger | Crystal Chemistry and Stability of "Li7La3Zr2O12" Garnet: A Fast Lithium-Ion Conductor[END_REF] studied cubic and tetragonal phases of Li7La3Zr2O12 using two different crucibles (Al2O3 or Pt) for the calcination. They showed that Al 3+ diffused in the garnet compound allowing stabilization of the cubic polymorph while the use of Pt resulted in a less conductive tetragonal phase. Careful studies indicated that the Al 3+ occupies Li sites leading to a solid solution Li7-3xAlxLa3Zr2O12 in which, for charge compensation, two Li + vacancies are generated [START_REF] Matsuda | Phase formation of a garnet-type lithium-ion conductor Li7-3AlLa3Zr2O12[END_REF] .

In another study, Rangasamy et al. [START_REF] Rangasamy | The role of Al and Li concentration on the formation of cubic garnet solid electrolyte of nominal composition Li7La3Zr2O12[END_REF] have found that 0.2-0.24 mol Al substitution in LLZO can stabilize the cubic phase at room temperature. The addition of 0.24 mol of Al stabilized the cubic phase according to this formula Li8-xLi□0.48La3Zr2Al0.24O12-x/2 (0 ≤ x ≤ 2). The hot-pressed cubic LLZO sample yields a total high ionic conductivity value of 4×10 -4 S.cm -1 and the ionic conductivity was much higher than the undoped LLZO phase. However, the presence of the dopant in Li sites can act as a blocking point in the Li diffusion pathway and reduce the ionic conductivity of the garnet.

In contrast to supervalent doping, low valence cations doping results in excess lithium ions. It was reported that doping at the La site with large-radius cation can enhance the conductivity of LLZO.

Wu et al. [START_REF] Wu | Garnet-Type Fast Li-Ion Conductors with High Ionic Conductivities for All-Solid-State Batteries[END_REF] reported doping Rb + at the La 3+ site in cubic Li6.10+2yGa0.30La3-yRbyZr2O12 (y=0, 0.05, 0.10, 0.15, and 0.20). Compared with La 3+ (0.106 nm), Rb + has a larger ionic radius of 0.148 nm, which contributes to enlarging the Li + migration pathway and increasing the ionic conductivity.

With y=0.05, the material delivers a high conductivity of 1.62 mS.cm -1 at room temperature.

However, increasing Rb content (y ≥ 0.15 Rb per formula) induces the formation of low conductive impurity phase Li2ZrO3. The substitution of the La site with an alkaline earth metal can effectively increase the ionic conductivity of LLZO. Sr-doped cubic garnet LLZO was successfully synthesized via conventional solid-state reaction by Dumon et al. The ionic conductivity of the 1.7 wt% Srdoped LLZO shows a higher ionic conductivity of 5×10 -4 S.cm -1 while the conductivity of the undoped LLZO is only 2.1×10 -4 S.cm -1 at room temperature. Moreover, the strontium carbonate acts as a sintering aid increasing the grain size and lowering the grain boundary resistance [START_REF] Dumon | High Li ion conductivity in strontium doped Li7La3Zr2O12 garnet[END_REF] .

Another effective way to stabilize the cubic LLZO polymorph was the Zr site substitution. Many elements were used to stabilize the cubic phase and to increase the ionic conductivity like Ge 92 , Mo [START_REF] Liu | High lithium ionic conductivity in the garnet-type oxide Li7-2xLa3Zr2-xMoxO12 (x=0-0.3) ceramics by sol-gel method[END_REF] , Sb [START_REF] Cao | Microstructure and ionic conductivity of Sb-doped Li7La3Zr2O12 ceramics[END_REF] , and Nb [START_REF] Ohta | High lithium ionic conductivity in the garnet-type oxide Li7-xLa3(Zr2-x, Nbx)O12 (x=0-2)[END_REF] . Considering ionic conductivity, doping modification for Zr sites by Ta allows the material to easily reaches 10 -3 S.cm -1 among all the other elements [START_REF] Sun | A rechargeable Li-air fuel cell battery based on garnet solid electrolytes[END_REF] .

Lithium garnet oxides with the formula Li7-xLa3Zr2-xTaxO12 (0 ≤ x ≤ 2) were synthesized by solidstate reaction. The Ta doping allowed the stabilization of the cubic phase in the composition x range between 0.2 and 2. The electrochemical characterization showed that the maximum bulk conductivity was achieved for x=0.3 with a value of 1×10 -3 S.cm -1 97 . In a first study, Goodenough investigated Li6La3ZrTaO12 prepared by solid-state reaction at 1120°C. The bulk and total conductivity were σ= 2.5×10 -4 S.cm -1 and 1.8×10 -4 S.cm -1 , respectively [START_REF] Li | High lithium ion conduction in garnettype Li6La 3ZrTaO12[END_REF] . In a second study, they determined the optimum concentration of Li-ions in the garnet framework showing that doping with higher-valence cations increases the Li-ions vacancy concentration and reduces the degree of local ordering. The optimum Li-ion conductivity in the garnet Li7-xLa3Zr2-xTaxO12 is found in the range 0.4 ≤ x ≤ 0.6. At room temperature, the conductivity was σ=1×10 -3 S.cm -1 for x=0.6 making this material the most attractive as an ionic conductor for ASSBs 76 .

Air sensitivity

Besides high ionic conductivity, good stability against the environment is needed for the application of lithium garnets as solid electrolyte. For this reason, understanding the surface chemistry and the stability of LLZO is essential to obtain dense material with high electrochemical properties. In this section, the stability of LLZO with moisture is reported.

LLZO is unstable in air, this instability is explained by a well-known [START_REF] Xia | Reaction mechanisms of lithium garnet pellets in ambient air: The effect of humidity and CO2[END_REF] two steps mechanism shown by these two equations:

Li7La3Zr2O12 + x.H2O → Li7-xHxLa3Zr2O12 + x.LiOH (I -4)

2.LiOH + CO2 → Li2CO3 + H2O

(I -5)
Understanding the proton exchange mechanism and its effect on the structure of the garnet was studied by Thangadurai and his team 100 . They have shown that garnet treated with a strong basic solution presents a reversible H + /Li + exchange. A protonated phase Li0.56H4.44La3Nb2O12 was treated using 5 M LiNO3 solution for four days at room temperature. The thermogravimetric analysis (TGA) on the treated powder showed that there was no weight loss between 300 and 500°C. This confirms that the protonation was reversed by the insertion of Li + back in the structure. In other studies, researchers have proposed more mechanisms to explain the instability of Li garnets in the air. Galven et al. 101 reported a direct reaction of Li6BaLa2M2O12 (M = Nb, Ta) with CO2 present in air. FTIR spectra show an increase in the intensity of CO3 2-bands compared to the as-prepared sample. It was also noted that there is a shift of peaks to lower angles in the XRD pattern indicating an increase in cell parameters. To further confirm these results a powder of Li6BaLa2M2O12 was exposed to a humid CO2 atmosphere at 140°C for 12h. The results confirm the existence of Li2CO3 contamination. Then TGA analysis of the same powder in dry CO2 or air showed a 6.3% weight gain at 600-750°C followed by weight loss above 750°C. The increase and decrease in weight were associated with the adsorption and desorption of CO2 respectively. However, it was demonstrated that even If the CO2 desorption was complete, it was impossible to regenerate the mother compound (Li6BaLa2M2O12). XRD characterization showed the formation of BaCO3 with a second garnet phase.

In a recent study, Sharafi et al. 102 correlated both experimental techniques and density functional theory (DFT) to understand the reactivity of garnet LLZO with air. First, DFT calculations reveal that LLZO reacts with humid air following the two-step mechanism already shown in Equations I-4, I-5. In addition, they proposed a direct carbonation reaction:

Li7La3Zr2O12 + x.CO2 →Li7-2xHxLa3Zr2O12-x + x.Li2CO3 (I -6)
The extent of Li2CO3 contamination is strongly dependent on the relative humidity and exposure time. X-ray photoelectron spectroscopy (XPS), known as a surface-sensitive technique, proves that 6). These results show the sensitivity of this material to moisture which will impact both the handling and shaping of LLZO.

The effect of the protonation on the structure of LLZO was also investigated. Larraz et al. 103 reported that the tetragonal Li7La3Zr2O12 phase transforms into a cubic phase when exposed to humid air which is converted to cubic polymorph by annealing at 150°C temperature much lower than the 650°C reported in the case of pure Li-based LLZO. The cubic phase formed at low temperature (150°C) is a hydrated, lithium-defective phase; however, the one found above the phase transition did not involve any change in the stoichiometry. 

LLZO densification

In this section, the different densification techniques used to sinter garnet LLZO will be discussed.

Mainly high temperature-based techniques will be reviewed to understand the sintering mechanism and effect of main parameters.

Conventional sintering

This technique is the most common densification method for LLZO. It consists of cold compacting the powder to get a pellet and then firing it at a temperature higher than 1000°C with a minimum dwell time of 12h. During densification, as the lithium evaporates, it's mandatory to cover the pellet with a sacrificial powder with the same composition to contain the lithium in the structure by saturating the surrounding atmosphere. Many studies have reported the densification of LLZO by studying different sintering parameters: sintering temperature, atmosphere, and the use or not of a binder.

Huang et al. 104 reported the effect of sintering temperature on the ionic conductivity of LLZO. They showed that for temperatures lower than 1150°C, the pellet is composed only of the tetragonal (Starting from tetragonal polymorph) phase with low conductivity = 3×10 -6 S.cm -1 and relative density lower than 90%. Densification above 1150°C leads to single phase cubic polymorph and relative density higher than 90% and the best conductivity of = 3.6×10 -4 S.cm -1 is obtained for the pellet sintered at 1230°C.

Volatile nature of lithium at high-temperature results in the decomposition of the garnet LLZO and the appearance of the resistive phase La2Zr2O7. To overcome this issue, some studies have focused on the introduction of additives to decrease the densification temperature. Among all tested additives, Li3BO3 appeared to be the most efficient. This salt melts in the form of an amorphous phase that connects the grains and ensures good densification 105 ' 106,107,108 . Shin et al. showed using dilatometry analysis that the shrinkage occurs in two stages at 700°C and above 800°C indicating that the sintering of LLZO with Li3BO3 proceeds with two independent sintering steps. The density of LLZO obtained with 8 wt% Li3BO3 composite sintered for 8h at 1100°C is much higher (86%) than that of pure LLZO (64%). The ionic conductivity increased with the addition of Li3BO3 and passed from 1.75×10 -6 S.cm -1 to 3.38×10 -6 S.cm -1 105 . In a similar study, Li et al. 109 reported the effect of Li2O and found that the presence of this additive during densification leads to the formation of a glassy phase at the grain boundaries, which is helpful for expelling the residual pores and improving the ceramic density as shown in Figure I-20. The 6 wt% is the optimal additive amount which leads to the best total ionic conductivity of = 6.4×10 -4 S.cm -1 . Increasing the additive concentration does not help improve the ionic conductivity most probably because of the low conductivity of the glassy phase at the grain boundaries compared to that of bulk LLZO.

This densification technique has many disadvantages like using high temperatures and long duration to get pellets with relative densities not that high. Moreover, the use of additives can cause side reactions at the surface of the grains which increases the resistance at the interface. 

Spark Plasma Sintering

SPS which is also known as field assisted sintering technique (FAST) has been extensively used to obtain high density ceramics. Uniaxial pressure and pulsed direct current are simultaneously applied (Figure I-21) 110 . The powder is placed in a mold made of graphite or other materials and the heat is transmitted by conduction to the powder. Thanks to the good electrical conductivity of the material used for the mold, high current can be achieved at a low voltage which heats the powder by Joule effect. The heating rates achieved by SPS are one order of magnitude higher than those obtained by conventional sintering leading to high ceramic densities 111 . To explain this, researchers have shown that the newly formed grain boundaries might not have the time to relax to their equilibrium structures during the rapid heating process, which leads to more accelerated densification 112 .

Another advantage of this technique is lowering the sintering temperature. Indeed, the densification process with SPS is not correlated to the mechanisms with low kinetics such as grain boundaries and volume diffusion but rather to fast diffusion mechanisms like evaporation-condensation diffusion and surface diffusion. As a result, the densification temperature in SPS process is 200-300°C lower than the traditional sintering methods 113 . Holding time is very short in SPS compared to conventional sintering, maximum of 15 min is enough to obtain bulks with high density which can prevent detrimental reactions or phase transformations. However, SPS is not a perfect densification technique, it presents some drawbacks like the limited sample size, shape complexity, and the cost of the equipment (Expensive pulsed DC generator). In literature, there are not many studies that reported the use of SPS to densify the garnet LLZO and the mechanism of densification is still not very well understood. Here we report the few references that used SPS to densify garnet LLZO. Baek et al. 114 were the first who studied the densification of LLZO by SPS. They showed the obtaining of a dense LLZT electrolyte (LLZO doped Ta) at a lower temperature of 1000°C compared to LLZT obtained by conventional sintering (CS) where the temperature was 1230°C.

The microstructure comparison shows that with SPS process most of the particles are connected and a fully densified structure is obtained. However, the electrolyte densified by CS SEM cross-section images showed non-uniform density over the entire structure with the presence of open pores.

This leads to a lower ionic conductivity of 1.68×10 -4 S.cm -1 compared to 1.35×10 -3 S.cm -1 at 25°C

for LLZT densified by SPS.

Yamada group 115 investigated the process of densification of LLZT by SPS. The graphite mold was heated with a ramp rate of 50°C.min -1 toward a target temperature (900-1100°C) and held at the target temperature for 10 min under constant pressure (12.5-50 MPa). In this study, it has been shown that the mechanism of the impurities formation during densification is strongly related to the features of SPS like electrolysis and electromigration. They claim that the formation of La2Zr2O7 is explained by the release of oxygen from the lattice following this equation: 2 Oo × → O2 + 2VO .. +4e -(Kröger-Vink notation) after the lithium evaporation at high temperature. Also, the presence of a black impurity in the pellet is associated with the presence of amorphous carbon produced by the reduction of Li2CO3 existing on the surface of the particles CO3 In another study Botros et al. 116 obtained dense (relative density 93%) Li7-3xLa3Zr2AlxO12 (x = 0.15, 0.17, and 0.20 mol) by the combination of nebulized spray pyrolysis method (NSP) for powder synthesis with SPS. The material Li6.49La3Zr2Al0.17O12 showed the best ionic conductivity equal to = 3.3×10 -4 S.cm -1 . It was demonstrated by SEM characterization that this sintering technique preserves small grain size (0.5 to 3 µm) while achieving high densities. The phase analysis of the pellets confirmed the formation of impurity La2Zr2O7 and the tetragonal LLZO phase with low ionic conductivity. The formation of this tetragonal phase was related to the uniaxial pressure applied to the ceramic during sintering. Internal stresses are building up affecting the crystallographic planes of the cubic phase and as the stress relief, these crystallites can distort and adapt to the force field leading to the formation of a distorted tetragonal phase. High ionic conductivity is reported despite the presence of La2Zr2O7 (7%) as well as the distorted tetragonal garnet phase (56%). The tetragonal phase does not necessarily have decreased Li-ion conductivity, since the statistical distribution of the Li-vacancies can be maintained due to the presence of immobile Al 3+ on Li-sites, facilitating conductive pathways in a disordered tetragonal cell.

The densification of garnet LLZO using SPS is still not fully understood due to the complexity of this technique and the many experimental parameters to control.

The effect of the densification temperature on the structural and electrochemical properties of the garnet LLZO processed by SPS has been systematically investigated 117 . The results show that at a low temperature of 900°C, the pellet is formed of a cubic phase and La2Zr2O7. As the temperature rises to 1000°C, the impurity phase La2Zr2O7 disappears and some peaks become broad and have shoulders that correspond to the growth of the tetragonal phase. In the range of 1100-1180°C, the peaks are sharp without any shoulders, revealing the formation of a well crystallized and pure cubic LLZO phase. The sample sintered at 1150°C has a maximum relative density of 99.8 % and the highest conductivity value = 5.7×10 -4 S.cm -1 . The obtained pellets present better performance compared to samples densified by the conventional sintering method. The authors claim that SPS has a very short sintering time and a relatively lower sintering temperature reduces the loss of Li.

Recently, Kotubuki 118 has reported the densification of Al-free Y-doped LLZO by SPS. For temperatures lower than 1000°C, small peaks of Li0.9Y0.9Zr0.1O2 and tetragonal LLZO phase can be observed. Cross-sectional SEM of the LLYZ pellets sintered at various temperatures (Figure I-23) shows that with increasing temperature up to 1100°C grains were getting bigger and fewer grain boundaries can be observed (relative density 99.7%). Two semicircles appeared at high and middlefrequency ranges assigned to resistances at bulk and grain boundary and with increasing temperature (1100°C) the two semicircles merge. This can be explained by the decrease in the grain-boundary contribution due to the enhancement of sinterability of the pellets. The pellets densified at 1100°C presented the highest ionic conductivity = 9.8×10 -4 S.cm -1 . As mentioned above, SPS is a good technique to densify the garnet LLZO. However, there is no real understanding of the densification process or the effect of the presence of impurities like Li2CO3.

A lot of work is still to be done in order to get a dense LLZO electrolyte with high relative density to avoid dendrites growth during cycling and ensure stable interface with lithium metal.

The interface of Garnet LLZO with Lithium metal

Lithium metal is considered the best anode material for solid-state batteries. Indeed, it has a high theoretical capacity which gives it an advantage compared to other anode materials like graphite or hard carbon [START_REF] Xu | Lithium metal anodes for rechargeable batteries[END_REF] . In liquid electrolyte systems, Li dendrites have been the main challenge. Indeed, during recharging, the Li-metal tends to re-deposit at the anode in dendritic form. These dendrites produce dead lithium and in the worst case an internal short circuit if the dendrite grows through the separator to the positive electrode. This non-uniform deposition leads to a rapid decrease in battery performance and safety problems.

The use of solid electrolyte is expected, thanks to the mechanical hardness of the ceramic, to prevent the penetration of Li dendrites and so allow the use of metallic Li as an anode. However, to be possible the SSE should be chemically and electrochemically stable versus metallic lithium. This stability has been evidenced for LLZO-based SSE [START_REF] Han | Electrochemical Stability of Li10GeP2S12 and Li7La3Zr2O12 Solid Electrolytes[END_REF]. Han et al. 120 assembled LLZO and metallic Li and show after half a year the absence of any reaction. To further confirm this stability, LLZO powder was mixed thoroughly with molten Li-metal for 12h. The featured XRD peaks of the cubic LLZO are maintained but slightly shifted to lower angles compared with the pristine LLZO indicating the garnet expansion. This can be explained by the insertion of Li, probably due to a side reaction related the use of Nb-doped LLZO 121 .

The contact between the electrolyte and anode material is a key parameter that defines the battery's stability during cycling, energy density, and power density. Therefore, improving the LLZO/Limetal contact is very important for enhancing the battery's electrochemical properties. As mentioned before, LLZO is very sensitive to moisture, which leads to the formation of LiOH and Li2CO3.

The presence of these species at the surface leads to poor wettability between LLZO and Li-metal.

The methods for removing these impurities from the surface include mechanical polishing and hightemperature heat treatments. Sharafi et al. 122 reported the Li wettability on LLZO pellet following dry and wet polishing and heat treatments. They obtained a very low interfacial resistance (2 Ω.cm -2 ) by combining wet polishing and high-temperature heat as pretreatment for the LLZO pellet. In another study Guo et al. 123 calcined the LLZO pellet at 900°C in air, Li-deficient compounds are formed at the surface which shields LLZO from the reformation of Li2CO3. Then a simple polishing of the surface in a dry atmosphere allows having a pure cubic phase at the surface.

The stability of the LLZO/Li interface during the cycling of batteries has also been investigated leading to show evidence and better understanding of Li-dendrite formation. Sakamoto et al. 124 cycled LLZO pellets in a symmetric cell against metal lithium by applying a direct current (DC).

At 0.1 mA.cm -2 current density, an abrupt drop in polarization voltage to approximately 0 V occurred, indicating the cell had a shortcut. They reported the presence of a black, linear Li dendrite on the surface of cycled LLZO pellet. The observation of the pellet's core with SEM showed that the Li dendrites exhibited a web structure with hexagonal features distributed at the grain boundaries

(Figure I-24c).
Accordingly, Li dendrites grow along the grain boundaries of LLZO. In another study, Ren et al. 125 reported that the observation of the lithium dendrites inside short-circuited LLZO pellet proves that the lithium grows through grain boundaries and interconnected pores. Energy Dispersive X-ray (EDX) analysis shows that the dark spots are mainly composed of lithium which disappears after immersing the sample in ethanol since lithium metal can be dissolved in ethanol. Few studies consider that Li dendrites do not start at the electrolyte/Li-metal interface, instead they are directly generated inside the garnet electrolyte. LLZO is an insulator with a band gap of 5.5

eV 126 so free electrons should not exist inside it. Using DFT calculations, Tian et al. 127 

The interface of Garnet LLZO with cathode materials

One of the most critical factors to the success of solid-state batteries is the ability to form a stable interface between the solid electrolyte and the electrodes. LLZO is a ceramic that needs to be densified at high temperatures, so the study of the chemical compatibility with cathode materials will serve as a screening process for choosing the proper cathode material. In this section we will discuss the compatibility between LLZO and the two most promising cathode materials LiCoO2

(LCO) and LiNiyMnyCo1-2yO2 (NMC) then the interface LLZO-cathode will be reported.

Ren et al. -26). This interface has high ionic conductivity much higher than Li3BO3 normally used as an additive for cathode material with LLZO 131 . The electrochemical properties of the catholyte were tested in all ceramic Li/LLZO/LCO cell. A specific capacity of 120 mAh.g -1 was obtained at the first cycle but quickly decrease to reach 94 mAh.g -1 after 100 cycles at 0.05 C. The catholyte presents a stable interface during cycling but we need to mention that the amount of active material is 1 mg.cm -2 and the electrode is composed of 58% mass of LiCoO2. There is a large mass of inactive material which explains the low energy density. Moreover, since the electrodes didn't contain carbon, the electronic percolation is poor and only a part of LiCoO2 is active. 

Conclusion

The development of solid electrolytes represents a crucial part of the development of more safe and more efficient batteries. The second part of this chapter has reviewed a range of literature on the most promising ceramic lithium conductor, the garnet LLZO. The structure of the garnet was detailed and the lithium transport mechanism was explained. Then, the strategies involving doping the cations like La and Zr and the effect on stabilizing the cubic phase by enhancing the ionic conductivity have been discussed. The high air sensitivity of the garnet LLZO was also presented by mentioning the degradation reactions with H2O and CO2 and the role of proton-lithium exchange on the stability of LLZO. This high sensitivity has an impact on the stoichiometry of lithium in the garnet structure so the total ionic conductivity. The densification process was highlighted by reporting the two most promising techniques, SPS and conventional sintering.

Dense LLZO with high relative density was reported using SPS. However, there is no clear understanding of the densification process or the presence of impurities like Li2CO3 in the pristine powder. The characterization of the interfaces of LLZO with lithium metal showed chemical stability of garnet against Li metal however during cycling dendrite growth was observed causing cell shortcut. For the LLZO/cathode materials interface, the garnet showed chemical instability, especially with NMC active material, and during cycling volume change of composite cathode induced an increase in the interfacial resistance.

Achieving stable and low interfacial impedance is crucial to improve the electrochemical performance of ASSB. By understanding the origin of interfacial resistance, solutions to reduce it can be developed. In the coming chapter III, the reactivity of LLZO with moisture is studied in order to get dense LLZO solid electrolyte with high conductivity. Then, the interfaces with lithium metal and cathode materials are characterized with the aim of a better understanding of the interface garnet/electrode materials.

Introduction

As introduced in Chapter I, layered oxide materials have been highlighted in recent years for their potential as the best candidates for SIBs. Compared to their well-known Li counterparts, NaxMO2

are chemically much more diverse, which enriches the possibilities to design new materials with tailored properties. NaxMO2 layered oxides can adopt three main structure-types P3, P2, and O3

depending on the Na coordination (Prismatic or Octahedral) and the number of MO2 slabs in the unit cell (2 or 3) [START_REF] Delmas | Structural classification and properties of the layered oxides[END_REF] . A fourth structure type O2 has been observed during electrochemical structure conversion of P2 but was never reported to be stabilized by direct synthesis.

The specific crystal structure obtained during the synthesis of layered oxides depends on the synthesis temperature, sodium content, and transition metal composition [START_REF] Paulsen | Studies of the layered manganese bronzes, Na2/3[Mn1-xMx]O2 with M=Co, Ni, Li, and Li2/3[Mn1-xMx]O2 prepared by ion-exchange[END_REF]134,135 . The P2 and O3-NaxMO2 structures are generally stabilized for respectively 0.6 ≤ x ≤ 0.8 and 0.9 ≤ x ≤ 0.1 composition ranges and in the 700°C-900°C temperature range. Regarding the P3 phase, it is obtained with low sodium content (x ≈ 0.5). The stability of a phase is governed by the energy of Na sites, that is the sum of the interlayer repulsion between the MO2 layers and the intra-layer repulsion between the Na ions in the Na layer. Hence, the O3 phase with reduced interlayer electrostatic repulsion is considered to be the most stable for x=1 and P3 phase with x=0.5 due to both sodium ordering and the minimization of the Na-Na intra-layer repulsion 136 . In contrast, P2

phase has two Na sites with one site (Na1) being highly destabilized by the repulsion between MO6 and NaO6 units that share faces. In terms of electrochemical properties, the stoichiometric O3 phase shows the highest initial capacity compared to the Na deficient P-type phase exhibiting in full cell configuration a capacity drop by respectively 50% and 33% for P3-Na0.5MO2 and P2-Na0.66MO2.

However, the O-type structure exhibits low diffusion kinetics compared to the P structure due to the localization of sodium in octahedral sites. To pass from one octahedral site to another, Na + in the O3-type phase needs to migrate through the interstitial tetrahedral site. Compared with the O3 type phase, P3 type structure provides more rapid Na + transport, where the sodium ion migrates from one to another adjacent prismatic site [START_REF] Lu | Situ X-Ray Diffraction Study of P2-Na2/3[Ni1/3Mn2/3]O2[END_REF] .

Recently, strategies have been explored to further improve the electrochemical performance of P phase 137,138 . To increase the energy density, one route that has been successfully demonstrated is post-synthesis Na enrichment using either NaN3 or Na3P or metallic Na as reducing agents which allowed to obtain P-Na1MO2 58 . Some strategies aim at directly synthesizing close to stoichiometric P-type Na1MO2 compound. It is reported that tuning the composition of the MO2 layers (such as substituting Li to TM) may allow to achieve higher Na contents [START_REF] Zhao | Revealing High Na-Content P2-Type Layered Oxides as Advanced Sodium-Ion Cathodes[END_REF] or that the use of alternative synthesis processes such as soft chemistry may lead also to Na-rich P-type compounds. However, in these reports, the actual Na content is not clearly determined and the advantage of using P-type instead of O-type compounds with similar MO2 composition is not investigated.

In this chapter, we demonstrate the effect of the sodium source and synthesis parameters on the stabilization of high Na-content P-type compounds. The sodium content and the transition metals stoichiometry were varied in order to stabilize the P structure at low temperatures.

We further deeply characterize the electrochemical performances and the structure evolution during cycling and compare them with the well-known behavior of P2 and O3 reference phases.

Investigating the formation of layered phase

So far, Na deficiency has been intrinsic to all P-type phases, and trying to increase the sodium content in the structure passes through the choice of the transition metals composition. Many P-type phases were reported with different combinations of TMs (Fe, Mn, Ni, Co, …). However, the Na(Mn,Ni)O2 cathode materials may be the most promising for practical applications of SIBs thanks to the high electrochemical activity of nickel. Understanding the reactivity of these phases will allow us to determine their stability domain and sodium content always with the aim of getting a stable P-type phase with high Na content.

In this section, O3-NaMn0.4Ni0.4Ti0.1Cu0.1O2 and P-NaxMn2/3Ni1/4Mg1/12O2 are explored in detail to understand their reactivity and electrochemical properties. The structure evolution against temperature during synthesis is studied to identify the possibility of stabilizing the P-Na1MO2 phase.

Phase O3-NaMn0.4Ni0.4Ti0.1Cu0.1O2

The O3-NaMn0.5Ni0.5O2 doped with Cu and Ti was reported as one of the most promising compositions for SIBs by Yao et al. [START_REF] Yao | Designing Air-Stable O3-Type Cathode Materials by Combined Structure Modulation for Na-Ion Batteries[END_REF] then Tarascon et al. [START_REF] Wang | Reaching the Energy Density Limit of Layered O3-NaNi0.5Mn0.5O2 Electrodes via Dual Cu and Ti Substitution[END_REF] . This phase presents a high specific capacity (200 mAh.g -1 ) and air stability thanks to the Cu 2+ which allows increasing the open circuit voltage (OCV) to a higher potential and get out of the reactivity domain of water. The Ti 4+ substitution for Mn helps in reducing the number of phase transitions, hence enabling better cyclability over a large voltage window (see chapter I). Therefore, this optimized composition was selected and chemical synthesis routes parameters were determined to investigate their effect on the stabilization of P versus O structure type.

All the precursors Na2CO3 (5 wt% excess; >99% Aldrich), TiO2 (99.9% Aldrich), NiO (>99% Stream chemicals INC), CuO (>99% Aldrich) and Mn2O3 (>99% Aldrich) are mixed in stoichiometric amount using SPEX-miller for 1h at 1725 rpm with rball/powder weight ratio of 7.

The ball-milled precursors are pressed using a hydraulic press at 5 t to get pellets of 10mm diameter. The precursor pellets are fired at 900°C for 12h with a ramping rate of 2°C.min -1 and cooled down to room temperature following the furnace inertia. Then the calcined pellets are handgrinded and annealed for another 12h at the same temperature. During cooling, the samples are quenched from 300°C in a desiccator to avoid any side reaction with moisture.

x/2.Na2CO3 + (0.5-y)/2.Mn2O3 + (0.5-z).NiO + z.CuO + y.TiO2 → NaxMn0.5-yNi0.5-zTiyCuzO2

(II -1)
The XRD pattern of the obtained powder is presented in Figure II-1. The comparison with the calculated pattern of O3-NaMn0.5Ni0.5O2 confirms the obtaining of O3-phase with the presence of low-intensity peaks associated with CuO at 2θ=38.77°. The presence of this impurity is explained by the limit of the solid solution NaMn1-xNixO2 already reported by Tarascon et al. [START_REF] Wang | Reaching the Energy Density Limit of Layered O3-NaNi0.5Mn0.5O2 Electrodes via Dual Cu and Ti Substitution[END_REF] .

Attempts to eliminate the presence of CuO, whatever synthesis conditions we have tried, have failed to result in samples containing traces of CuO. In order to understand the mechanism of this solid-state process, the phase formation and transition were monitored by operando XRD analysis during the heating of a mixture of reactants. A stoichiometric homogenous mixture of precursors is pressed on an alumina round crucible and placed in high-temperature chamber installed on a Burker D8 Advanced diffractometer. The precursors are heated up to 900°C with a heating rate of 30°C.min -1 in an air atmosphere. The XRD patterns are collected every 100°C between 2θ=10° and 100° with a measurement dwell of 25 min at each temperature.

The evolution of the XRD patterns collected at different temperatures is presented in Figure II-2 and four domains can be identified from 400°C to 900°C. From 400°C, the intensity of the Bragg peaks corresponding to the mixture of precursors decreases showing that the reaction starts at a relatively low temperature. From 500°C, there is extent of a new set of Bragg peaks mainly the peak at 2θ=15.6° that can be indexed as (003) using a P3-type structure. The intensity of P3 phase Bragg peaks increases up to 750°C with the decrease of the intensity of the precursor's peaks; only the Bragg peaks characteristic of Na2CO3 can still be detected. Upon further heating to 850°C, all the peaks can be indexed in a pure P3-type structure as the major phase, and an extra set of Bragg peaks with low intensity that can be indexed using an Fd-3m space group with a cell parameter a = 4.17Å, corresponding to NiO. On ramping above 900°C, P3 structure still exists and new peaks corresponding to the O3 structure, stable at this range of temperature, starts to develop.

The Bragg peaks corresponding to the O3 structure increase by holding the temperature at 900°C

(after 1h). From this analysis, it can be concluded that the reaction starts at 500°C with the formation of a P3-type structure in agreement with reported data 139 showing that this structure type is stabilized at low temperature. The presence of NiO as an impurity can be explained by the high heating ramp (30°C.min -1 ) and slow kinetic of the solid-state reaction. The most interesting observation is the stability domain of the P3 structure. The Operando XRD measurement shows that the solid solution domain of P3 is largely extended to high sodium content as soon as the synthesis temperature is kept below 850°C. However, this phase is thermodynamically metastable and the increase of temperature induces the gliding of MO2 layers and phase transition to O3 which is thermodynamically stable at high temperatures when the stoichiometry of Na is targeted to x=1. The structure evolution shows that the P3 (metastable) phase can be obtained at low temperature.

However, the presence of a high amount of unreacted Na2CO3 (below 850°C) makes us speculate that the sodium content in the structure is lower than 1 showing that the decomposition of Na2CO3 is a kinetic limitation. Moreover, with the used composition (many transition metals) it's complicated to isolate the different synthesis parameters.

In order to stabilize the metastable P3 phase at low temperature, we decide to simplify the composition of the targeted phase and work with only Mn and Ni as transition metals and Mg as inactive cations which substituted Ni. The reduction of the Ni stoichiometry may avoid the presence of remaining NiO in the product. In addition, recent studies have clarified that the introduction of inactive Mg 2+ in the MO2 layer can allow more Na + preservation into the prismatic sites to stabilize the overall charge balance of the cathode, resulting in a stable structure upon extended cycling 140 .

Phase P-NaxMn2/3Ni1/4Mg1/12O2

Solid state synthesis

The phase P-Na2/3Mn2/3Ni1/4Mg1/12O2 was prepared using a solid-state synthesis. All the precursors Na2CO3(5% excess), (MgCO3)4 . Mg(OH)2 . 5H2O (99.9% Aldrich), NiO (>99% Stream chemicals INC), and Mn2O3 (>99% Aldrich) are mixed in a stoichiometric amount using SPEX-miller for 1h at 1725rpm with rball/powder weight ratio of 7. The ball-milled precursors are pressed using a hydraulic press at 5 t to get pellets of 10mm. The precursor pellets are fired at two different temperatures 700°C and 900°C for 12h with a ramping rate of 2°C.min -1 and cooled to room temperature following the furnace inertia. Then the calcined pellets are hand-grinded and annealed

for another 12h at the same temperatures. During cooling, the samples are quenched from 300°C in a desiccator to avoid any side reaction with moisture.

The XRD patterns of the samples calcinated at 700°C and 900°C (Figure II-3) show that the P3type structure is obtained at low temperature and converts to P2-type one at high temperature in agreement with reported data 141 . The XRD patterns show the presence of NiO impurity in the two samples suggesting a limited solubility of NiO in layered oxide materials. 

Pechini process

The Pechini-modified technique can overcome some disadvantages of the conventional solid-state method thanks to its low processing temperature and high homogeneity. A stoichiometric amount of NaNO3(≥99% Aldrich), Mn(NO3)2.4H2O (Aldrich), NiNO3.6H2O (>98.5% Aldrich), Mg(NO3)2.6H2O (>99% Aldrich), and citric acid are dissolved in an appropriate quantity of distilled water at room temperature. The solution is stirred at T=70°C for 6h until the solution turns into a highly viscous gel. The obtained gel is dried under vacuum at 120°C for 12h to eliminate the solvent, hand grinded then annealed at 450°C for 6h to eliminate the organic species. Finally, the resulting product is calcined at 700°C for 12h in air. The XRD pattern of the sample obtained after annealing at 700°C (Figure II-4) shows that it corresponds to a P3-type structure and no evidence of side products is detected. The refined lattice parameters of the P3-structure were determined to be a=b=2.878 (3) Å, c=16.868 ( 9) Å, similar to the lattice parameters reported by Zhou 140 .

Pechini modified technique allows obtaining a pure P3 structure without any NiO impurity. Using a soft chemistry synthesis route (synthesis in the liquid state) ensures complete homogeneity and better solubility of the precursors which has considerable advantages in generating a pure phase.

In addition, with the Pechini technique, it is possible to work at low temperatures for not a long We can conclude that P3-phase can be obtained at low temperature and the solid solution can be extended to Na content higher than what is reported (0.5 Na + ). However, by increasing the temperature above 850°C, there is the formation of the thermodynamically stable P2 and O3 type phases. 

Characterization of the phase P-Na1Mn2/3Ni1/4Mg1/12O2

To ensure full sodiation of P3-type while preventing structure conversion, we decided to synthesize the phase P3-Na1Mn2/3Ni1/4Mg1/12O2 at a calcination temperature of 700°C.

The comparison of the XRD pattern with the calculated one (Figure II-6) shows the obtaining of P3 type structure with the presence of low intensity extra peaks that can be associated with Na2CO3.

There are two possibilities to explain the presence of unreacted Na2CO3: 1) The decomposition of citric acid in air leads to the formation of CO2 which further reacts with Na2O; 2) Layered oxide materials are very sensitive to moisture 142 leading to the formation even at room temperature of NaOH which further reacts with CO2. Table II-1 shows the chemical composition of the obtained powder determined by ICP-AES.

The results are normalized to a total molar ratio equal to 1 for the different transition metals (Mn+Ni) and Mg. The chemical formula is Na1.05Mn0.63Ni0.3Mg0.06O2, which is in good agreement with the target composition. However, a small excess in Ni content and a lower Mg content compared to the target composition Na1Mn0.66Ni0.25Mg0.08O2 can be associated with the incertitude of measurement. Since ICP reflects the total content of sodium in the sample, electrochemical characterization is envisaged to estimate the amount of sodium inside the P3 structure. The galvanostatic electrochemical test started in discharge mode (Figure II-7a) shows that around 0.27 Na can be inserted (67 mAh.g -1 ) indicating that the pristine material is Na deficient with an estimated Na content of 0.73, which is below the targeted stoichiometric composition, is much higher than the commonly reported one (0.5 Na) for P3 type structure. During the first desodiation process, the material delivers a high charge capacity of 285 mAh.g -1 corresponding to a low voltage (2.1 V) plateau, followed by a staircase evolution up to 4.25 V where a high-capacity plateau (75 mAh.g -1 ) is observed. The following discharge shows a capacity of 137 mAh.g -1 and a voltage profile similar to the first charge except for the absence of the high-voltage plateau.

The irreversibility of the high voltage (4.25 V) plateau indicates that it corresponds to the irreversible oxidation of Na2CO3 57 which further confirms the presence of unreacted Na source in the pristine material. The voltage profile in the [1.5-4 V] voltage range is similar to the reported ones and corresponds to the redox activity of both nickel and manganese. The electrochemical performance has been evaluated in the voltage range of 2-4.5 V as shown in Figure II-7b. During the first charge, two plateaus can be distinguished in the 3-4 V voltage range that corresponds to the Ni redox couples [START_REF] Lee | An advanced cathode for Na-ion batteries with high rate and excellent structural stability[END_REF] . Above 4V, a large plateau with a capacity of 75 mAh.g -1 is observed. This extra electrochemical activity can be due to Na2CO3 oxidation.

Along with the first discharge, the material presents a reversible voltage profile however with reduced capacity of 103 mAh.g -1 . The capacity of the high plateau is much smaller than the one observed during the charge in agreement with the irreversibility of the oxidation of Na2CO3. The material shows good reversibility during the first few cycles.

The targeted composition Na1Mn2/3Ni1/4Mg1/12O2 was synthesized using a soft chemistry technique with the presence of Na2CO3 as an impurity in the final product. The estimation of the sodium content using electrochemistry proves the Na-deficient character of the P-type sample giving a composition of P3-Na0.73Mn0.66Ni0.25Mg0.08O2. The comparison of the electrochemical performances with the P2-Na0.67Mn0.7Ni0.25Mg0.05O2 reported by Bruce et al. 143 shows that the two materials present the same electrochemical signature in the voltage range [2-4.5 V] with higher delivered capacity (136 mAh.g -1 ) for the former. In another study, Wang et al. 144 reported the same cathode composition P2-Na0.67Mn0.67Ni0.28Mg0.05O2 that delivers a reversible capacity of 123 mAh.g -1 which corresponds to 0.48 Na. Zhang et al. 140 obtained the same composition P3-Na0.67Mn0.66Ni0.25Mg0.08O2 using a sol-gel method. The comparison of the galvanostatic charge/discharge profiles with our phase shows that the two electrodes have the same electrochemical activity between 2 and 4.5 V with the sequential reactions from Ni 2+ to Ni 4+ and a reversible storage capacity to be 125 mAh.g -1 (0.47 Na + ).

Comparing the electrochemical performances of the synthesized P3 phase and the ones reported in the literature (P2 or P3) shows that the obtained phase is sodium deficient we can estimate Na content lower than 0.73 Na. Further comparing our results to other phases, we found that whatever the phase (P2 or P3) the cathode material presents the same electrochemical signature.

P-NaxMn1-yNiyO2 using carbonates coprecipitation

To accommodate the current demand for energy storage, industries utilize a highly scalable technique for cathode materials synthesis, i.e., the coprecipitation of the transition-metal carbonates precursors followed by calcination with a sodium source. This technique allows obtaining highly homogeneous materials and reduces the presence of impurities. Compared to other techniques like solid-state synthesis where it's mandatory to work at high temperature, the use of carbonate precursors allows for reducing the reaction temperature to facilitate crystal structure formation.

Here, we chose to target the composition NaxMn1-yNiyO2 with only Mn and Ni as transition metals to limit the parameters to control during the coprecipitation. In this work, we vary the Mn:Ni ratio and focus on stabilizing a P-type phase with high sodium content (≈ 1 Na).

Synthesis of transitions metals precursors

The synthesis of the metal precursors Mn1-yNiyCO3 is conducted by dissolving a stoichiometric amount of MnSO4.H2O (≥99% Aldrich) and NiSO4.7H2O (99% Aldrich) in deionized (DI) H2O.

Separately a solution of Na2CO3 (2M) and NH3 (0.2M) in DI water is prepared and used as a precipitation agent and chelating agent respectively. The flow of the transition metals solution and the Na2CO3 is adjusted to maintain the pH in the range of 6.5 145 . The pH domain was chosen according to E-pH diagrams for Mn-CO3-H2O and Ni-CO3-H2O at T=55°C. The precipitation of NiCO3 occurs in the pH range between 6.48 and 8.17 and MnCO3 between pH=5.12 to 12. The overlap between both coprecipitation ranges being between 6.24 to 7.10, the pH = 6.5 is selected and the coprecipitation is carried out at 55°C constant temperature. To avoid the pollution of the materials by the CO2 from ambient air, the synthesis is realized under an N2 atmosphere. Firstly, the reactor is purged with N2 to eliminate all the air. Then, nitrogen gas is continuously bubbled into the solution. The particles are collected following continuous stirring overnight at 900 rpm.

The obtained materials are filtered and washed with DI water several times then dried inside a vacuum oven at 100°C overnight.

Two precursors were obtained with a different stoichiometry of transition metal Mn1-yNiyCO3 (y=0.33; 0.5). The XRD pattern of the as-synthesized precursor (Figure II-8) shows that the samples are single-phased and adopt the structure of MnCO3 (SG R-3c) with the absence of any impurities. The evolution of lattice parameters is in agreement with the formation of the mixed (Mn1-yNiy)CO3 compound. For the material Mn0.5Ni0.5CO3 the refinement of lattice parameters a=4.794(9) Å; c= 15.617( 9) Å shows a slight evolution compared to the reference phase MnCO3: a=4.775(4) Å; c= 15.648(4) Å. For the material Mn0.66Ni0.33CO3 the cell parameters are a=4.795 (8) 69 Å; c= 15.558 (7) Å. The evolution of the cell parameters is in agreement with solid solution behavior. The atomic ratio of cations determined using EDX, demonstrates that the experimental ratio is in agreement with the nominal value of the designed sample. For the sample Mn0.5Ni0.5CO3, the composition was determined equal to Mn0.53Ni0.47 and for Mn0.66Ni0.33CO3 the transition metals 

Selection of the Na source

To understand the phase formation and phase transition characteristic of the carbonate route, we monitored the structure evolution upon heating the mixture of reactants. The precursor Mn0.5Ni0.5CO3 is hand grinded with Na2CO3 in a stoichiometric ratio and the evolution of the mixture with temperature is followed using Operando XRD. The comparison of XRD patterns collected at different temperatures (Figure II-11) shows that the decomposition of reactants starts at a relatively low temperature and leads to the formation at 400°C of layered P-type compound as evidenced by the growth of Bragg peak located at 2θ=15.64°. The increase of temperature allows assessing that the P3-type structure (SG R3m) is firstly obtained together with NiO and unreacted Na2CO3. This mixture is maintained up to 800°C above which Bragg peaks characteristic of Na2CO3 vanish and fully disappear at 850°C at which a P3-type compound mixed with NiO is obtained. The increase of the temperature up to 900°C leads to the conversion from P3-type to P2-type structure (Space group P63/mmc 146 ) and the growth of Bragg peaks associated with NiO.

Despite targeting a 1/1 Mn/Ni ratio, the presence of NiO as impurities shows a limited solubility of Ni in NaxMn1-yNiyO2 phase which is in good agreement with reported data [START_REF] Lee | An advanced cathode for Na-ion batteries with high rate and excellent structural stability[END_REF]147 . The presence of unreacted Na2CO3 at low temperature shows that a sodium-deficient NaxMn1-yNiyO2 layered compound is obtained. As the amount of unreacted Na2CO3 decreases with an increase in temperature, one can assume that it is associated with an increase of x Na in the layered compound.

This can be used to explain that P3-type, known to be the stable phase for low Na content, is obtained at low temperature (high amount of unreacted Na2CO3) and converted to P2-type (stable up to x=2/3) with increase in temperature. This conversion occurs at a temperature around 900°C where also Na-based reactants are known to volatilize which may explain why the O3-type structure (stable for x=1) is not observed.

It appears then evident that the kinetic limitation induced by the high decomposition temperature of Na2CO3 prevents the formation, if possible, of metastable stoichiometric P-type Na1MO2 layered compound. To overcome this issue, we tested different sodium precursors that present lower decomposition temperatures. The transition metal precursor Mn0.5Ni0.5CO3 was hand grinded and mixed with different sodium precursors NaOH, NaNO3, or Na2CO3 in stoichiometric amount targeting Na1Mn0.5Ni0.5O2. The mixtures are calcined in air at 700°C for 12h, the temperature selected to allow obtaining well crystallized compounds while preventing structure conversion.

For NaOH which presents a low decomposition temperature (318°C), the analysis of the XRD pattern of the as-obtained sample (Figure II-12) shows that it consists of a mixture between P3 type layered compound, NiO and a relatively small amount of Na2CO3 (2θ=34.57°). For the NaNO3 which also has a low decomposition temperature (380°C) 148 the reaction leads to the formation of P3 and O3 with the presence of NiO impurity. Regarding Na2CO3, the XRD pattern shows the presence of the P3 phase with a large amount of Na2CO3 and NiO as impurities. All the compounds show the formation of P3 phase with the presence of NiO indicating that whatever the sodium source used the Ni has limited solubility in layered oxide material.

The Na2CO3 with a high decomposition temperature (around 750°C) acts as a kinetic limitation, especially with the low decomposition temperature of the carbonate precursor. The high reactivity of NaNO3 induces the formation of O3 phase with a P3 phase which makes it difficult to stabilize a pure P-type. The best results were obtained with NaOH. This sodium source presents a low decomposition temperature and allows obtaining a single P3 phase. However, the presence of Na2CO3 indicates that the CO2 released during the decomposition of the mixed Mn0.5Ni0.5CO3 carbonate reacts with NaOH and/or Na2O, leading to the presence of carbonates in the product.

Since the best reactivity was obtained with NaOH, this sodium precursor is adopted in the synthesis of the different materials explored in this work. This sodium source will allow us to work at low temperature and replace the Na2CO3 commonly used in the synthesis of layered compounds.

Characterization of P3-NaxMn0.5Ni0.5O2: Mn0.5Ni0.5CO3 + NaOH

Before detailing the results on the stabilization of P-type structure, we report the two stable compounds used as references in this study. O3-NaMn0.5Ni0.5O2 and P2-Na0.66Mn0.66Ni0.33O2 Sodium hydroxide was chosen to be the Na source for the elaboration of layered oxide compounds.

The reactivity of carbonate precursor Mn0.5Ni0.5CO3 and NaOH was studied at different calcination is obtained in the product. This can be explained by the reaction between CO2 released during the decomposition of the transition metals precursor and Na2O. At a higher temperature 850°C, the intensity of the impurities decreases which may be explained by better solubility of Ni in the solid solution of P3-NaxMn1-yNiyO2 and the decomposition of Na2CO3 at high temperature. The electrochemical properties of P3-NaxMn0.5Ni0.5O2 obtained at 600 and 850°C were determined in a Na half-cell at a current density of C/10 in the voltage range [1.5-4.5 V] and compared with that of reference samples P2-Na0.66Mn0.66Ni0.33O2 and O3-NaMn0.5Ni0.5O2. For all samples, a cell 2q(°)

* Na 2 CO 3
NiO ¯ is cycled starting in discharge mode to evaluate the amount of Na that can be inserted and so estimate the Na deficiency in pristine material. As it is also known that a full discharge may induce irreversible structure changes, a second cell is cycled starting in charge. For the P3-type sample fired at 600°C, the galvanostatic test started in discharge mode presented in Figure II-15a shows that around 0.1 Na can be inserted indicating that the pristine material is still Na deficient. The potential evolution of the reference phase P2-Na0.66Mn0.66Ni0.33O2 shows a plateau below 2 V that extends till the end of discharge at 1.5 V. This plateau corresponds to the insertion of 0.24 Na in the structure which is expected since the structure contains 0.66 Na.

However, with the P3-NaxMn0.5Ni0.5O2-600, the plateau at low potential is not visible making us speculate that the inserted amount of Na during the first discharge does not correspond to the amount that is missing in the structure. Moreover, the presence of impurities (Na2CO3 and NiO) prevents an accurate determination of the actual active material Figure II-15b shows the galvanostatic charge/discharge voltage profiles obtained while starting on charge. The cathode material delivers a capacity of 133 mAh.g -1 during the first charge the same as the reference P2-phase 120 mAh.g -1 . Below 4V, the material exhibits a two-stage reaction of Ni 2+ → Ni 3+ → Ni 4+ accompanying two plateaus at 3.2 and 3.6 V 151,152 . Above 4 V, the sample presents a plateau which is commonly found for many layered oxides. Many processes have been proposed to contribute to this plateau, including the decomposition of sodium carbonate [START_REF] Sathiya | Dual Stabilization and Sacrificial Effect of Na2CO3 for Increasing Capacities of Na-Ion Cells Based on P2-NaxMO2 Electrodes[END_REF] and contribution from anionic redox 153,[START_REF] Kim | Oxygen Redox Activity through a Reductive Coupling Mechanism in the P3-Type Nickel-Doped Sodium Manganese Oxide[END_REF] . The comparison with the reference P2 phase shows that the two materials have the same signature during the first charge. However, during discharge, the obtained P3 phase material presents less defined plateaus in the voltage region [2-4 V] compared to the reference. Below 2 V a large plateau can be observed which is associated with Mn 4+ /Mn 3+ reduction since only manganese is active in this potential region. This plateau is not observed with the reference P2 phase. The difference in the electrochemical activity between the two phases below 2 V may be associated with the difference in the Mn 4+ ratio. Thorne et al. reported that this high Mn activity may be caused by a large number of Na vacancies. During discharge, the sodium ions from the counter electrode can occupy these free sites leading to an extra capacity 154 . This Mn activity results in higher discharge capacity delivered by the P3 phase material (184 mAh.g -1 ) compared to the P2 phase reference (145 mAh.g -1 ).

The electrochemical behavior of the sample obtained at 850°C reported in Figure II-15c shows 0.2 Na is inserted in the structure during the first discharge indicating the sodium deficiency in the pristine material. For the cell launched in charge/discharge mode (Figure II-15d), the P3 phase presents an electrochemical signature compared to the reference O3 type phase. High reversibility can be observed during the first charge/discharge with 167 and 190 mAh.g -1 specific capacity for O3 and P3 respectively. During the first charge, the material presents two plateaus below 4V associated with nickel activity. Above 4 V, both the O3 phase and P3 phase present the plateau which can be caused by different contributions as mentioned above (anionic redox, Na2CO3 decomposition). During discharge above 4 V, a reversible small plateau is observed, and by lowering the potential the reversible reduction of nickel is obtained. Below 2.2 V, a large plateau responsible for 60 mAh.g -1 is observed with the P3 phase obtained at 850°C that can be associated with the redox activity of Mn 3+ . However, with the reference O3 phase (Figure II-15c) no plateau can be seen and the potential drops to 1.5 V.

The comparison between the two materials obtained at 600°C and 850°C shows that they present the same electrochemical signature starting with charge/discharge mode. During charge, both materials have plateaus below 4 V associated with nickel redox. However, above 4 V the sample fired at 850°C presents a larger plateau resulting in a higher specific capacity (176 mAh.g -1 ) compared to the sample obtained at 600°C (131 mAh.g -1 ). Regarding discharge, the two materials show the same capacity with more pronounced plateaus for the sample obtained at 850°C. It is observed that the reversibility is much higher with the material prepared at 850°C, around 92% compared to 71% for the P3 phase material obtained at 600°C. The good reversibility can be explained by the lower impurities' quantity (Na2CO3 and NiO) when the sample is fired at higher temperature. Increasing the calcination temperature allows better solubility of the Ni into NaxMnO2 so the formation of NiO in the final material 155 .

P-NaxMn1-yNiyO2 using hydroxide coprecipitation

When the Mn1-yNiyCO3 was used as a transition metals precursor, we saw that during decomposition the release of CO2 induces the presence of Na2CO3 in the product. To avoid the risk of obtaining Na2CO3, the full hydroxide route was adopted as a synthesis approach for the different materials. This route consists of synthesizing the transition metals precursors using hydroxide coprecipitation and the use of NaOH as Na source.

Synthesis of transitions metals precursors

The precursors Mn,Ni(OH)2 are co-precipitated using a batch reactor with a controlled atmosphere.

Stoichiometric amounts of MnSO4.H2O and NiSO4.7H2O are dissolved in DI H2O to obtain a 2M aqueous solution. This solution is added dropwise with 1M NaOH solution to the reactor vessel where a base solution of NH3 in water (0.2M) is also added with a pH kept around (~11.0), by the addition of sodium hydroxide and the transition metal aqueous solution to the reactor 156,157 .

The precipitate is left stirring overnight at 55°C under N2 flow then filtrated, washed with water to remove the sulfate anions, and dried at 100°C for 12h. Working under an inert atmosphere and controlled pH is mandatory during the whole synthesis to avoid the formation of Mn3O4 156 .

Regarding the mechanism, when the metal ions are first dripped into the reactor, rapid nucleation occurs and the first metal hydroxide particles are formed. As more metal ions solution is added, the particles start to grow through particle agglomeration. SEM images (Figure II-16) show that obtained products have nanoplates morphology with a particle size around 50nm. These primary particles form agglomerates of several µm. 

Operando XRD full hydroxide

The thermal behavior of the mixture of hydroxide precursors Mn0.5Ni0.5(OH)2 and NaOH is monitored by operando XRD. The comparison of XRD patterns collected at selected temperature (Figure II-17) shows the growth of a Bragg peak located at 2θ=15.8° which confirms that P-type compound is obtained at low temperature. From 400°C, the growth of Bragg peaks of the P3 phase continues and they become sharper when the temperature reaches higher values. Up to 700°C, a Bragg peak located at 2θ=39° starts to grow which evidences the formation of P2-type phase.

The temperature increase induces the progressive conversion from P-type structures to the stable O3-type compound as evidenced by the progressive growth of (003)O3 Bragg peak at the expense of the (003)P3/(002)P2 one. Reaching 900°C, the conversion is complete indicating the obtaining of the Na stoichiometric stable O3-Na1Mn0.5Ni0.5O2 phase. It has to be noted that the presence even at high temperature of remaining unreacted NiO agrees with reported results indicating the limit of the Ni solubility in such types of compounds [START_REF] Lee | An advanced cathode for Na-ion batteries with high rate and excellent structural stability[END_REF]155 . The comparison of the formation mechanism using carbonates or hydroxide transition metals precursors (section 3.2) shows that there is a difference in the reactivity, especially at high temperature with the obtaining of P2 type structure using MCO3 and O3 type using M(OH)2. This confirms that the use of NaOH as sodium precursor suppresses, the kinetic limitation of Na2CO3 decomposition giving the possibility of stabilizing a P-type structure targeting high Na content at temperature lower than the one corresponding to the conversion to the thermodynamically stable O-type structure.

Structure characterization of P3-NaxMn0.5Ni0.5O2

Based on the results of operando XRD the full hydroxide route is adopted as the synthesis approach for the different materials. The as-obtained precursor Mn0.5Ni0.5(OH)2 is hand grinded and mixed for 5 minutes with NaOH in a stoichiometric amount. The mixture is divided into four parts that are heated for 12h in air at 500°C, 600°C, 700°C or 850°C (heating ramp 2°C.min -1 ). The obtained products being moisture-sensitive are stored in a dry atmosphere.

The analysis of the XRD patterns (Figure II-18a) shows that whatever the calcination temperature, a P3-type layered compound is obtained with some trace of Na2CO3. While no carbonate is used as reactant, the formation of Na2CO3 can be explained by the presence, during calcination step, of unreacted Na2O which reacts with ambient air during the cooling step before quenching the sample and storing it in the glove box. The Bragg peaks characteristics of the layered compound are obtained at 500°C and maintained up to 850°C. In addition, one can note that NiO impurities are obtained for all the samples which confirms the already reported limited solubility of Ni in NaxMn1-yNiyO2.

The lattice parameters of the P3-type compounds have been refined and their evolution versus annealing temperature is presented in Figure II-18b. The c lattice parameter decreases with an increase in temperature. The c cell parameter is governed by the strength of the repulsive effect between oxygen from adjacent MO2 layers which is screened by the Na + ion located in the interlayer space 158 . The observed decrease of the c lattice parameter can be interpreted as an increase in the screening effect which is indirect evidence of an increase in the Na content.

Furthermore, the a lattice parameter shows a slight increase with an increase in the annealing temperature. A small decrease can be observed at 850°C which can't be explained. This parameter characterizes the size of the MO2 layers and it is directly related to the nature and valence state of the TM ions. Its increase, while the MO2 layer composition does not change, shows a progressive reduction of the transition metal, indicating here also a progressive increase of the Na content. The materials calcinated at 600°C and 850°C are selected for deeper analysis. The chemical compositions determined by ICP-AES are reported in Table II-2. All the compositions are normalized to a total molar ratio equal to 1 for Mn and Ni. The ICP results show good agreement with the anticipated atomic ratios for all the transition metals. For the material obtained at 600°C, the particle's size range is 0.2 to 1 µm and they are grouped together in aggregates of heterogeneous size. For the material obtained at 850°C, the average size of the particles increased as a consequence of the high calcination temperature, and the morphology is close to the one obtained at 600°C. The electrochemical properties of selected samples were examined in a Na half-cell at a current density of 0.1C in the voltage range [1.5-4.5 V] and compared with that of reference samples O3-NaMn0.5Ni0.5O2 or P2-Na2/3Mn2/3Ni1/3O2. For all samples, a cell is cycled starting in discharge mode to evaluate the amount of Na that can be inserted and so estimate the Na deficiency in pristine material. As it is also known that a full discharge may induce irreversible structure changes, a second cell is cycled starting in charge. The galvanostatic electrochemical tests started in discharge mode (Figure II-21) show that around 0.2 Na (48 mAh.g -1 ) can be inserted in the structure of P3-NaxMn0.5Ni0.5O2 synthesized at 850°C and 0.16 Na (40 mAh.g -1 ) in the compound obtained at 600°C. These results indicate that the pristine materials are still Na deficient with an estimated Na content of 0.8. This value is far from the targeted stoichiometric Na1MO2 one but still largely higher than the 0.5 Na content usually reported for stable P3-type structures prepared using a solid-state synthesis process. The galvanostatic cycling curve of reference phases confirms that O3-NaMn0.5Ni0.5O2 is stoichiometric in Na and the x=2/3 composition of P2-Na0.66Mn0.66Ni0.33O2. type reference, can be attributed to the Ni redox couples [START_REF] Lu | Situ X-Ray Diffraction Study of P2-Na2/3[Ni1/3Mn2/3]O2[END_REF][START_REF] Lee | An advanced cathode for Na-ion batteries with high rate and excellent structural stability[END_REF] . Above 4V, the two samples present a high voltage plateau but with different capacities. The capacity of the P3-type sample annealed at 600°C (100 mAh.g -1 ) is higher than the one of the P2-type reference (40 mAh.g -1 ). It is now well admitted that above 4V, besides the activation of anionic redox activity as already reported for this type of compound [START_REF] Kim | Oxygen Redox Activity through a Reductive Coupling Mechanism in the P3-Type Nickel-Doped Sodium Manganese Oxide[END_REF] , extra electrochemical activity can be due to Na2CO3 oxidation [START_REF] Sathiya | Dual Stabilization and Sacrificial Effect of Na2CO3 for Increasing Capacities of Na-Ion Cells Based on P2-NaxMO2 Electrodes[END_REF] . The presence of unreacted Na2CO3 detected in XRD pattern of the P3-type sample annealed at 600°C can for the reference is not observed for the prepared sample (Figure II-23a). This is in agreement with the Na-deficient character of the prepared sample and confirms the proposed stoichiometry Na0.8MO2. In the voltage range [3-4.0 V] plateaus can be observed on the voltage curves of the P3-type sample and O3-type reference, they can be attributed to the Ni acitivity [START_REF] Lee | An advanced cathode for Na-ion batteries with high rate and excellent structural stability[END_REF] . Above 4 V, the two samples present a voltage plateau with relatively the same capacity even if the capacity of the P3-type sample annealed at 850°C (77 mAh.g -1 ) is a little bit higher than that of the O3-type reference (66 mAh.g -1 ). Along the first discharge, the high voltage part of the profile (above 2.7 V) is similar for P3-type sample and O3-type reference however with reduced capacity for the former. At the end of the 1 st discharge, the P3-NaxMn0.5Ni0.5O2-850 delivers a capacity of 136 mAh.g -1 lower than the O3 reference 167 mAh.g -1 . Finally, the comparison of the second cycle (both charge and discharge) shows that whatever the material considered, the voltage profile and the delivered capacity are similar. This allows concluding that whatever the differences observed during the first cycle such as irreversible capacity or loss of some phenomena, once the samples are activated (full charge/discharge) they behave the same way. for the a cell parameter. One has to note that the cell parameters at the end of the discharge are lower (c lattice parameter) and higher (a lattice parameter) than that of pristine material showing that the sodium content at the end of the discharge is larger than that of pristine material in agreement with the fact that the pristine material is Na deficient. More interestingly, the examination of the cell parameters evolution allows evidencing that, during charge, between 3.8V and 4.0V, the a cell parameter increases drastically and then stabilizes around 2.91 Å while the c cell parameter keeps increasing and then decreases a little bit to stabilize around 17.0 Å.

The evolution of the c parameter is in agreement with a solid solution (below 4V) and then a biphasic domain. However, the evolution of the a parameter shows a decrease till 4V which is accordance with the solid solution behavior, then a drastic increase which can be associated with the the P/O intergrowth. The evolutions observed out of the solid solution process can be interpreted in light of already reported similar evolutions for several P-type layered compounds 159,160 (P3/O'3). The evolution of The mixture is divided into three parts that are heated for 12h in air at 500°C, 600°C or 700°C (heating ramp 2°C.min -1 ). The obtained products being moisture sensitive are stored in a dry atmosphere. The analysis of the XRD patterns (Figure II-26a) shows that for a temperature lower than 600°C a P3-type layered compound is obtained with some trace of Na2CO3. While no carbonate is used This can be related to the possible presence of remaining Na2CO3 undetected using XRD and also to the low quality of XRD data which makes the site occupancy refinement less accurate than expected (Table II- Chapter II -Looking for P-stoichiometric layered oxide materials 93 4.6. Electrochemical characterization P3-NaxMn0.66Ni0.33O2

Galvanostatic cycling

The electrochemical properties of P3-NaxMn0.66Ni0.33O2 were examined in a Na half-cell at a current density of 0.1C in the voltage range [1.5-4.5 V] and compared with that of reference sample P2-Na2/3Mn2/3Ni1/3O2. For both samples, a cell is cycled starting in discharge mode to evaluate the amount of Na that can be inserted and so estimate the Na deficiency in pristine material.

The galvanostatic electrochemical test started in discharge mode (Figure II-28) shows that around 0.23 Na (56 mAh.g -1 ) can be inserted in the structure of P3-NaxMn0.66Ni0.33O2 synthesized at 600°C and 0.24 Na (62 mAh.g -1 ) in the reference P2 compound. These results indicate that the pristine material is still Na deficient with an estimated Na content of 0.77 Na. This value is far from the targeted stoichiometric Na1MO2 one but still largely higher than the 0.5 Na content usually reported for stable P3-type structure prepared using solid-state synthesis process. 

Structure evolution upon cycling

To follow the structure evolution of the P3-type sample along cycling, operando XRD experiment is performed during the first charge/discharge. The examination of XRD patterns (Figure II-30) shows that during the initial desodiation process, till 3.8V a shift of the Bragg peaks is observed without the appearance of any new peaks indicating the occurrence of a solid solution process.

With the extraction of Na further, the XRD patterns showed the decrease in intensity of (012) peaks and the growth of a new peak at 42° and ending, at highest voltage, by the growth of a new peak at 2q=19.7° at the expense of the Bragg peaks characteristic of the P3-type structure. During the discharge process, the intensity of new phase peaks decreases confirming the reversibility of the phase transition observed at the end of charge. Below 3V, a constant shift of P3-type Bragg peaks which returns back to the original position when reaching full discharge. with respectively extraction/insertion of Na. They are in agreement with the lowering/enhancing of the Na screening effect on the repulsion between oxygen of adjacent layers for the c cell parameter and with oxidation/reduction of transition metal for the a cell parameter. One has to note that the cell parameters at the end of the discharge are lower (c lattice parameter) and higher (a lattice parameter) than that of pristine material showing that the sodium content at the end of the discharge is larger than that of pristine material in agreement with the fact that the pristine material is Na deficient.

The evolution of the Bragg peaks intensity of P3-type structure indicates intermediate structure changes corresponding to the progressive conversion from P-type to O-type structure occurring first via the formation of P/O intergrowths followed by a clear biphasic process to form a O-type structure characterized by an abnormally short interlayer distance (4.60 Å) as indicated by the high Bragg angle observed (2q=19.7°) for (00l) plane. The calculated interlayer distance (4.60 Å) associated with the main Bragg peaks being close to the value of O-type 162 structure and lower than the Z phase 163,164 reported at this voltage range for P-type phase. The comparison of the structure mechanisms occurring during the exchange of Na for P3-NaxMn1-yNiyO2 samples shows that they both present a domain of solid solution followed by the Beside demonstrating the possibility via the use of optimized low temperature synthesis process to stabilize high Na content P3-type structures, the comparison of the structure evolutions observed for the different studied compounds differing mainly by the Mn/Ni ratio allows then to clearly show the stabilizing effect of Ni. Full charge of P3-NaxMn2/3Ni1/3O2 leads to the clear conversion to O-type compound while this conversion is only partial (with P/O intergrowth) for P3-NaxMn0.5Ni0.5O2 samples. Moreover, the possibility to stabilize for a given chemical composition NaxMn0.66Ni0.33O2 P-type structure with two stacking sequences (reference P2-type and low temperature P3-type polymorph) allows evidencing that this stacking sequence has no clear effect on the overall structure evolution as in both cases, along the charge, the same solid solution process followed by the structure conversion to O-type structure is observed. This last observation raises however another question regarding the exact nature of the high voltage and low Na content compound. More precisely, the O-type structure observed at high voltage notably the growth of a Bragg peak at 2q=19.7° has been already frequently observed to appear during extraction of Na for both P2-type and O3-type compounds. Despite being identical, it has been interpreted as corresponding to O2-type [START_REF] Lu | Situ X-Ray Diffraction Study of P2-Na2/3[Ni1/3Mn2/3]O2[END_REF] when obtained during desodiation of P2-type compounds and as an O-type structure without more details when obtained during desodiation of P3-type compounds.

Conclusion

To understand the structure evolution during synthesis of P-type layered oxide, we studied two potential compositions NaMn0.4Ni0.4Ti0.1Cu0.1O2 and NaxMn2/3Ni1/4Mg1/12O2. The analysis using operando XRD showed the formation of P-type layered phase at relatively low temperature accompanied with impurities traces like NiO and Na2CO3. Studying the composition NaMn0.4Ni0.4Ti0.1Cu0.1O2 shows the kinetic limitations of the solid-state reaction associated to the low diffusion of cations. To confirm that, composition NaxMn2/3Ni1/4Mg1/12O2 was prepared using the Pechini process. Following the phase formation using operando XRD showed that the P-type appeared at low temperature (450°C) with the presence of some Na2CO3. By increasing the temperature up to 700°C, the carbonates peaks vanish, proving their full decomposition.

The electrochemical characterization showed that the obtained P3-NaxMn2/3Ni1/4Mg1/12O2 is sodium deficient with an estimated content x=0.73 higher than the 0.5 Na reported in P3 phase.

Coprecipitation was chosen as a synthesis technique that allows avoiding the kinetic limitation associated with reaction between oxides. Moreover, we targeted the composition NaxMn1-yNiyO2 with only Mn and Ni as transition metals to limit the parameters to control during the coprecipitation.

The investigation of the thermal behavior of a mixture between transition metal precursors and Na sources shows that carbonate or hydroxide TM precursors decompose at low temperature allowing to synthesize layered NaxMO2 at lower temperatures than using mixture of oxides. However, it appears that Na2CO3 with higher decomposition temperature than NaOH acts as the kinetic limitation implying that to decrease the synthesis temperature of layered compound whatever the target both synthesis of metastable polymorphs or lowering the energy cost, full hydroxide route (both TM and Na precursors) should be selected.

Following this rule, high Na content P3-type NaxMn1-yNiyO2 with x  0.8 compounds have been obtained for both y=1/3 and y=1/2 transition metal layer composition. Even if targeted stoichiometric P-type Na1MO2 has not been obtained, the investigation of the electrochemical behavior and associated structure changes allows determining the influence of the stacking sequence P2/P3 for the given Na prismatic environment and the influence of the Na environment prismatic/octahedral for the same stacking sequence P3/O3. The first cycle electrochemical signature of P3-Na0.8Mn0.5Ni0.5O2 depends on the annealing temperature and differs from the one observed for O3-NaMn0.5Ni0.5O2 reference. The P3-Na0.8Mn0.5Ni0.5O2 sample synthesized at 600°C behaves like the reference P2-Na0.66Mn0.66Ni0.33O2 with lower delivered capacity in agreement with the presence of resistive unreacted NiO and Na2CO3 contributing also to the observed large polarization. Following the structure evolution during cycling shows the presence of a solid solution followed by a progressive conversion from P-type to O-type which remains partial. For the phase P3-Na0.8Mn0.5Ni0.5O2 synthesized at 850°C galvanostatic cycling showed that it has the same electrochemical signature as O3-NaMn1/2Ni1/2O2 and after two cycles both samples behave the same way. Even if it is well-known that P-type compounds should present better electrochemical performances (mainly power capabilities) than O-type homologous, the stacking sequence should also be taken into account. P3-Na0.8Mn0.66Ni0.33O2 sample and reference P2-Na0.66Mn0.66Ni0.33O2 show similar electrochemical behavior as well as type of structure evolution including a wide solid solution process and reversible structure conversion at high voltage. The main difference lies in the nature of the phase formed which is O2-type for the reference and corresponds to a layered phase with a very short interlayer distance that has been associated to an O-type structure.

Finally, the possibility to tune the Ni content from y=1/3 to y=1/2 while keeping the P3-NaxMn1-yNiyO2 polymorph allowed to determine the stabilizing effect of Ni which prevents the P-type to O-type structure conversion usually observed at high voltage and to compare for a given stoichiometry in Ni and Na surrounding (P-type) the influence of the stacking sequence (P3-type vs P2-type). Strangely while it is commonly admitted that P-type to O-type structure conversion should maintain the stacking sequence, both P2-and P3-NaxMn2/3Ni1/3O2 leads at high voltage to a conversion to a structure which present identical set of Bragg peaks which should be considered as evidence that the exact nature of this structure has still to be determined.

Introduction

Recent research on electrolytes for LIBs has been focused on developing a stable non-flammable inorganic solid Li-ion electrolyte with high ionic conductivity that can reach 10 -3 S.cm -1 . Garnet types are considered the most promising among the various known solid electrolytes, thanks to their stability against Li-metal and wide electrochemical stability window. Many studies reported the effect of different dopants on the structure and ionic conductivity leading to select Ta-doped LLZO (LLZT) which presents the best ionic conductivity with a value of 10 -3 S.cm -1 and low activation energy of 0.36 eV [START_REF] Wang | High Ionic Conductivity Lithium Garnet Oxides of Li7-xLa3Zr2-xTaxO12 Compositions[END_REF] .

The synthesis of garnet LLZT is a delicate process implying the control of different parameters to get a pure phase with absence of undesired phases. Another big issue of garnet LLZO is its high sensitivity to moisture with the formation of LiOH which further reacts with CO2 to form Li2CO3 on the surface of the particles. These side products may influence the densification process and increase the resistance of the battery. Moreover, obtaining dense LLZT ceramic is important to reduce grain boundary resistance and dendrite growth during battery cycling. Much effort has been put into increasing the density of LLZT by improving the microstructure control throw the development of many densification techniques and the control of powder processing.

Conventional sintering at high temperature (>1000°C) and for long duration (>12h) is the most common technique. However, this densification technique induces the decomposition of garnet with the appearance of resistive phases like La2Zr2O7.

As discussed in chapter I, a good characterization of LLZO garnet is lacking in the literature and many issues regarding the stability of the material and the densification process still to be resolved.

Here we decide to work with a commercial powder of garnet LLZT to avoid the synthesis parameters and be sure of having a homogenous sample. Firstly, the water sensitivity of garnet LLZT is explored and the densification temperature is determined by studying the evolution of the material structure against temperature. The sintering process is optimized by following the different parameters (degassing, displacement Z) and elaborating an SPS program that allows getting dense pellets. The effect of the sintering parameters (Temperature, heating time) on the microstructure is explored and related to the ionic conductivity. Secondly, the densified LLZT is tested against lithium metal in a symmetric cell by attaching Li foil on the top and bottom surfaces.

The interfacial charge-transfer resistance between LLZT and Li is reported as well as the transference number of dense LLZT obtained using different densification protocols.

The stability of Li stripping and plating at the Li/LLZT interface is investigated using a galvanostatic cycling test allowing us to determine the critical current density (CCD) at which the lithium dendrite shortcut the cell proving the importance of controlling the LLZT/Li metal interface. Finally, we follow the stability of LLZT with potential cathode materials as LiCoO2 and LiNi1-x-yMnxCoyO2 against temperature to adjust the densification parameters and get a dense composite cathode. Two approaches with or without electronic conductor are presented and the densification tests highlighted the major problems and the instability of the interface LLZT/Active material.

Characterization of LLZT thermal and chemical air stabilities

Herein, we report the study of Li6.4La3Zr1.4Ta0.6O12 (LLZT) sensitivity with moisture and its evolution with increase in the temperature.

LLZT air sensitivity

The optimization of the synthesis procedure being not at the heart of our study, to be sure of the homogeneity of the pristine sample to be used we decided to work with a commercial powder from MSE Supplies (Table IV-1 Annexes 1).

The received sample is analyzed to determine the initial characteristics. The XRD pattern (Figure III-1a) is indexed using the cubic LLZO structure (space group Ia-3d) and shows the presence of an extra peak at 2θ=21.42°. This peak has been ascribed to the (110) peak of Li2CO3 appearing as an impurity in the pristine powder. The comparison of the lattice parameter obtained by refinement using Le Bail method shows that the pristine powder presents a higher value a= 13.035 (3) Å than the reference a=12.95 Å 165 . This increase can be explained by the high sensitivity of garnet LLZT to moisture which induces the exchange of Li + /H +166 . The chemical composition is determined by ICP-AES. All compositions are normalized to the molar % of La (Table III-1).

The determined formula Li7.05La3Zr1.4Ta0.48O12 corresponds with the target chemical formula in a suitable error range. However, the lithium stoichiometry shows a higher value than expected, this can be associated with the presence of impurities like Li2CO3 (visible in XRD) and LiOH at the surface of the particles. This result agreed with the higher cell parameters of the pristine powder shown before.

To further understand the reactivity of LLZT with water, the pristine powder was immersed in deionized water (average pH=6) with a 1:50 wt% LLZT:H2O ratio and left sintering for 20 hours at room temperature. The pH evolution during time showed that the solution becomes basic after the addition of LLZT and its value jumped from 6 to 11.2 in a few seconds proving the formation of LiOH in the solution 100 . After 20 hours the pH solution stayed basically the same with a value of 10.6. The sample was filtered through filter paper rinsed with fresh water to remove soluble LiOH, then dried in an oven at 60°C. The XRD pattern (Figure III-1b) of the obtained powder is indexed using cubic phase with the absence of any impurities. The Li + loss is compensated by the insertion of H + which allows the maintenance of the cubic phase. The lattice parameter for cubic LLZT-H2O (SG Ia-3d) powder is 13.028 (1) Å and it increases compared to the reference LLZT phase 12.95 Å. Li et al. 166 reported relatively the same lattice parameter (a=13.0123 Å) after LLZT-H2O reaction. This increase can be explained by the ion exchange (Li + /H + ) owing to the replacement of symmetric Li-O bonds by asymmetric hydrogen O-H····O bonds 167 . For the powder soaked in water, the ICP-AES analysis showed a nominal composition of Li1.45La3Zr1.40Ta0.49O12 (Table III-1). The difference in Li content is assumed to be due to H + /Li + exchange according to this reported 102 mechanism: Li6.4La3Zr1.4Ta0.6O12 + x.H2O → Li6.4-xHxLa3Zr1.4Ta0.6O12 + x.LiOH (III -1) The same results were reported by Ma et al. 168 Compared to the pristine powder the C 1s peak of Li2CO3 increases in intensity due to the high reactivity of LLZT with water molecules. For O 1s spectra, three peaks at 532 eV, 531 eV, and 529 eV can be associated with Li2CO3, LiOH, and the oxygen in the lattice of LLZT 122 respectively.

A fourth peak appeared at 529.9 eV that may be assigned to the oxides or hydroxides present in the powder resulting from the dissociation of the phase LLZT like La(OH)3, ZrO2, or Ta2O5. The metals spectra present two different environments for each element. The first (orange in Figure III-3b) is assigned to the chemical environment of the protonated phase as observed with air-exposed sample. For the second, the analysis of the extra spectra (Cyan) shows that the Zr 3d presents two peaks at 182.3 eV and 184.7 eV that can be associated with ZrO2 173 . In the case of Ta 4f, the peaks at 26 eV and 27.9 eV are attributed to the Ta 5+ in the oxide phase Ta2O5 174 . Finally, the spectra of La 3d present two peaks at 835.1 eV and 839.1 eV assigned with La 3+ in the hydroxide La(OH)3 175 .

The XPS results show the presence of ZrO2, La(OH)3, and Ta2O5 in the sample soaked in water which indicate that besides the already reported H + to Li + exchange in cubic LLZT, at least partial decomposition of LLZT into the different oxides also be considered.

Thermal stability of LLZT

Conventional sintering is the densification technique the most reported in the literature for LLZO.

Many studies have reported different densification temperatures between 1000°C and 1250°C with various dwell duration (12 to 40h). This technique allows the obtention of relatively high density that can reach 92%. However, the use of a powder mother that covers the pellet or an excess of LiOH is mandatory to saturate the atmosphere with lithium near the pellet and avoid the decomposition of the LLZO 176,177,178,179 . The use of additives is also recommended to reduce the resistance of grain boundaries. All these limitations make conventional sintering far from optimal. Most conventional sintering processes implying the use of high temperature, the thermal stability of LLZT and the effect of impurities have been investigated starting by the determination of the optimal sintering temperature using dilatometric analysis.

The pristine powder LLZT is compacted using a mold of 6 mm diameter to obtain a pellet with 3 mm thickness. The pellet is positioned between two platinum foil and transferred into the dilatometer furnace. The sample is heated between room temperature and 1200°C at 5°C.min -1 under argon. The dilatometry measurement (Figure III-4) shows a small thickness reduction at 100°C which can be associated with the evaporation of some H2O molecules that have been adsorbed at the surface of the pellet during preparation. Upon heating, two shrinkage steps are observed corresponding to displacement of 140 µm and 260 µm at respectively 800°C and 1050°C

as determined from the dZ/dt profile. The shrinkage continues till 1200°C indicating that the densification temperature is higher. Along cooling down to room temperature, the evolution of the displacement is related to the lattice contraction. The characterization of the pellet post dilatometry using XRD (Figure III-5) shows that the pellet is formed of a cubic LLZT phase mixed with the pyrochlore phase La2Zr2O7 (SG Fd-3m).

The lattice parameter of the cubic LLZT phase refined using profile matching shows a decrease from a= 13.035 (3) Å to a= 12.944 ( 9) Å compared to the pristine powder. This decrease may be associated with a change in the garnet stoichiometry due to the decomposition of Li2CO3 and LiOH impurities present in the pristine powder. Moreover, the formation of the resistive phase La2Zr2O7 can be associated with the Li loss in LLZO during calcination at high temperatures 180 .

As conclusion, the dilatometry performed under an argon atmosphere showed that the densification of LLZT starts at temperature around 800°C and completes at temperature higher than 1200°C Our goal is not to optimize the sintering parameters but to study the thermal stability of the LLZT structure in the same condition of densification. The pristine powder is pressed into pellets by uniaxial pressing using a force of 5 MPa. The pellet's dimensions are 2 mm in thickness and 6 mm in diameter. Subsequently, the pressed pellets are placed in an alumina crucible with the protection of a platinum foil to avoid the diffusion of any element and annealed in an ambient atmosphere.

Two pellets are annealed at the same temperature 1200°C with a ramp of 5°C.min -1 , the first without a dwell and the second with 12h dwell. The compactness is determined by the ratio of the mass by the volume (determined using geometrical measurement) of the pellet and relative density was calculated by dividing the compactness of the pellet after densification by the theoretical density of LLZT (5.5 g.cm -3 ). that are not assigned. The XRD analysis of the powder obtained after grinding the pellet shows the same type of Bragg peaks indicating that the bulk sample is identical with the surface of the pellet.

The XRD characterization of the obtained pellets is represented in

These results show the decomposition of LLZT annealed for several hours at 1200°C.

With the absence of a lithium source or mother powder that covers the pellet, the LLZT presents a stable structure with the absence of a dwell at 1200°C. However, after 12h at this temperature, a major decomposition is observed showing the sensitivity of the garnet LLZT sample used to densification parameters. 

Argon pretreatment of pristine powder

LLZT suffers from stability issues to maintain Li stoichiometry during storage in ambient conditions. The LLZT reacts with water and forms a lithium defective Li6. 4-xHxLa3Zr1.4Ta0.6O12 phase due to the lithium-proton exchange mechanism, associated with the formation of LiOH and Li2CO3 impurities at the surface of the LLZT particles. The protonated HLZT compound presents low electrochemical performances such as low ionic conductivity and high interfacial resistance 183 .

In this context, it is mandatory to restore fully lithiated LLZT structure before the densification process. As demonstrated in the previous section, the protonation process is reversible and occurs in two steps depending on the lithium source used to compensate for the deprotonation: LiOH below 600°C and Li2CO3 at 800°C.

To confirm the effectiveness of such a process, pristine powder was placed in an Al2O3 crucible The influence of the pretreatment on the thermal stability of LLZT samples is investigated using dilatometry and operando HT-XRD. The pretreated powder LLZT-Ar was compacted in the glove box using a mold of 6 mm diameter to obtain a pellet with 2.82 mm thickness. The pellet was positioned between two platinum foil and transferred into the dilatometer furnace.

The sample was heated between room temperature (25°C) and 1200°C at 5°C.min -1 under argon.

The dZ/dt curve presented in Figure III-11a shows a small variation at 250°C. This can be associated with the decomposition of remaining LiOH present at the surface of the pellet. This contamination can be formed during the preparation of the pellet or during the transfer of the pellet from the glove box to the dilatometer furnace. Upon heating, a big shrinkage starts at 800°C and continues till the end of the heating cycle. At 1200°C, the thickness reduction corresponds to 300 µm. On the contrary, to the pristine powder where the densification occurs in two steps, the densification of the pretreated LLZT-Ar powder is made in one step.

The characterization of the pellet post dilatometry using XRD in Figure III-11b shows that the pellet is formed of a mixture between cubic, tetragonal LLZT phases and the decomposition product La2Zr2O7. The presence of the tetragonal polymorph may be explained by the decomposition of LLZT at high temperatures. Indeed, when the composition is insufficiently doped to stabilize the cubic polymorph, a mixture of tetragonal and cubic phases results 184 . Additionally, the decomposition of LLZT by lithium evaporation cause the formation La2Zr2O7. The peaks shift to lower angles due to the lattice expansion with increasing temperature. At 900°C, there is the appearance of a peak at 2θ=28.15° that extends to 30°C after cooling down the sample.

This peak is associated to the pyrochlore phase La2Zr2O7 which could form at high temperature after Li loss.

Figure III-12:

XRD patterns collected operando during the heating of the pretreated powder LLZT-Ar, the reference LLZT phase, and the pyrochlore phase patterns are presented in red and blue respectively.

Conclusion

The characterization of the pristine sample using different techniques (XRD, ICP, XPS) proves the high reactivity of the garnet LLZT with moisture. The increase of the cell parameter and the presence of decomposition product LiOH and Li2CO3 on the surface of the LLZT particles was confirmed by the characterization of the powder soaked in water. The protonation of the garnet LLZT is a reversible process, indeed, by increasing the temperature the proton leaves the structure and the lithium is reinserted.

Studying the evolution of the sample against temperature using dilatometry and operando XRD proves that the densification process occurs at high temperatures (Above 800°C). However, the densification of the pristine powder by conventional sintering showed a full decomposition of LLZT by the appearance of the pyrochlore phase La2Zr2O7. This decomposition can be caused by the evaporation of lithium at high temperature. The pretreatment of the pristine powder under argon at 800°C enables the elimination of the Li2CO3 impurity from the powder. The evolution of the pretreated powder against temperature shows a stable cubic phase till 1000°C, above this temperature, the La2Zr2O7 starts to appear.

Densification of LLZT by SPS and impact of sintering parameters on ceramic properties and electrochemical performance

The sintering of LLZO using conventional ceramic processes involves heating compacted powder most of the time mixture of LLZO and sintering additives to temperatures higher than 1000°C for 12-40h. At these temperatures, Li2O volatilizes, and thus samples must be covered with the same powder to mitigate evaporation. To prevent this phenomenon, one strategy is to decrease the sintering temperature and duration. To reach this goal, Spark Plasma Sintering (SPS) technique is commonly used nowadays. The combination of axial pressure together with heat generation by high intensity direct current going through the conductive punches and dies (usually graphitebased) and or sample (depending on its conductivity) characteristic of the SPS process is well known to achieve much lower sintering temperatures and much shorter duration (few minutes) than conventional ceramic processes. In this section, the effect of SPS parameters such as temperature and heating rate on the stability, compactness, microstructure, and finally conduction properties of LLZT are investigated.

Sintering process optimization

To avoid the formation of impurities on the surface of the LLZT powder, mold preparation was carried out in glove box. The powder was poured into a graphite mold of 10 mm inner diameter and a compressive graphite foil (0.2 mm disk Papyex, Mersen Group, France) was used to ensure intimate contact between powder and punches. This assembly was placed in the SPS chamber and evacuated to reach a secondary vacuum.

A first experiment using a constant heating rate of 50°C.min -1 and the lowest pressure needed to maintain electrical contact (10 MPa) was conducted 185 . The evolution of the displacement and pressure of the chamber are collected along the whole process to identify sintering steps and decomposition processes. The result (not detailed) shows a huge increase in the pressure as soon as the temperature increases associated with powder forced out of the mold caused by the large decomposition of species. The process has been modified and a dwell of 3 min was applied at 700°C to allow the degassing of impurities like LiOH or Li2CO3 that can be adsorbed at the surface of the LLZT particles. At the end of this dwell, a uniaxial pressure of 50 MPa is applied.

The sintering protocol and collected displacement and pressure in the chamber are presented in As discussed in the previous section, the pristine powder contains impurities like LiOH and Li2CO3, and it has been shown that a simple pretreatment under argon at 800°C allows to reverse the Li + /H + exchange and obtains a pure cubic LLZT phase. Another experiment using the same SPS protocol is carried out using pretreated powder and both collected displacement and pressure of the chamber are presented in Figure III-14a. The evolution of the pressure shows a low degassing at ≈ 400°C and then at ≈ 800°C that can be associated with the decomposition of residual LiOH and Li2CO3. This low degassing is followed by a small evolution of the displacement up to 2.2 mm at the end of the densification. The comparison of the XRD patterns of the densified LLZT and calculated for cubic LLZO presented in Figure III-14b shows that even if the surface corresponds mainly to La2Zr2O7, the inner part of the pellet is composed of cubic LLZT phase with no observable second phase such as La2Zr2O7. The determination of the cell parameter gives a value of a = 12.935 ( 4) Å in accordance with the data in the literature for fully lithiated LLZT 187,188,189 .

The optimization of the sintering process proves that the elimination of the impurities from the LLZT powder is mandatory to obtain a dense pellet composed of pure LLZT cubic phase. 

Characterization of the densified pellets

The density of each pellet was determined by measuring the mass and the geometric volume.

The relative density (RD) was measured by dividing the geometrical density by the density of LLZT (5.5 g.cm -3 ). The microstructure of the pellets was examined by cross-section analysis using SEM (Figure III-15). The obtained pellets have a dense microstructure and a high RD equals 98% for the pellets obtained at 1000°C. The pellet exhibits an intragranular fracture mode indicating a good grain-grain adhesion similar to previous reports of LLZO [START_REF] Rangasamy | The role of Al and Li concentration on the formation of cubic garnet solid electrolyte of nominal composition Li7La3Zr2O12[END_REF] . The grain size between 1.3 µm Focused Ion Beam SEM (FIB-SEM) was used for the preparation of a thin foil from the dense LLZT pellet to be observed using TEM. 172,190 . The Zr 3d spectra exhibit two peaks at 180.3 eV and 182.7 eV corresponding to the presence of Zr 4+ in the cubic garnet. The XPS profile of Ta 4f contains two main peaks 24.7 eV and 26.6 eV associated with Ta in the cubic structure of LLZT 190,191 . Similarly, the XPS profiles of La 3d contain two different peaks with binding energy at 838 eV and 833 eV corresponding to the presence of La 3+ in the cubic LLZT 171 . shows two peaks at 181.5 eV and 183.9 eV. In the case of Ta 4f, the peaks are at 25.5 eV and 27.4 eV more shifted at higher binding energy compared to the LLZT garnet. In addition, the calculation of the relative intensity of the different peaks shows that while the typical cation ratio of La, Zr, and Ta species correspond to the one of garnet LLZT, a deficit in Li is evidenced. This phase could be a protonated cubic polymorph of LLZT. These results show that during contact with air there is a reaction of the LLZT cubic garnet to form a protonated phase in accordance with moisture sensitivity already demonstrated in the previous section. Furthermore, this phase exists between the thick Li2CO3 layer and the pure cubic LLZT phase. These results show that the pellet reacts with moisture to form Li2CO3 that covers the surface but this reactivity continues deeper Chapter III -LLZO-Ta SSE : stabilities, densification and interfaces 123 from the surface where the Li deficient phase can be detected (After polishing the surface). Finally, the bulk of the pellet is formed only of pure cubic LLZT phase. These observations make us conclude that the Li deficient phase exists between the Li2CO3 (surface) and the pure LLZT phase At high frequency, a semi-circle corresponds to the bulk and grain boundaries resistivity and the vertical tail observed at low frequency is related to the capacitive behavior of the blocking electrode. The EIS spectra are modeled using the combination of a resistor with a constant phase element. The calculated capacitance values from the equivalent circuit for the bulk and grain boundary are 9.73×10 -11 F and 4.65 ×10 -9 F respectively. These values are within the range of the capacitance values for these physical processes 192,193 . The determination of the ionic conductivity using Equation IV-9 (Annexes 3.3.2) shows that the obtained pellet presents a high total ionic conductivity of 7×10 -4 S.cm -1 at 25°C, in agreement with previous studies 114,115 . The grain boundary conductivity is estimated using Equation IV-12 (Annexes 3.3.2) to be equal to 𝜎 𝐺𝐵 =5.53×10 -5 S.cm -1 two orders of magnitude lower than the bulk conductivity (1×10 -3 S.cm -1 ) proving their resistive character. From this we deduce the importance of controlling the LLZT microstructure to enhance the total ionic conductivity. The logarithm plot of ionic conductivity (log σT) exhibits an approximately linear relationship with reciprocal temperature (T -1 ). The activation energy calculated from the slope is 0.39 eV the same as reported by Yamada 115 and Baek 194 for LLZT processed by SPS and lower than the one reported by Sakamoto 187 (0.43 eV) obtained by hot pressing for the same composition.

Electronic conductivity

Fitting the EIS spectra was performed on the high and mid-range frequencies between 15 MHZ and 500 kHz. Since we determined the ionic conductivity given by the contribution of the bulk and grain boundaries at high frequency and to reduce the error from the fit, the low-frequency limit was fixed at 500 kHz. Figure III-20a shows the entire impedance spectra between 15 MHz and 1 Hz of LLZT. Normally at low frequency, the capacitive phenomena associated with the interface between the LLZT and the blocking electrodes is observed and it is represented by a tail. Here we notice a third arc that can be fitted by an R-CPE element with a capacitance C=1.71×10 -6 F. This value can be associated with the LLZT/electrode interface. However, the presence of this arc that The obtained electronic conductivity matches the value reported in the literature 195,196 .

Effect of sintering parameters: temperature and heating rate

In addition to the phase purity of the garnet LLZT, some studies reported that the microstructure of the densified LLZT (density, grain size) have a significant effect on the electrochemical performance like the ionic conductivity and the interfacial resistance with metal lithium 178 . The second parameter is the heating rate which was controlled with a different operation mode called Flash Spark Plasma Sintering (Flash-SPS). This process has been proposed by Grasso et al. 199 and consists in applying an extremely high electrical power for a very short duration achieved by high intensity (up to 720 A with our equipment) direct current pulse leading to a heating rate up to 10 4 to 10 6 K.min -1 200 . In that case, the only parameter that can be tuned to avoid overheating and sample melting is the maximum power during the current pulse. This maximum power is held for a limited time (typically few seconds) during which densification occurs 201 . During the Flash-SPS densification process, the temperature is determined by the power pulse of a few seconds so the estimation of temperature distribution during the flash event indicates the occurrence of large temperature gradients up to several 100°C which is critical to achieving homogeneous microstructures. The flash process allows the reduction of the densification time so the energy consumption during materials densification compared to classic SPS process 202 .

Figure III-22:

The pulse current evolution during the densification process of two samples LLZT-1000 and LLZT-Flash. (b) Evolution of the SPS parameters during processing the pretreated LLZT powder densified using Flash process.

In our case, the powder is preheated at 600°C for 20 min to decompose any impurity adsorbed at the surface. After the preheating step, the powder is cooled down to a lower temperature of 200°C, and a pressure of 50 MPa is applied then a direct current pulse of 720 A is applied for 15s (Figure III-22a). The temperature rises rapidly in response to the high current, and a large increase in displacement is observed. The heating rate approaches 1550°C.min -1 and it should be noted that the monitored temperature is lower than the actual temperature since the measuring point has a distance of 20 mm from the heating surface (head of the punches). Figure III-22b shows the evolution of the measured temperature, the pressure of the chamber, and displacement profile (Z) recorded during the Flash-SPS experiment. Along the low T plateau, the displacement is small and the evolution of the pressure is very low confirming that this stage corresponds to the decomposition of all side species. The XRD patterns collected on the pellets obtained at T=850°C (LLZT-850) and using the Flash-SPS (LLZT-Flash) process are shown in Figure III-23. The refinement of the XRD data of the pellet LLZT-850 proves that the pattern can be perfectly fitted with a cubic unit cell having an Ia-3d space group with a lattice parameter a=12.935(3) Å the same as the pellet sintered at 1000°C. The sample obtained using the Flash-SPS process presents a different composition. The The SEM images of the cross-section of both samples are presented in Figure III-24. The pellet sintered at 850°C presents a dense microstructure with the presence of small porosity probably due to the no growth of particles since a lower temperature was used compared to the pellet obtained at 1000°C. The RD determined has a value of 95% lower than the pellet LLZT-1000 (98%) in agreement with the observed porosity. Regarding the pellet LLZT-Flash, it presents a completely different microstructure with lower relative density equal to 91%. The ceramic densified with high heating rate does not show a regular particle shape like the one obtained at 850°C or 1000°C

probably because the grain's growth mechanism wasn't achieved causing lower RD. The images show an irregular shape with the presence of small particles with a size range from 0.5 µm to 2 µm and large agglomerates. Furthermore, the flash process is still not well understood, so the microstructure obtained. is observed with 𝜎 𝑖𝑜𝑛 =3.60×10 -4 S.cm -1 the same thing is noticed with the pellet sintered by Flash-SPS, which presents a total conductivity of 𝜎 𝑖𝑜𝑛 =3.48×10 -4 S.cm -1 . This decrease of the total conductivity is in agreement with the decrease in the relative density of the pellets. Furthermore, the comparison of the bulk conductivity in Table III-2 shows that the pellet sintered at 1000°C presents one order of magnitude higher room temperature conductivity than the two other pellets.

The grain boundary conductivity of the pellets is determined using Equation IV-12 from the Brick layer model (Annexes 3.3.2). The pellets obtained at high temperature LLZT-1000 and LLZT-Flash (975°C) present lower grain boundary conductivity than the pellet densified at 850°C (Table III-2). In literature, the low GB conductivity of Li-conducting oxides is often assigned to the existence of a space-charge layer and subsequent Li + depletion which induces lowering the total ionic conductivity of the SSE 204,205 . 

Impact of sintering parameters on Lithium-LLZT interface

One of the biggest challenges for the application of Li metal as anode material for garnet-based solid-state batteries is the poor interfacial contact between the SSE and the electrode 206 . Direct contact between LLZT and Li-metal foil results in poor contact and large interfacial resistance.

The poor wetting between Li-metal and garnet pellets is due to the large difference in surface energy because of the Li2CO3 presence at the surface of the garnet. Many strategies have been developed to reduce this interfacial resistance and increase the cyclability of the garnet against Limetal 207 like applying pressure 208 .

In this section, the interface of LLZT with Li-metal is characterized to evaluate the interfacial resistance and the critical current density during cycling for the LLZT pellets. To do this, all the LLZT pellets are dry polished with 1200 git SiC paper to remove any impurities that may be formed at the surface even though the pellets are stored in the glove box. Symmetric cells are assembled by placing LLZT pellets between two Li foil disks. Li foil disks are scraped to remove the oxide layers on the surface and get a shining disk. The SSE is sandwiched between the two fresh Limetal foils and heated in a graphite mold on a hot plate as shown in Figure III-26. The temperature of the Li metal on the LLZT pellet is controlled using an infrared thermometer to be below 180°C.

After cooling down the mold, the SSE with the two Li foils is placed in a coin cell closed with a spring to maintain the contact for electrochemical measurement while no external pressure is applied. Table III-2: EIS data fitting and the conductivity calculation for the obtained pellets. the Nyquist plots of EIS data measured at room temperature for the pellets LLZT-1000, 850, and Flash. For the three samples, the contribution of the bulk and grain boundary can be observed at high frequency and the second intercept with the real Z'-axis corresponds to the interface LLZT/Li.

The calculated capacitance values from the equivalent circuit presented in Table III- Cinter (F) ASR (Ω.cm 2 )

LLZT-1000 1.07×10 -7 139

LLZT-850 1.01×10 -7 427

LLZT-Flash 1.24×10 -7 155

Table III-3: The capacity of the interface contribution and the area-specific resistance values obtained from fitting the EIS data for the different pellets.

The single Li/LLZO interfacial resistance is obtained by dividing the low-frequency semicircle resistance by two and then normalized to the surface to give the area specific resistance (ASR).

The values of ASR presented in Table III-3 show that the pellet sintered at 1000°C presents the lowest interfacial resistance with 139 Ω.cm 2 showing that lowering the densification temperature to 850°C increases the resistance of the charge transfer process where the ASR value is multiple by factor three. These results suggest that the surface microstructure may influence the ASR since for two pellets obtained at two densification temperatures different ASR values are obtained. The surface quality (roughness and pores distribution) may be better for the pellet LLZT-1000 resulting in better Li-metal adhesion and lower ASR. Finally, the pellet LLZT-Flash shows a low ASR like the pellet sintered at 1000°C confirming good contact between the LLZT and Limetal. These ASR values are lower than the reported ones for LLZO 210,211 .

The interfacial resistance represents the summation of all the resistances at the interface like the charge transfer and the SEI interface. Moreover, the quality of this interface will influence the obtained value of ASR so the presence of small layer of impurities like LiOH and Li2CO3 or a low surface wettability of the Li-metal. The most common techniques to reduce the ASR consist of applying pressure on the cell 203 or increasing the temperature up to 175°C during hours so the Limetal fulfills all the LLZO surface 212 . Lastly, the ASR depends on many parameters like the surface microstructure 213 and composition 102 and more investigations need to be conducted to further reduce the Li/LLZO charge resistance.

Stripping/plating

After the characterization of the LLZT/Li-metal interface, galvanostatic cycling is performed at different current densities (20 µA.cm -2 , 40 µA.cm -2 and 80 µA.cm -2 ). At each step, the current is held for 30min. All measurements are conducted at room temperature (25°C). This cycling will give the critical current density at which the cell fails. Upon application of a current, lithium at one electrode is oxidized and then reduced at the other electrode to form lithium metal and plate at the electrolyte surface. When the current is reversed, lithium can be stripped back and plated in its original position. The two pellets LLZT-1000 and 850 present good electrochemical stability at the two current densities 20 µA.cm -2 and 40 µA.cm -2 with a stable stripping/plating process during 20 cycles. The LLZT-850 shows a small increase in the voltage at a constant current density (40 µA.cm -2 ) which can be explained by an unstable interface 214 . At 80 µA.cm -2 and after the first cycle, the voltage drops to ≈ 0 V, this indicates that the short circuit occurred inside the cell. Regarding the LLZT-Flash sample, it presents a different behavior. The stripping/platting process is homogeneous during the first 10 cycles at 20 µA.cm -2 . However, at higher current density (40 µA.cm -2 ) the voltage drops at a value near 0 V and starts fluctuating proving that the short circuit of the pellet after 13h of cycling. These results show that the CCD for the two samples LLZT-1000, LLZT-850 is 80 µA.cm -2 and 40 µA.cm -2 for the pellet LLZT-Flash. This can be associated to sample density which varies from 98% and 95% for LLZT-1000 and LLZT-850 to only 91% for LLZT-Flash. The decreased relative density of 91 % leads to the drop of a CCD value of 40 µA.cm -2 which makes us confirm that the dendrite penetration is induced by the presence of more porosity in the pellet of LLZT 215 .

Furthermore, in this study, we cannot correlate the shortcut to the ASR. The pellet LLZT-1000 has a lower ASR than the pellet LLZT-850, however, both pellets present the same CCD. On the other hand, LLZT-Flash sample gets short-circuit at a current density of 40 µA.cm -2 despite the low ASR value. It is difficult to determine the effect of the interface resistance on the CCD taking into account the varied parameters (T and heating rate) in our study. Even if in our case due to the very low current density used we do not observe such phenomena, it is reported that with high current densities (above 0.1 mA.cm -2 ) during stripping the Li anode generates voids in the Li/SE interfacial region leading to an increase of the charge transfer resistance when Li vacancies gather to form voids through vacancy diffusions 216,217 . The use of coating elements like Al 214 , Ge 218 , or Au 219 altered the garnet surface and increase the wettability of Li due to the formation of Li-alloys which fills the gap between the garnet and Li metal to improve the interfacial contact and enhance Li + transport.

Transference number

The transference number of the different samples was also determined. This number is used to quantify the fraction of ionic transport and the ions' contribution to the overall ionic conductivity. Despite being such insightful metric in most reports on solid electrolytes, especially ceramics, it could give a reliable quantification of the ionic conductivity. The most common method to determine the transference number consists of the combination of DC polarization and AC impedance spectroscopy commonly known as the Bruce-Vincent method 220 . A symmetric two-electrode cell is polarized by applying a small potential of 0.01V and the resulting current is monitored as a function of time. The cell impedance is recorded before and after the polarization.

The polarization induces a concentration gradient to develop across the length of the electrolyte causing a variation in the interface resistance. The transference number can be estimated using the following equation:

𝑡 + = 𝐼 𝑠𝑠 (𝛥𝑉 -𝐼 0 𝑅 0 ) 𝐼 0 (𝛥𝑉 -𝐼 𝑠𝑠 𝑅 𝑠𝑠 ) (III -2)
Where 𝐼 0 the initial current, 𝐼 𝑠𝑠 steady state current, 𝛥𝑉 polarization potential, 𝑅 0 initial interfacial resistance and 𝑅 𝑠𝑠 steady state interfacial resistance. conductivity. Having a t+ < 1 makes us speculate that the transport in LLZT is not entirely ionic. This is in agreement with results obtained by Sakamoto et al. during cycling LLZT 126,192 and may explain the fast growth of Li dendrites.

Post mortem analysis

Following galvanostatic cycling and cell failure, the EIS was performed on the cell and the obtained Nyquist plot is presented in To determine if the features extended below the pellet face, SEM was used to observe the subsurface microstructure. A fracture is caused near or along these dark spots and the specimen A web-like structure is observed on the region (b) of the fractured surface for all the samples.

However, the morphology and the diameter of the web structure differ from one pellet to another.

In the case of LLZT-1000, this structure presents a not well-defined morphology with a large diameter that reaches 10 µm. For LLZT-850, the web structure presents hexagonal-like features We conclude that the dendrites are localized at certain regions which implies that the current is not uniformly distributed on the surface creating areas where the current density is much higher than the one considered. Thus, this study confirms the necessity to ensure and maintain a homogeneous Li deposit on the surface of LLZT. Finally, even if it is only SEM observations, these results give a first understanding of the Li dendrites formation and growth inside the garnet LLZT and more characterizations need to be conducted to understand the effect of garnet's microstructure on the dendrite growth at the grain boundaries. 

Composite cathode processing using SPS

After studying LLZT/Li-metal interface, the stability of LLZT with cathode materials was explored. Among various possible cathode materials, the choice of cathode active material 

Thermal stability of LLZT with cathode materials

The determination of the LLZT/cathode stability against temperature is important because sintering is required for LLZT processing and undesired reactions may occur during densification between the garnet and cathode materials. Moreover, the optimization of the contact between the different components of the composite cathode is crucial to avoid mutual element diffusion and the deterioration of the interphase. Powder mixtures of 47:53 vol% of LLZT and the cathode material (LCO or NMC-111) are mixed using a planetary mixer (Fisher Micro Mill PULVERISETTE 7). The powder is placed in a stainless-steel bowl with steel balls using a 1:5 wt% ratio, then mixed for 1h at 400 rpm. The preparation steps are done in the glove box to avoid any contamination with moisture. The ratio of 47:53 vol% is chosen to maximize the interfaces between the two components to realize more accurate measurements of the thermal stabilities.

After mixing the two compounds, the obtained powder is pressed with 5 t force to get a compact pellet and enhance interfacial contact between components here again to favor all possible reactions. The pellet is placed in a sample holder and introduced into the high-temperature chamber for operando XRD measurement. The pellet is heated up to 1000°C with a heating rate of 30°C.min -1 and the XRD patterns are collected every 100°C between 2θ =10° and 60°.

The collected XRD patterns of LCO/LLZT mixture heated at different temperatures represented in Figure III-33 show the absence of changes in the sample composition up to 600°C with the presence of all the peaks associated with the cubic phase LLZT and the layered rock salt LCO structure. At 600°C, there is the appearance of peaks at 2θ = 28.15° and 32.7° that extend till 700°C. These peaks have been already observed during the thermal treatment of LLZO and been attributed to the pyrochlore phase La2Zr2O7 issued from the deprotonation of HLZO which further react with remaining LiOH and Li2CO3. Above 800°C, the diffractogram doesn't exhibit any impurity peaks with the presence of all the peaks associated to pure cubic LLZT and LCO phase till 1000°C. A shift of peaks to lower angles is observed and associated with the lattice expansion due to temperature increase. Back to room temperature, the pattern presents all the peaks of the cubic LLZT phase and rhombohedral LCO demonstrating the thermal stability between these two materials. The high stability of LCO with LLZT at high temperature opens the doors for its use as a cathode material for solid-state batteries, especially with ceramic materials. The evolution during heating of the mixture LLZT and NMC-111 was also followed using operando XRD and the collected patterns are represented in Figure III-34. Up to 500°C, the pellet presents a composition formed only of the cubic LLZT and the layered NMC structure since the presence of all the characteristic peaks. When the temperature reaches 600°C, the pattern shows the development of the pyrochlore phase which is maintained till 800°C as already observed when heating at least partially protonated LLZO sample. However, in that case, the peak intensity of LLZT decreases, and impurity peaks increase with increase in temperature. At 700°C, there is the appearance of new peak at 2θ = 32.08° and by reaching 800°C other peaks appear at 2θ = 22.83°, 46.43° and 57.93° which may be associated with a solid solution of LaCo1-xMnxO3 (x < 0.4) 129,222 .

The impurity peaks become more defined by reaching 1000°C. The formation of a similar perovskite phase at the NMC/LLZT mixture may be explained by a change in the chemical environment of the transition metals that may occur during the deprotonation of the HLZO phase.

The LLZT peaks decrease in intensity and vanish at 800°C (temperature development of LaCo1-xMnxO3) then reappear at 900°C. This variation is still not understood. Back to room temperature, the XRD pattern is composed of LLZT, NMC, and LaCo1-xMnxO3 showing a partial decomposition of the cathode material This operando XRD analysis shows that the reactivity between LLZT and NMC starts at a relatively low temperature implying that to obtain dense composite cathode, the densification temperature should be lowered.

Densification of the composite cathode

A high sintering temperature is typically needed to achieve the high density and Li-ion conductivity of LLZT. For the fabrication of cathodic half-cell (Cathode material+LLZT+Additive), some precautions are needed to achieve a dense structure with low resistance between the different materials. Since the interface reactions are kinetically controlled through thermal cycle, a fast process with high heating rate, short dwell time and especially low sintering temperature might minimize the formation of a secondary phase or the decomposition of the composite cathode. In order to achieve this, SPS can be used as a densification technique.

To address these challenges two approaches for composite cathode design are considered in our 

Flash densification with carbon

It is well admitted that transition metal oxides are unstable face to carbon at high temperature.

During heating, the carbon reduces the metal oxide causing the decomposition of the cathode material. To avoid this reactivity, we tried to densify the composite using Flash-SPS process by applying a very high heating rate to densify the mix and prevent decomposition. The LLZT powder obtained after argon pretreatment is mixed with cathode material and carbon sp at a volume ratio of 28:70:2. The mixture is placed in stain steel jar and mixed for 1h at 400 rpm to get a homogenous powder. This mixture is then poured into a graphite mold covered by a wound graphite foil. The punches are also separated from the powder by two graphite discs to prevent their sticking with the sintered pellet. The sintering is performed using the flash process at a maximum temperature of 800°C.

The Flash SPS parameters evolution is represented in Figures III-36a and III-36c. The process starts by applying a dwell of 10 min at 300°C in order to release any adsorbed molecules at the surface of the powder. No variation in the chamber pressure was observed for both samples confirming that during the preheating no decomposition occurred. Moreover, the displacement (Z)

shows a small increase that can be associated to particles rearrangement. Mechanical pressure of 50 MPa is applied before launching the DC pulse. The pressure inside the chamber shows high 

SPS Densification without carbon

As demonstrated in the previous section, the densification of LLZT can be done at lower temperature (850°C using SPS) or lower duration (few seconds using Flash SPS) which may prevent chemical reaction between active material and electrolyte.

Cathode powder is mixed with LLZT in volume ratio of 85:15 in stain steel jar for 1h at 400 rpm till getting a homogenous powder. While the same commercial LCO powder (99.8%, Sigma Aldrich) is used, another NMC powder with a different composition LiNi0.8Mn0.1Co0.1O2 Using NMC-811 with low cobalt content allows increasing the stability between the cathode material and LLZT and avoids the reduction of cobalt. Moreover, working at 600°C with higher applied charge (P=100 MPa) improved the stability of NMC with LLZT. The densified composite-cathode material pellets are fractured and the cross-section is characterized using SEM. For the composite LCO, the bulk presents an incompact structure with the presence of many pores as marked by the yellow arrows (Figure III-40), in accordance with the low density of the pellet equals to 77%. For the composite with NMC active material, the pellet presents a density of 81.4% still lower than the needed density for composite cathode to ensure high ionic conductivity 225,226 To achieve good contact a high temperature is crucial to ensure the sintering of the composite cathode. High temperature cannot be employed in the case of LCO due to the chemical interaction with LLZT and carbon. This chemical instability limits the use of LCO as cathode material for ASSBs and makes us think of another cathode material. The obtained results showed that using NMC with controlled morphology and low cobalt content (NMC-811) may be a solution.

The densification with LLZT gives a dense pure pellet with the absence of any undesired phase, opening the doors for more understanding of the densification process and the characterization of the interface LLZT-NMC. The presence of carbon for electronic conduction poses a limitation on the processing temperature and it needs to be replaced by another electronically conductive additive which should be thermally stable against the other composite components.

Conclusion

The garnet LLZT is among the most promising SSE to be used in ASSBs. A high density with an optimized microstructure is mandatory for good electrochemical performance delivered by the SSE. Herein we demonstrate the possibility of densifying garnet LLZT using spark plasma sintering. The powder pretreatment by eliminating the impurities (Li2CO3 and LiOH) allows the obtaining of dense microstructure with high relative density of 98%. Furthermore, the pellet densified at 1000°C delivered a high ionic conductivity of 7×10 -4 S.cm -1 at 25°C with low activation energy equal to 0.39 eV. It was determined using DC polarization that the pellet exhibited an electronic conductivity of 5.04×10 -8 S.cm -1 at room temperature which may be too high for a solid electrolyte.

The effect of the densification temperature and heating rate was explored. We showed that by sintering LLZT at 850°C lower relative density is obtained resulting in a decrease of the total ionic conductivity to 3.60×10 -4 S.cm -1 . On the other hand, a new densification process was developed by sintering the garnet using a very high heating rate. The obtained pellet is composed of a mixture of cubic and tetragonal phases and has a relative density of 91% with a good ionic conductivity.

Through studying the interface Li-LLZT, it was shown that the resistance of the pellet LLZT-850 is high compared to the two other pellets. We believe that the surface roughness and Li-metal wettability with LLZT may have a direct impact on the interface resistance. Then, it was shown that the critical current density depends on the LLZT microstructure. The pellets obtained at 1000°C and 850°C have higher CCD (80 µA.cm -2 ) than the pellet obtained using Flash process (40 µA.cm -2 ). The postmortem analysis of the cycled pellets showed that Li preferentially propagated intergranularly through LLZT grain boundaries and caused short-circuiting the Li/LLZT/Li symmetric cells. Moreover, the LLZT microstructure seems to influence the lithium filament propagation since we have different dendrites morphologies. The results reported in this study confirm that the optimization of the interphase Li-LLZT is required by the addition of a dopant layer and pressure application during cycling at least to ensure and maintain a homogeneous contact.

The thermal stability of LLZT with cathode materials was studied using operando XRD.

We demonstrated the stability of LCO and LLZT up to 1000°C with the absence of any decomposition. In contrast, the mixture NMC-LLZT started to decompose at a relatively low temperature. Two approaches for half-cell design were presented in an attempt to overcome the high charge transfer resistance between the LLZT and the cathode material. The first approach showed that the densification with the presence of an electronic conductor (Csp) in the cathode mixture induced a full decomposition of the pellet. This was explained by the reduction of the cobalt and the formation of CoO and Ni2O3. In the second approach, the composite cathode containing LLZT and LCO or NMC-811 was densified using classic SPS protocol. For LLZT-LCO pellet, a partial decomposition was observed with inhomogeneous bulk morphology in addition to high porosity. XRD characterization of the LLZT-NMC pellet confirmed the obtaining of a dense structure with the absence of any decomposition. The moderated sintering temperature and pressure allowed good mechanical contact without interfacial reaction between the LLZT and NMC-811. More investigations need to be conducted to characterize the impedance at the interphase and cycle the composite cathode in a full-cell configuration.

• P3-NaxMn1-yNiyO2 for y=1/3 was obtained at low temperature with the absence of NiO impurity showing the limited solubility of NiO in layered oxide phases. The characterization of P3-NaxMn0.66Ni0.33O2 led to the estimated sodium content of x  0.8 Na. During cycling the material presented similar charge-discharge curves as the reference P2-Na0.66Mn0.66Ni0.33O2 below 4 V. However, above 4 V, the P3 phase material has a large plateau due to Na2CO3 oxidation. Following the structure evolution upon cycling showed a solid solution process that occurs in 1.5-4 V voltage range and a reversible structure transition above 4 V. The structure observed at high voltage was identified as O-type phase with a short interlayer distance compared to O2 phase for the reference P2-Na0.66Mn0.66Ni0.33O2.

The preparation of stoichiometric layered P phase has been reported by exploring the synthesis conditions that rely on different processes, calcination temperatures, and transition metal ratio.

The obtained results confirm stabilizing a P3 phase with high sodium content (around 0.8 Na per unit formula) that exhibited good reversible capacity. However, even if a stoichiometric phase was reported using ball milling of Na0.66 phase with Na-metal, we believe it is difficult to stabilize this stoichiometric P-phase using a direct synthesis. First, because its high reactivity with moisture means even if we can form it, during cooling down the extra sodium will react with moisture and form Na2CO3. Second, these phases are metastable and maybe they can be formed only during heating.

The study on layered oxide materials with high sodium content is far from being finished.

In the future, studying the sodium distribution in the different sites and repulsion forces between the NaO6 and MO6 octahedra can give a better understanding of the sodium content that can be introduced in P-layered oxide material. Moreover, air sensitivity remains one of the biggest challenges of sodium cathode materials. Improving the air-stability needs to be developed to avoid impurity formation. Surface modification is promising as it can change the surface properties of the cathode materials and developing an efficient coating can minimize this moisture sensitivity.

Finally, more understanding of the fundamental mechanisms of layered oxide materials is needed for designing a high-density cathode material that can be industrialized one day.

The main objective of this thesis was the development of garnet structured oxide based on the formula Li6.5La3Zr1.4Ta0.6O12 (LLZT) as a potential candidate to be used in solid-state batteries.

Owing to its large electrochemical window, high ionic conductivity, and chemical stability, this material was selected with the aim to understand its properties through experimental investigation.

• The characterization of the as-received powder in the first section of Chapter III showed the high reactivity of LLZT with moisture. In contact with water, the cell parameter increased and the lithium content in the structure decreased by 77% proving the Li + /H + exchange that occurs with the formation of LiOH and Li2CO3. XPS analysis confirmed the formation of a protonated cubic polymorph of LLZT that coexists with the pure cubic LLZT. Following the phase evolution using in situ XRD confirmed the reversibility of the protonation process showing a constant cell parameter (13.05 Å) below 600°C, then a linear evolution till 1100°C in accordance with the lattice expansion. It was also demonstrated that heating the pristine powder under argon at 800°C enabled the elimination of the Li2CO3 impurity and the pretreated powder preserved a cubic structure till 1000°C, above this temperature the resistive phase La2Zr2O7 started to appear.

• The optimization of the densification process using SPS allowed us to obtain dense LLZT ceramics with homogeneous microstructure and high relative densities of 98%. EIS characterization of the pellets densified at 1000°C showed high ionic conductivity of 7×10 -4 S.cm -1 at 25°C with more resistive grain boundaries where the estimated ionic conductivity is two orders of magnitude lower than the bulk conductivity (3×10 -3 S.cm -1 ). The effect of the sintering parameters on the microstructure and the conduction properties was also studied.

Firstly, we demonstrated that by lowering the densification temperature a decrease in the relative density (95%) was observed followed by lower total ionic conductivity 3.60×10 -4 S.cm -1 . Another important finding is that densifying LLZT with a fast-heating rate (Flash-SPS) gave a pellet composed of cubic and tetragonal phases with low relative density and as consequence lower ionic conductivity than the dense LLZT obtained using the classic SPS process.

• Comprehensive knowledge of the LLZT-lithium interface is needed to understand what governs their feasibility in enabling ASSBs. To do this, we characterized this interface of the different pellets using the Li/LLZT/Li configuration. It was determined that the pellets obtained at 1000°C and using Flash process presented low ASR of around 150 Ω.cm 2 compared to the pellet densified at 850°C. In characterizing the critical current density of the Li-LLZT interface, it was shown that the CCD increases with increasing relative density.

For the pellet obtained using Flash process with the lowest density, the CCD was determined to be 40 µA.cm -2 lower than the pellets densified by classic SPS at 1000°C and 850°C where the CCD was 80 µA.cm -2 .

• The stability of the garnet/cathode interface at elevated temperatures is important because sintering is typically required for oxide solid electrolyte processing. In this thesis, the thermal stability of LLZT with potential cathode materials like LCO and NMC was studied using operando XRD. The mixture LLZT/LCO showed good stability within the temperature range of 30-1000°C. However, the mixture LLZT/NMC started to decompose at a relatively low temperature (600°C) with the detection of reaction products including LaCo1-xMnxO3. Since the interface reactions between the garnet and cathode material are kinetically controlled through the thermal cycle, we densified the mix with the presence of an electronic percolator (Csp) using Flash-SPS trying to avoid the transition metal reduction in the presence of carbon.

A full decomposition of the composite cathode mixture was observed with both cathode materials. Finally, it was demonstrated that densifying LLZT with LCO showed a partial decomposition with the presence of CoO and La2Zr2O7. However, in the case of NMC-811, a pure dense pellet (81.4%) was obtained with the absence of any undesired phase showing the potential of using NMC with low cobalt content as cathode material in ASSB.

Our work shows that SPS is a promising technique for the development of solid electrolytes since it allows through the same process, to shape the electrolyte material while improving its ionic conductivity. Using this technique, a pure dense LLZT electrolyte was obtained. However, a lot of work is still to be conducted to improve the interface between the electrolyte and electrode materials. Regarding the use of lithium metal as anode material, the addition of an artificial interlayer between the anode and LLZT can be a solution to ensure a homogeneous current distribution and avoid voids formation. Moreover, the addition of active nano-additives in the grain boundary and defective sites can possibly prohibit the dendrites' formation and growth at high current density. In this work, we showed the possibility of densifying a cathode material (NMC-811) with the garnet after the optimization of the sintering process by reducing the sintering time and temperature to avoid any decomposition. However, a deep electrochemical characterization is still to be done to get an idea about the delivered capacity and the resistance at the interface active material/electrolyte. The interfaces inside the cathode among cathode active material and solid-state electrolyte particles also have several problems. Some strategies can be attempted to increase the stability between the electrolyte and active material like the use of cathode materials with protective coating; some solution already exists especially for LCO and NMC. The addition of a buffer layer can physically block the occurrence of undesirable reactions especially when we densify the composite cathode and also during cycling. 

Electrochemical methods

Electrode preparation

For the electrode preparation from the active material, we used two methods. The first method consists in mixing the active material with a conductive additive, the carbon super P. The two powders in an 80:20 weight ratio were placed in stainless as teel jar and ball-milled for 30 min.

The powder recuperation was carried out in the glove box. The second method consists of preparing a self-standing laminated electrode by mixing the active material, carbon super P, and PTFE in an 85:10:5 weight ratio. The mixture was then folded over itself several times and further mixed to improve homogeneity by adding a few drops of DMC. Finally, a manual rolling press was used to reduce the thickness of the electrode.

Electrochemical configuration

Different cell setups were used in the electrochemical studies in this thesis. For the characterization of layered oxide materials, the cell components are relatively the same. The cell is composed of a current collector for the working part, a working electrode, separator, counter electrode, and a current collector for the counterpart. All the cell (Swagelok + coin cell) parts were dried for several hours at 60°C before being assembled in an Ar-filled glovebox. Regarding the characterization of the solid electrolyte LLZT, a special cell under a controlled atmosphere was used.

Swagelok-type cells

Swagelok cell with 2 electrodes setup was used for studying the electrochemical properties of the synthesized materials. The active material with the electronic percolator (Csp) was placed onto an aluminum current collector forming the working part. Two layers of Whatman glass microfiber separator Grade GF/D were used to avoid short circuits and adsorb electrolyte to ensure ionic conduction. The counter electrode part is formed of a foil of sodium metal spread out on an aluminum disk. Moreover, two stain steel plungers were used for electronic connection with the electrochemical workstation. We used a double O shape Nylon ring on each plunger and a miller film to isolate the Swagelok body from the plunger and seal the cell tight. 

Operando XRD cell

The cell used for operando X-ray diffraction is shown in 

Solid state cell

The electrochemical characterization of the densified LLZT was conducted using the Intermediate Temperature System (ITS) from Biologic (France). The ITS is a compact temperature chamber that enables accurate temperature and atmosphere control. 

Electrochemical analysis

Several electrochemical techniques were used to characterize the performance of the positive materials and the solid electrolyte in this thesis. All the measurements were performed using a VMP3 or MTZ-35 potentiostat/galvanostat (Biologic, France). EC-Lab and MT-Lab software were used for program setups and data treatment. Conversely, when the applied current is negative, the material is reduced and we get the discharge.

Here we selected galvanostatic cycling with potential limitation (GCPL) technique. When the voltage reaches a pre-defined upper cutoff voltage on charge, the current is reversed and the cell is discharged until a pre-defined lower cutoff voltage is reached. This process is typically repeated over many cycles. By recording the potential evolution during time, the specific capacity (Csp) is determined by taking the product of the time (t) and current (I) and normalizing by the mass of the active material (m):

𝑐 𝑠𝑝 = 𝐼 ⋅ 𝑡 𝑚 (IV -1)
Here 

Electrochemical Impedance Spectroscopy (EIS)

Improving the performance of ASSBs passes through a better understanding of the electrochemical mechanisms taking place during their operation. EIS is a non-destructive method that can give important information about the transport mechanism happening in the electrolyte and at the interface electrolyte-electrode. In this technique, a sinusoidal potential with a small amplitude is applied while sweeping the frequency across several orders of magnitude (MHz to mHz). The response to this potential is an alternative current signal.

The excitation signal expressed as a function of time can be noted as:

𝐸 𝑡 = 𝐸 0 𝑠𝑖𝑛(𝜔𝑡) (IV -2)
Where Et is the potential at time t, E0 is the amplitude of the signal, and ⍵=2𝜋𝑓 is the radial frequency.

In a linear system, the response signal, It is shifted in phase (𝜃) and has a different amplitude than

I0 𝐼 𝑡 = 𝐼 0 𝑠𝑖𝑛(𝜔𝑡 + 𝜃) (IV -3)
An expression analogous to Ohm's Law R=E/I allows calculating the impedance of the system as:

𝑍 = 𝐸 𝑡 𝐼 𝑡 = 𝐸 0 𝑠𝑖𝑛(𝜔𝑡) 𝐼 0 𝑠𝑖𝑛(𝜔𝑡 + 𝜃) = 𝑍 0 𝑠𝑖𝑛(𝜔𝑡) 𝑠𝑖𝑛(𝜔𝑡 + 𝜃) (IV -4)
It is possible to express the impedance as a complex function by incorporating the complex number

j 2 =-1: 𝑍(𝜔) = 𝐸 𝐼 = 𝑍 0 ⅇ 𝑗𝜃 = 𝑍 0 (𝑐𝑜𝑠 𝜃 + 𝑗 𝑠𝑖𝑛 𝜃) (IV -5)
The complex impedance is composed of real and imaginary parts Re(Z), Im(Z) and it is defined for every frequency in the spectroscopic range.

𝑅ⅇ(𝑍) = 𝑍 ′ = |𝑍| 𝑐𝑜𝑠 𝜃 (IV -6) 𝐼𝑚(𝑍) = 𝑍 ′′ = |𝑍| 𝑠𝑖𝑛 𝜃 (IV -7)
The variation of the impedance as a function of frequency can be represented in two different ways.

Impedance spectra can be viewed more commonly in a Nyquist plot or Bode plot as presented in Figure IV-7b and IV-7c. In the former, the negative imaginary part of the impedance (-Im(Z''))

is plotted versus the real part of the impedance (Re(Z')). For the later, the magnitude of the impedance with or without the phase angle are plotted versus the frequency f. EIS data are fitted using an equivalent electrical circuit model 229 . The electrochemical phenomena can be assimilated into electrical components with the most obvious ones being a resistor, capacitor, and inductor. Although this does not fully represent reality, the modeling of the EIS spectra using the equivalent circuits allows a better understanding of the phenomena observed in the electrochemical systems, which are often complex.

Element Impedance

Resistor 𝑍 𝑅 = 𝑅 In an ideal case, the ionic conductivity in a material can be modeled by a capacitor in parallel with a resistance. This system is represented by a semicircle with the center on the x-axis in the Nyquist plot. However, most of the time, the center is shifted toward positive Im(Z). The depressed semicircles have been explained by several phenomena like the surface roughness of the electrode and the non-uniform current distribution 230 . To model the imperfect behavior of capacitances or resistances more advanced components like the Constant Phase Element (CPE) was introduced.

Capacitor 𝑍 𝐶 = 1 𝑗𝜔𝐶 Constant Phase Element 𝑍 𝐶𝑃𝐸 = 1 (𝑗𝜔) 𝛼 𝑄 Inductor 𝑍 𝐿 = 𝑗𝜔𝐿
The CPE or fractional capacitor with 0 < α < 1, can be considered as an intermediate case between a resistor (α=0) and an ideal non-fractional capacitor (α=1) 231 . The effective capacitance of the CPE is given by the equation:

𝐶 = (𝑅 1-𝛼 𝑄) 1 𝛼 ⁄ (IV -8)
Where α describes the non-ideality of the system with capacitance Q 232 .

The impedance of a typical ceramic ionic conductor (in that case Ca12Al14O33) is illustrated in The components obtained by modeling the EIS data can be assigned to the appropriate process by considering the capacitance value calculated using Equation IV-8. 

Ionic conductivity

In the study of polycrystalline ceramics, EIS measurement is typically used to determine the ionic conductivity (σion). The resistance values determined from the Nyquist plot allow obtaining the resistance of the bulk (RB) and grain boundaries (RGB). The σion (S.cm -1 ) of the solid electrolyte is given by:

𝜎 𝑖𝑜𝑛 = 𝑙 𝑅 𝑡 𝐴 (IV -9)
Where Rt is the total resistance of the electrolyte (RB+RGB), l and A being respectively the thickness and surface area of the sample.

The ionic conductivity is a thermally activated process, the determination of the activation energy Ea can be done using the Arrhenius relation: Where D is the grain size, d is the grain boundary thickness and 𝜀 𝐺𝐵 , 𝜀 𝐺 are the relative permittivity of the two regions.

𝜎 𝑖𝑜𝑛 = ( 𝜎 0 𝑇 ) ⅇ𝑥𝑝 ( -𝐸 𝑎 𝑘𝑇 ) (IV -10)

With

Making the assumptions 𝜀 𝐺𝐵 = 𝜀 𝐺 it can then be shown that the conductivity at the grain boundary is expressed by Equation IV-12 235,236 :

𝜎 𝐺𝐵 = 𝑙 𝐴 𝐶 𝐵 𝐶 𝐺𝐵 1 𝑅 𝐺𝐵 (IV -12)
allowing an estimation of the specific conductivity of the grain boundary region, even without knowledge of the grain boundary thickness or grain size. The first consists of a micro pellet obtained using FIB-SEM from the bulk of the densified LLZT pellet and the second consists of the pristine LLZT powder and the powder after argon pretreatment. To prevent air exposure were stored and prepared for the TEM in a glove box. The observation of the morphology of the micro pellet and the powder was carried out under a JEOL JEM 2100 F device (Japan). The source is field emission with an acceleration speed of 200 kV and a resolution of 2.3 Å.

Additional experimental techniques

Dilatometry

The dilatometry measurement was performed using a dilatometer (high-performance modular ThermoMechanical Analyzer TMA) from SETSYS EVOLUTION. The compacted powder was placed between two platinum foil and transferred into the dilatometer furnace. The measurement was performed under a controlled argon gas flow.

ICP

The chemical compositions of the prepared materials (layered oxides) or LLZT were determined using Inductively Coupled Plasma/Atomic Emission Spectrometry (ICP-AES) spectrometer (Varian 720-ES Optical Emission Spectrometer). All the powders were digested into a mixture of hydrochloric and nitric acids and then diluted to the appropriate concentration for analysis.

Polishing process

The densified LLZT pellets were polished using a MECATECH 250 SPS (PRESI, France) using an anhydrous process. A NIKON LV150 microscope was used to take the different micrographs after each step. Each pellet was fixed using sticky wax on a steel plunger and then placed in the polishing machine. After each step, the pellet was cleaned to avoid any contamination. The parameters used during each step are presented in Table IV-4. Figure IV-10 presents the evolution of the roughness of the pellet surface after the polishing steps.
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Phase P-stoechiométrique pour les batteries sodium-ion

Etat de l'art

Les oxydes lamellaires au sodium adoptent la structure de la phase α-NaFeO2. Cette dernière dérive Quelques approches ont été étudiées pour augmenter la quantité de sodium dans les oxydes P-NaxMO2 seront détaillés.

La première consiste à l'ajout d'une source de sodium sacrificielle. Singh et al. [START_REF] Singh | An approach to overcome first cycle irreversible capacity in P2-Na2/3[Fe1/2Mn1/2]O2[END_REF] ont montré que l'ajout de 5wt% du NaN3 à la composite cathode (matériau actif + Carbon + liant) conduit à la suppression de la perte de capacité de la phase P2-Na0.66Mn0.5Fe0.5O2. L'ajout de 20 wt% a permet d'augmenter la capacité réversible de 50 mAh.g -1 à 130 mAh.g -1 . Cependant, l'utilisation d'un sel sacrificiel comme source du sodium présente des inconvénients comme la formation du gaz N2 lors de la décomposition (2NaN3 ➔ 3N2 + 3Na + +2e -) ce qui va perturber la formation de la SEI (interface électrode/électrolyte) et l'ajout de la masse morte à la cathode ce qui diminue la densité d'énergie produite par la batterie. La deuxième approche pour surmonter le manque de sodium dans les composés de type P a été proposée par Zhang et al. [START_REF] Zhang | Insertion compounds and composites made by ball milling for advanced sodium-ion batteries[END_REF] . Le matériau P2-Na0.66Mn0. 

Résultats

L'objectif de la première partie de la thèse était de stabiliser une phase P-Na1MO2 par synthèse directe. Plusieurs paramètres ont été étudiés comme le précurseur du sodium, la voie de synthèse et le ratio des métaux de transition dans la structure.

De nombreuses phases de type P ont été rapportées avec différentes combinaisons de métaux de transition (Fe, Mn, Ni, Co). Cependant, les matériaux Nax(Mn,Ni)O2 sont les plus prometteurs grâce à la forte activité électrochimique du nickel (Ni 2+ /Ni 4+ ) et la stabilité structurale apportée par Mn. Nous avons choisi la composition NaMn0.4Ni0.4Cu0.1Ti0.1O2 rapportée comme être intéressante en termes de performances électrochimiques [START_REF] Yao | Designing Air-Stable O3-Type Cathode Materials by Combined Structure Modulation for Na-Ion Batteries[END_REF][START_REF] Wang | Reaching the Energy Density Limit of Layered O3-NaNi0.5Mn0.5O2 Electrodes via Dual Cu and Ti Substitution[END_REF] . L'évolution de la structure a été suivie par DRX operando pour déterminer le domaine de stabilité et la température à laquelle se forme chaque phase (P ou O). Le DRX operando montre que la phase P3 se forme à basse température avec la présence du NiO comme impureté cela est associée à la faible solubilité du NiO dans les phases lamellaires et la faible cinétique de la réaction tout solide. Le domaine de la solution solide de la phase P3 est largement étendu à une teneur élevée en sodium pour des températures en dessous de 850°C (Figure 3). La phase P3 formée est thermodynamiquement instable, l'augmentation de la température induit le glissement des couches MO2 et la transition de P3 à O3 stable à haute température pour une stoechiométrie de Na visée égale à 1.

Le suivi de l'évolution structurale de la composition NaMn0.4Ni0.4Cu0.1Ti0.1O2 montre qu'une phase P3 métastable est obtenue à basse température avec Na2CO3 (limitation cinétique) non réagi nous laisse déduire que la teneur en sodium dans la structure est inférieure à 1. Nous avons décidé de simplifier la composition de la phase visée en travaillant juste avec Mn et Ni comme métaux de transition et aussi changer la voie de synthèse toujours dans le but de stabiliser une phase P avec une stoechiométrie de Na proche de 1. NiO Na 2 CO 3  ¯ électrochimique supplémentaire peut être due à l'oxydation de Na2CO3. Pendant la décharge, la phase P3 délivre une capacité de 100 mAh.g -1 inférieur à celle délivrée par la phase référence cela est probablement associé au caractère résistif du matériau de l'électrode.

La comparaison des performances de la phase P3-NaxMn0.5Ni0.5O2 obtenue à 850°C avec la référence O3-NaMn0.5Ni0.5O2 montre que quelles que soit les différences observées lors de premier cycle tel que l'irréversibilité de la capacité, une fois les matériaux activés (charge/décharge complète), ils se comportent de la même manière. Ces résultats montrent les hautes performances électrochimiques données par le matériau de la phase P3 synthétisé à 850°C, qui en fait un candidat potentiel pour les SIB qui permettrait de résoudre le problème de la déficience en Na de la phase P2 et la cinétique lente des ions Na + de la structure O3. Les grenats sont considérés comme les plus prometteurs parmi les différents électrolytes solides connus, grâce à leur stabilité vis-à-vis du Li-métallique et leur large domaine de stabilité électrochimique. Des nombreuses études ont rapporté l'effet des dopants sur la structure et la conductivité ionique cependant le grenat LLZO dopé Ta (LLZT) reste le meilleur en termes de conductivité ≈ 10 -3 S.cm -1 et stabilité lors de la densification [START_REF] Wang | High Ionic Conductivity Lithium Garnet Oxides of Li7-xLa3Zr2-xTaxO12 Compositions[END_REF] .

Une approche systématique a été suivi tout au long du chapitre III. La première étape consistait à étudier la stabilité du LLZT à l'humidité et l'évolution de la structure au cours de chauffage afin de déterminer la température de densification. La deuxième étape qui représentait la partie principale de ce chapitre était la densification de la poudre en utilisant une technique de densification rapide (SPS) avec la variation des paramètres comme la température et la vitesse de chauffage. Enfin, l'électrolyte a été testé face au lithium métallique et sa stabilité structurale et chimique aux matériaux de cathode a été étudiée.

Résultats

Notre travail a pour objectif d'étudier le processus de densification du grenat LLZT puis tester l'électrolyte dense face au Li métallique et des matériaux de cathode. La procédure de synthèse et l'optimisation des différents paramètres ne sont pas au coeur de notre étude. Nous avons décidé de travailler avec une poudre commerciale provenant de chez MSE supplies. La caractérisation de la poudre commerciale de composition Li6.4La3Zr1.4Ta0.6O12 par DRX montre que le paramètre de maille est légèrement supérieur aux valeurs rapportées dans la littérature avec la présence des Li2CO3 à la surface du matériau (ICP/XPS). L'augmentation du paramètre de maille est associée à l'échange H + /Li + à cause de la forte réactivité du grenat avec l'humidité 102 . L'évolution de la structure de LLZT en fonction de la température est suivie par DRX operando (Figure 7a).

Les diffractogrammes ne montrent aucun changement jusqu'à 600°C ou il y a l'apparition de la phase La2Zr2O7 suite à la réorganisation de la structure après la décomposition de LiOH et Li2CO3.

Au-delà de 900°C, une phase cubique de LLZT est obtenue qui est, en effet, conservée après refroidissement. L'évolution de paramètre de maille en fonction de la température montre qu'en dessous de 600°C, le paramètre a est quasi constant cela est expliqué par la décomposition des LiOH à la surface qui va compenser la dilatation de la maille suite à l'insertion de Li + à la place des H + . Au-dessus de 600°C, le paramètre de maille augmente linéairement en accord avec l'expansion de la maille à haute température. De retour à l'ambiante, le paramètre a=12.95 Å en accord avec la phase LLZT non protonée montrant l'efficacité du traitement thermique pour obtenir une phase LLZT pure. La poudre initiale a été prétraitée sous atmosphère d'argon à 800°C pendant 4h. Ce traitement thermique a permis le processus de déprotonation du LLZT : échange L + /H + entre le grenat et l'atmosphère. La décomposition des Li2CO3 vers 800°C a permis la compensation de la stoechiométrie du Li avec l'absence de toute décomposition. la pression dans la chambre de SPS montre qu'il y a un faible dégazage associé à la décomposition des LiOH et Li2CO3 résiduels formés lors de la manipulation de la poudre (Figure 8a). La caractérisation des pastilles obtenus après un polissage anhydre montre la présence d'une phase cubique pure avec un paramètre de maille a=12.935 (4) Å ce qui est en accord avec la littérature 165 .

La caractérisation microstructurale confirme l'obtention d'un électrolyte dense avec une densité relative de 98% et une taille des particules qui varie entre 1.3 µm et 3.5 µm.

Les mesures de conductivité ionique sont effectuées par spectroscopie d'impédance électrochimique. Les spectres Nyquist peuvent être séparés en deux régions distinctes selon la fréquence. À haute fréquence un demi-cercle correspond à la contribution du bulk et des joints de grains est observé alors qu'à basse fréquence la droite verticale à 45° correspond au caractère capacitif de l'interface électrolyte/électrode bloquante (Au). La détermination de la conductivité ionique de LLZT dense donne une valeur de 𝜎 = 7×10 -4 S.cm -1 à 25°C avec une énergie d'activation de 0.39 eV. Nous avons montré également que l'estimation de la conductivité des joints de grain donne une valeur de 𝜎 𝐺𝐵 =5.53×10 -5 S.cm -1 , deux ordres de grandeur plus faible que la conductivité du bulk (3×10 -3 S.cm -1 ) prouvant leur caractère résistif. Les densités de courant critiques (DDC) ont été déterminées à partir du cyclage galvanostatique des cellules symétriques à différentes densités de courant. La plus haute valeur de DCC de 80 µA.cm -2 a été obtenue avec les pastilles qui présentent les densités les plus élevées. Pour la pastille élaborée par Flash, l'interface était stable pour des faibles densités de courant par contre l'augmentation de la densité à 40 µA.cm -2 a causé un court-circuit. La diminution de la densité relative de la pastille conduit à la chute de la DDC nous laisse conclure que le développement des dendrites dans le bulk de la pastille peut être induite par la présence de plus de porosité.

Après avoir étudié l'interface LLZT/Li-métallique, la stabilité de LLZT avec des matériaux de cathode a été explorée. Parmi les différents matériaux possibles, le choix a été limité à LiCoO2 

  -1 and low operating voltage of 0.01 V vs Li + /Li. The first rechargeable lithium-ion battery was commercialized by Sony in 1991 using two intercalation materials. LiCoO2 serves as a positive electrode, graphite as a negative electrode, and LiClO4 salt is dissolved in propylene carbonate and ethylene carbonate as an electrolyte. The reactions that occur on both anode and cathode are shown in Figure I-1b, and the energy density delivered by this battery is around 180 Wh.kg -1 .

Figure I- 1 :

 1 Figure I-1: (a) Schematic energy diagram of a lithium cell at an open circuit. HOMO and LUMO refer to the HOMO and LUMO in the electrolyte. (b) Charge-discharge process of a lithium-ion cell using graphite and LiCoO2 electrodes. Adapted from ref 9 .

Figure I- 2 :

 2 Figure I-2: (a) Schematic illustration of a Na-ion battery consisting of layered NaxMO2 and nongraphitizable carbon as positive and negative electrodes, respectively. (b) Comparison of charge/discharge curves for Li//LiCoO2 and Na//NaCoO2 cells. Adapted from ref 17 .

Figure I -

 I Figure I-2b compares the charge/discharge curves of Li/LiCoO2 and Na/NaCoO2 cells. Although the two materials adapt a close layered structure formed by sheets of edge-sharing CoO6 octahedra, the

Figure I- 3 :

 3 Figure I-3: Schematic representation of the layered oxides O3-type structure with their relation to rocksalt FCC with oxygen (red), Na (yellow) and transition metal (bleu). Adapted from Rozier 23 .

  Figure I-3 shows the relation between [111] cubic direction of disordered rocksalt structure and [001] hexagonal direction of layered compound. The structure is built by the stacking along the [001] hexagonal direction of MO2 layers themselves formed by edge-sharing MO6 while Na + ions occupy the interlayer space. According to Delmas notation 24 , four main structures can be obtained, P2 and P3-type structure where sodium occupies trigonal prismatic sites and O2 and O3-type structure where Na + occupies octahedral sites (Figure I-4). The Na ion sites and MO6 (M= Transition metal) octahedra are connected in edge-sharing manner in O-type and face-sharing and edge-sharing manner in P-type. The number following the sodium coordination environment corresponds to the number of MO2 layers in the unit cell as shown in Figure I-4. In addition, depending on the nature of the transition metal, an extra distortion of the layers can be observed which is indicated by the addition of the prime symbol (') for example O'3 and P'3 represent the monoclinic distortion of O3 and P3 phases.

Figure I- 4 :

 4 Figure I-4: Classification of NaMO2 layered materials with sheets of edge-sharing MO6 octahedra and phase transition induced by sodium extraction. Adapted from ref 17 .

Figure

  

Figure I- 5 :

 5 Figure I-5: Representation of the O3, P3, and P2 stacks with the environment of the NaO6 sites in each phase.

Figure I- 6 :

 6 Figure I-6: Galvanostatic cycling curve of a Na/P2-NaxCoO2 battery giving an overview of the phase diagram. Adapted from Berthelot 28 .

( 4 . 2 V

 42 ) and, O2-type phase starts to appear due to the gliding of the MO2 layers. The extraction of all the Na during charge leads to the transformation of the P2-Na0.66Mn0.66Ni0.33O2 into an O2-type Mn0.66Ni0.33O2 as proved by the formation energy diagram reported in Figure I-7c. During discharge, the re-intercalated Na + induces the elimination of the stacking faults and enables the reformation of the pristine P2 structure. The evolution of lattice parameters upon insertion/extraction of sodium (Figure I-7b) shows that during charging, the c axis first expands due to the increased repulsion between MO2 layers then, for x<1/3 c decreases because of the compacted rearrangement of O atoms as well as the presence of the O2-type phase when x<1/3. The a lattice parameter, which represents the distance between two transition metals, keeps on shrinking upon charging as a result of the oxidation of Ni.

Figure I- 7 :

 7 Figure I-7: (a) Voltage-capacity profile for P2-Na0.66Mn0.66Ni0.33O2 cell. (b) Cell parameters evolution during charge-discharge. (c) Calculated formation energies at different Na concentrations. (d) Structural schematics of P2 and O2 including the stacking sequence of oxygen layers. Adapted from refs33,34 . 

  cycle in a voltage range of 2.0-3.8 V (Figure I-8b) corresponding to the extraction of 0.80 Na + .

Figure I- 8 :

 8 Figure I-8: Galvanostatic charge/discharge curves of (a) O3-NaCoO2, (b) O'3-NaMnO2 in half cells from the 2 nd to 5 th cycles at room temperature with the morphology of particles. Adapted from Komaba 38 . (c) Schematic illustrations of crystal structures for O'3 and zig-zag layered NaMnO2. (d) zig-zag layered NaMnO2, the first, second, fifth, and tenth Na extraction/reinsertion cycles are represented in black, red, blue, and green, respectively. Adapted from ref 40 .

  , Komaba et al. were the first to investigate the electrochemical behavior of O3-NaNi0.5Mn0.5O2. The electrode delivered a high capacity of 185 mAh.g -1 after full sodium extraction in the range of 2.2-4.5 V versus sodium metal (Figure I-9a). The material showed a lower capacity (125 mAh.g -1 ) when cycled to 3.8 V with acceptable capacity retention during 50 cycles 42 . Ex-situ XRD was used to follow the structure evolution during sodiation/desodiation, the O3 phase continuously changes to O'3-P3-P'3 and the P3'' phase up charging as shown in Figure I-9b.

(

  O3-P'3-O''3-O'''3 multiple distortions of the O3 phase), O3-NaNi0.5Ti0.5O2 presents a reversible phase transformation O3-P3-O3 over the entire potential window [1.5-4.2 V]. Despite the stability provided by Ti 4+ , the repeated phase transition (O3-P3-O3) over many cycles results in an accumulation of structural defects limiting the Na diffusion. Always intending to stabilize the O3 structure during the redox process, Hu-Rong et al. were the first to report the air-stable phase O3-NaNi0.4Mn0.4Cu0.1Ti0.1O2. They demonstrated that the reduction of the interlayer distance of Na layers and simultaneously increasing the valence state of transition metals has allowed the suppression of spontaneous Na extraction and has enhanced

Figure I- 9 :

 9 Figure I-9: (a) Initial charge-discharge curves of Na//NaNi0.5Mn0.5O2 cell at a rate of C/50 in the voltage range 2.2-3.8 V and 2.2-4.5 V. (b) Change in the cell parameters and phase evolution of NaxNi0.5Mn0.5O2 as a function of x value: averaged metal-metal interatomic distances (bottom) and interslab distances (middle). Adapted from ref 42 .

Figure I- 10 :

 10 Figure I-10: XRD powder pattern profile matching and schematic representation of the structure of (a) P'2-Na1Fe0.5Mn0.5O2 obtained using ball milling with Na and (b) pristine P2-Na0.67Fe0.5Mn0.5O2. voltage profiles of (c) P'2-Na1Fe0.5Mn0.5O2, (e) P2-Na0.67Fe0.5Mn0.5O2, and (d) their corresponding cycling performances in Na-half cells. The peak marked with an asterisk (*) in a is attributed to Be window used to measure such a moisture-sensitive sample 58 .

  maintained during cycling. A large amount of Na in P2-type can be expected to lower the average oxidation state of the transition metal cations which raises the 3deg level of TMs. As a result, the larger number of electrons on the hybrid O(2p)-TM(3deg) orbital will be more accessible at a relatively lower charge voltage, facilitating the charge-transfer reaction. To achieve high Na-content (Figure I-11b), Zhang and his team pursue a rational design strategy based on understanding the Naion intercalation chemistry. The ratio between the interlayer distances of d(O-Na-O) and d(O-TM-O) can be used as an indicator to distinguish structural competition between O3 and P2-type. The interlayer distance d(O-TM-O) is the perpendicular distance of two parallel sheets containing a transition metal (Figure I-11c). For the high sodium P2-type oxides, the interlayer distance d(O-Na-O) will decrease, because the increased Na content will raise the electrostatic cohesion forces between Na + and O 2-layers. The substitution of transition metals in NaxMO2 with cations having a smaller ion size and higher oxidation state will reduce this value.

Figure I- 11 :

 11 Figure I-11: Possible advantages of the high-Na P2-type Na-ion cathodes and the corresponding design strategy. (a) Structural evolution mechanism of high-Na P2 oxides during desodiation. (b) Electronic structure of the low-Na and high-Na P2 oxides. (c) Crystal structure of P2-type oxides. The interlayer distance d(O-Na-O) is the average perpendicular distance between the two oxygen sheets enclosing Na ions, and the interlayer distance d(O-TM-O) is the perpendicular distance of two parallel sheets containing transition metals (TMs). (d) Ratio between the interlayer distances of d(O-Na-O) and d(O-TM-O) for the typical P2-and O3-type compounds. Adapted from ref 59 .
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 24 ] to avoid the structural changes at high potential as shown in Figure I-12a and I-12b. The asprepared compound exhibits a capacity that is 1.25 times higher than the reference material with a good capacity retention of 68% after 3000 cycles at 3C. Moreover, DFT calculations were performed, the results are shown in Figure I-12c. In high Na-content P2 oxides, the lower average oxidation state of TMs can induce a larger contribution of low-valent cations in the valence band below the Fermi level, which provides additional capacity. The comparison of the average oxidation state of the transition metals shows that P2-type Na0.83Li0.08Ni0.25Mn0.66O2 presents an average value of +3.167 lower than Na0.67Li0.08Ni0.25Mn0.66O2 of +3.333. This implies easier participation of Ni 2+ in the charge compensation upon desodiation.

Figure I- 12 :

 12 Figure I-12:Electrochemical performance of this high Na-content P2-type cathode. Galvanostatic charge-discharge curves of (a) Na2/3Ni1/3Mn2/3O2 and (b) Na45/54Li4/54Ni16/54Mn34/54O2 electrodes at a rate of 0.15C (corresponding to ∼22 mA.g -1 ) in the voltage range of 2.0-4.0 V vs Na + /Na. (c) Illustration of the electronic evolution mechanism in the Na45/54Li4/54Ni16/54Mn34/54O2 high Na-content P2-type material. The DFT predicted electronic evolution during charge (desodiation). The large amount of Na in P2-type materials reduces the average oxidation state of the TM ions below that of the commonly low Na-content P2 materials. The consequence is that the low-valent cations can be oxidized to their high state more easily. Adapted from Zhao[START_REF] Zhao | Revealing High Na-Content P2-Type Layered Oxides as Advanced Sodium-Ion Cathodes[END_REF] .

  Figure I-13c the DNa+ of the lithium-doped material is approximately 10 -11 to 10 -10 cm 2 .s -1 , which is two orders of magnitude higher than DNa+ in P2-NNMO (10 -13 to 10 -12 cm 2 .s -1 ).

Figure I- 13 :

 13 Figure I-13: Galvanostatic charge/discharge curves of (a) P2-NNMO and (b) P2-NLNMO at C/10 in the voltage range of 2.0-4.3 V. (c) Calculated Na chemical diffusion coefficients of P2-NLNMO and P2-NNMO electrodes from GITT. Adopted from ref 60 .

  configuration (Figure I-14b) can be used with single cells that are connected in series by a lithium-ion isolating layer. This allows an increase in the voltage of the battery cell and reduces the number of current collectors in the cell stack as well as optimizing the packing design.

Figure I- 14 :

 14 Figure I-14: Schematic of (a) conventional stacked Li-ion battery using a liquid electrolyte and (b) bipolar stacked all-solid-state Li battery. Adapted from ref 63 .

Figure I- 15 :

 15 Figure I-15: Development of solid electrolytes over time together with their ionic conductivities (in S.cm -1 ). Adapted from ref 66 .

in 2010 .

 2010 Using neutron diffraction, it was confirmed that Li-ions are distributed in three different sites tetrahedral (24d), octahedral (48g), and off-centered octahedral (96h). The general trend is that the ionic conductivity of the garnet increases proportionally with Li content, which governs the occupancy of the different accessible sites. Low lithium content garnet-type structure such as Li3Ln3Te2O12 (Ln= Y, Pr, Nd, Sm) shows Li ions located in very stable tetrahedral (24d) positions leading to high activation energy and low ionic conductivity 74 . For garnet with three Li ions in the structure, the substitution of Te by lower valence state elements allows, for charge compensation, to progressively fill the octahedral positions (48g, 96h) and reach LixLa3M2O12 composition with x= 5, 6, and 7 as shown in Figure I-16a. In fact, for garnet with higher lithium content than three-unit formula, the excess Li-ions are incorporated into the octahedral sites resulting in tetrahedral vacancy formation. The repulsion Li + -Li + due to the increase of the octahedral population displaces Li-ions from a central octahedral site 48g to an off-centered 96h site near the opposite face which is shared with the adjacent tetrahedral as shown in Figure I-16b 75 . Knowing the distribution of Li-ions in different sites using neutron diffraction allows to show that the maximum Li content in the garnet phase can reach 7.5 however the highest conductivity was achieved at 6.4 Li content 76 .

Figure I- 16 :

 16 Figure I-16: (a) Variation of Li occupancy of the tetrahedral and octahedral sites and conductivity as a function of Li content in the garnet structure. (b) The three possible ion distributions in the garnet structure. Adapted from Thangadurai 77 .

Figure I- 17 :

 17 Figure I-17: Unit cell of the tetragonal phase Li7La3Zr2O12 on the left side and the cubic phase Li6.28Al0.24La3Zr2O12 on the right side. The representations were created using VESTA using the structures data from refs 81 ' 82 .

  used Vienna ab initio calculations to model Li conductivity by calculating the minimum energy path of Li migration at 0 K. Based on the Li concentration in the garnet they proposed two mechanisms. With route A (Figure I-18), there is a direct octahedral-octahedral jump having high activation energy (0.8 eV). In route B, lithium passes from an octahedral site to an intermediate site and then to an octahedral site as shown in Figure I-18. This path involves lower activation energy

Figure I- 18 :

 18 Figure I-18: Energy barriers for lithium diffusion across different geometries in the lithium garnet family (a) Li3 material: energy cost to move Li from tetrahedral (Li(1)) site to neighboring octahedral site (Li(2)); (b) is an octahedral-octahedral jump (also seen for Li5 materials), where (c) is an octahedral-tetrahedraloctahedral movement were the bottleneck is at the tetrahedral site. Adapted from Xu 83 .

  during exposure time, the C 1s peak increase,s confirming the formation of more lithium carbonates on the LLZO surface as shown in Figure I-19c. The depth dependent profile for the concentration of the different elements from XPS and TEM analysis confirmed the formation of Li deficient LLZO beneath the Li2CO3 contamination (Figure I-19a and I-19b) layer which is consistent with the proposed mechanism (Equation I-

Figure I- 19 :

 19 Figure I-19: (a) Schematic representation of the different layers determined using XPS at the surface of LLZO. (b) Depth profile concentration of Li, C, O, Zr, and La determined from the XPS core levels analysis. (c) XPS spectra of C1s and O1s obtained with LLZO exposed to ambient air for various exposure times. Adapted from Sharafi 102 .

Figure I- 20 :

 20 Figure I-20: SEM images of the cross sections of the ceramic electrolytes: (a) 100%LLZTO, (b) 98%LLZTO-2%Li2O, (c) 96%LLZTO-4%Li2O, (d) 94%LLZTO-6%Li2O, (e) 92%LLZTO-8%Li2O. Adapted ref 109 .

Figure I- 21 :

 21 Figure I-21: Schematic representation of an SPS process with the different components.

Figure I- 22 :

 22 Figure I-22: (a) XRD profiles of an LLZT pellet prepared by SPS using LLZT powder without Li2CO3 sintered at 1000C for 10 min under 25 MPa. (b) Temperature dependence of the conductivity of bulk, grainboundary, and total 115 .

Figure I- 23 :

 23 Figure I-23: Cross-sectional SEM images and complex impedance plots of LLYZ pellets sintered at various temperatures (a+c) 900, (b+d) 1100. Adapted from ref 118 .

Figure I- 24 :

 24 Figure I-24: (a) Electrochemical window (solid color bar) of solid electrolyte and other materials (b) The first principles calculation results of the voltage profile of LLZO solid electrolyte upon lithiation and delithiation. (c) SEM image of the web-structure Li dendrite on the fracture surface (d) mechanism of filament formation and penetration in solid-state batteries with polycrystalline electrolytes.

  proved that electrons can be dispersed at the surface of cubic and tetragonal garnet LLZO or concentrated around the La atoms providing a possible electron transportation pathway for metallic Li formation inside the LLZO electrolyte. In fact, LLZO has an electronic conductivity of around 10 -8 S.cm -1 . When the potential reaches the Li plating potential, Li + will catch the electron at the surface of LLZO particles to form metallic Li at the grain boundaries. Using electron energy loss spectroscopy (EELS) and in situ transmission electron microscopy (TEM) Liu et al. reported that when the current density is large enough to reduce the grain boundaries potential below 0 V, they will serve as channels for Li deposition. The continuous Li deposition and growth along grain boundaries will cause a short circuit as shown in Figure I-24d 128 . In conclusion, more efforts need to be done to modify the grain boundaries and reduce or suppress the high electronic conductivity of the garnet LLZO responsible for Li dendrites formation 128 .

  129 investigated the chemical stability of LLZO doped Ta with cathode materials by firing the powder mixture at various temperatures and followed the structure evolution by XRD as shown in Figure I-25. For LCO, no discernable impurity phases were observed after firing at 900°C for 10h. However, for NMC+LLZT mixture, a small amount of impurity was detected at 900°C. The impurity could be eitherLaCo1-xMnxO3 (x≤0.5) or La(Mn,Ni)O3 solid solution with a composition close to LaNiO3. Due to the limited information obtained from XRD results, more precise detections using XPS were made to further identify the impurities. The main Co2p3/2 peaks at 779.8 eV obtained from the pristine LCO correspond well to the trivalent state of cobalt ions. After calcination with LLZO Co2p3/2 peaks shift to lower binding energy indicating an increasing concentration of Co 3+ which is associated with the formation of LaCoO3 impurity. Regarding NMC, the change of valence state of Mn ions from +4 to +3 with Co at +3 is consistent with the possible formation of LaCo1-xMnxO3 (x<4) impurity.

Figure I- 25 :

 25 Figure I-25: (a) XRD patterns for LCO + LLZTO powder mixture calcined in air at different temperatures (b) XRD patterns for NCM + LLZTO powder mixture calcined in air at different temperatures. Adapted from ref 129 .Several attempts have been made to integrate LCO as cathode materials for ASSB and lower the cathode/electrolyte interfacial resistance. Huan et al.130 reported an innovative approach that consists of thermally soldering LCO and LLZO together through the reaction between the sintering additive Li2.3C0.7B0.3O3 and the Li2CO3 coatings (on the surface of LLZO and LCO: reactivity with air) to form the Li2.3-xC0.7+xB0.3O3 (LCBO) interface(Figure I-26). This interface has high ionic

Figure I- 26 :

 26 Figure I-26: Schematics of the Interface-Engineered All-Ceramic Cathode/Electrolyte with cycling performance of the interface-engineered all-ceramic Li/LLZO/LCO cell at 0.05 C at 25°C. Adapted from ref 130 . Rupp team 132 developed another strategy for co-sintering of LCO with porous LLZO. They used cathode precursor solution into porous LLZO scaffold followed by crystallization to the oxide cathode directly from the metal salt constituents. Using such altered pathways in ceramic processing and shaping the cathode composites has the significant advantage of directly crystallizing the cathode on the large surface area of porous LLZO as shown in Figure I-27a. The characterization of the obtained catholyte using SEM revealed a well-connected network composed of LLZO and LCO homogeneous particles. Raman spectra (Figure I-27e) proved the absence of any secondary phase at the interface region confirming the validity of the approach. For battery testing, Rupp et al. measured the charge and discharge characteristics of full cells of LCO-LLZO/LLZO/Li metal at 0.05C as shown in Figure I-27f. The discharge capacity was equal to 118 mAh.g -1 between 3 and4.05 V with good initial cyclability. The next study was the effect of the composite loading ratio m(LCO)/m(LLZO). They have showed that when the ratio decreased from 1 to 0.3, the specific capacities increased from 91 to 118 mAh.g -1 while decreasing the total specific resistance from 472 to 114 Ω.cm 2 .

Figure I- 27 :

 27 Figure I-27: (a) Schematic illustration of the composite cathode prepared by direct infiltration of Li and Co metal salts into a pre-made porous LLZO scaffold and subsequent firing at 700 °C. (b-d) SEM images and EDS mapping of the LiCoO2-LLZO cathode composite. (e) Optical image and corresponding Raman spectra with different points at the interface through the electrolyte pellet, LiCoO2, and porous LLZO after firing at 700 °C. (f) Cycling performance of the full cell (LiCoO2-LLZO|LLZO|Li) at 0.05C and 80 °C. (g) Impedance spectra of the full cell at open-circuit potential after charging. (h) Change in specific capacity (mAh.g -1 ) and area specific resistance (ASR, Ω.cm 2 ) with regard to the normalized composite loading ratio m(LiCoO2)/m(LLZO) 132 . Wang et al. 133 investigated the electrochemical and mechanical behaviors of ASSB with high capacity NMC as cathode, LLZO as the SSE, and LBO as the sintering aid and buffer to achieve cosintering. The pellet cosintered at 700°C shows thermal stability between NMC, LLZO, and LBO by the absence of impurity peaks of the XRD patterns. The impedance of the cell formed of the catholyte (LLZO+LBO+NMC), a gel polymer electrolyte, and lithium metal was measured. The composite cathode constructed from large NMC particles shows a larger interfacial resistance (2500 Ω) than the constructed from small NMC (2300 Ω) as shown in Figures I-28a and I-28b.Cycling induces an increase in the total resistance of the cell to 9500 and 5500 Ω after 30 cycles for the two cells respectively. To understand the cause of degradation, the two cells were characterized by SEM(Figures I-28c and I-28d). Micrometer-sized cracks are formed across the joint between the large-NMC and the SSE layer, while the small-NMC cell forms vertical cracks within

Figure I- 28 :

 28 Figure I-28: Impedance, morphology of composite cathode/electrolyte after cycling, and schematic of mechanical degradation. (a,b) EIS spectra of SSLBs constructed with large-NMC and small-NMC at the initial state and after 30 cycles. (c) Composite cathode constructed with large-NMC after 30 cycles. (d) Composite cathode constructed with small-NMC after 30 cycles. (e) Schematic of the initial state and mechanical degradation in the cathode composite. Cracking occurs within the LBO and corresponding interfaces with NMC and LLZO. The blue line represents the volume change during the charge-discharge process 133 .
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 1 Figure II-1: XRD pattern of O3-NaMn0.4Ni0.4Ti0.1Cu0.1O2 obtained by solid-state synthesis and compared to the calculated XRD pattern of NaMn0.5Ni0.5O2 and CuO.

Figure II- 2 :

 2 Figure II-2: Evolution of XRD pattern of precursors targeting the stoichiometry NaMn0.4Ni0.4Ti0.1Cu0.1O2 with the various heating steps and the existing domain of each phase.

Figure II- 3 :

 3 Figure II-3: XRD pattern of Na2/3Mn2/3Ni1/4Mg1/12O2 obtained by solid-state synthesis at two temperatures 700 and 900°C.

  a solid-state route where the reaction happens by elements diffusion at high temperature. After reproducing the reported phase P3-Na2/3Mn2/3Ni1/4Mg1/12O2 and validating the synthesis approach, Operando XRD was performed to study the structural evolution of a P-stoichiometric target composition Na1Mn2/3Ni1/4Mg1/12O2 and see if it's possible to stabilize this phase by direct synthesis.

Figure II- 4 :

 4 Figure II-4: Results of profile matching on XRD pattern of P3-Na2/3Mn2/3Ni1/4Mg1/12O2.To determine the phase formation and reactivity pathway of the targeted composition Na1Mn2/3Ni1/4Mg1/12O2, operando XRD are collected on the sample pre-calcined at 450°C.The evolution of the XRD patterns (FigureII-5) shows that even the pre-calcination of the gel at 450°C leads to the formation of a P3-type structure. However, the shape of the peaks indicates small particle size and extra peaks with low intensity indicate the presence of Na2CO3.The intensity of the Bragg peaks that corresponds to P3 structure increases with increasing the temperature until 750°C at which also no evidence of remaining Na2CO3 is observed. At this temperature, the XRD pattern is characteristic of a P3-type structure single-phase material. Up to 800°C, a new set of Bragg peaks starts to develop indicating the existence of commonly observed P3 to O3 conversion. However, above 850°C, a new set of Bragg peaks is observed as a characteristic of the P2 phase. By targeting sodium stoichiometry equal to 1, the P3 phase is unstable at high temperatures which may explain the formation of a mixture of thermodynamic stable phases P2 and O3.

Figure II- 5 :

 5 Figure II-5: Evolution of XRD pattern of precursors targeting the stoichiometry Na1Mn2/3Ni1/4Mg1/12O2 with the various heating steps and the existing domain of each phase.

Figure II- 6 :

 6 Figure II-6: XRD pattern of synthesized P3-Na1Mn2/3Ni1/4Mg1/12O2 and Bragg peaks indexation of P3-type.

  The electrochemical properties of the sample are examined in a Na half-cell assembled in Swagelok-type cells. The cathode powder is prepared by ball milling of 80%w active material and 20%w carbon Super P. The electrolyte is provided by TIAMAT. It consists of 1 mol.L -1 and dimethyl carbonate (1:1 v/v) with 5% fluoroethylene carbonate (FEC) additive. Galvanostatic cycling is performed at C/10 current density. A first cell is cycled in the[1.5-4.5 V] voltage range starting in discharge mode to evaluate the sodium content in the obtained phase. A second cell is cycled in the [2-4.5 V] voltage range starting in charge mode. The voltage profiles are shown in Figure II-7.

Figure II- 7 :

 7 Figure II-7:Galvanostatic cycling curves of P3-Na1Mn2/3Ni1/4Mg1/12O2 starting (a) on discharge in a potential window[1.5-4.5 V] and starting (b) on charge between[2-4.5 V] at C/10 scan rate.

Figure II- 8 :

 8 Figure II-8: XRD pattern of the precursor powder Mn1-yNiyCO3 (y=0.33; 0.5) synthesized by coprecipitation method carbonates route. The SEM images of both precursors displayed in Figure II-9 show that both precursors have a spherical morphology with monodisperse particles. The precursor Mn0.66Ni0.33CO3 presents an average particle size of 0.9 µm lower than the Mn0.5Ni0.5CO3 which presents larger particles with an average size of 2.4 µm.

Figure II- 9 :

 9 Figure II-9: SEM images of carbonate precursors Mn1-yNiyCO3 obtained by coprecipitation. SEM-EDX analysis in Figure II-10 shows a homogenous distribution of the two transition metals.

  .65Ni0.35. Even if the SEM-EDX is only a qualitative measurement, it confirms the obtaining of homogeneous precursors that will be used for the preparation of layered materials.

Figure II- 10 :

 10 Figure II-10: SEM-EDS mapping of the precursors Mn1-yNiyCO3 (y=0.33; 0.5).

Figure II- 11 :

 11 Figure II-11:Evolution of XRD pattern of precursors targeting the stoichiometry Na1Mn0.5Ni0.5O2 with the various heating steps and the existing domain of each phase compared with P3, P2-type structures.

Figure II- 12 :

 12 Figure II-12: XRD patterns of the materials obtained from the calcination of Mn0.5Ni0.5CO3 with different sodium precursors NaOH, NaNO3, and Na2CO3 compared with P3, O3-type structures.

  synthesized in 1 g batches via conventional high temperature solid-state reaction[START_REF] Wang | Reaching the Energy Density Limit of Layered O3-NaNi0.5Mn0.5O2 Electrodes via Dual Cu and Ti Substitution[END_REF]149 . A stoichiometric amount of Na2CO3 (≥99.5% Aldrich), NiO (99.99% Strem Chemicals), and Mn2O3 (≥99.9% Aldrich) are ball-milled altogether for 30min in a steel jar with SPEX-miller at 1725 rpm and heated at 900°C for 10h under air in a muffle oven with a heating rate of 2°C.min -1 . The samples are first cooled down following the inertia of the oven then quenched from 300°C in a desiccator and transferred to the glove box to avoid any side reaction with moist air. The XRD patterns of the as-prepared samples are presented in FiguresII-13aand II-13c. The refinement of the cell parameters of the P2 phase gives a=2.886(1) Å and c=11.155(8) Å, similar to previous reports 149 . The O3 phase can be refined in R-3m space group with lattice parameters of a=2.964(8) Å and c= 15.915(3) Å with the presence of NiO (a= 4.175(7) Å) as an impurity in the product[START_REF] Wang | Reaching the Energy Density Limit of Layered O3-NaNi0.5Mn0.5O2 Electrodes via Dual Cu and Ti Substitution[END_REF] .

Figure II- 13 :

 13 Figure II-13: Crystal structure of the reference phases P2-Na0.66Mn0.66Ni0.33O2 and O3-NaMn0.5Ni0.5O2. (a) The result of profile matching of the XRD pattern of as-obtained Na0.66Mn0.66Ni0.33O2. (b) Illustration of the P2-type structure with stacking ABBA sequence and Na + ions occupying trigonal prismatic sites. (c) The result of profile matching of the XRD pattern of as-obtained NaMn0.5Ni0.5O2. (d) Illustration of the O3-type structure with stacking ABCBAC sequence and Na + ions occupying octahedral sites.

  and 850°C) based on the stability domain determined from operando XRD.The obtained materials are characterized and the electrochemical properties are compared to the one of reference P2 and O3-type materials.The as-obtained precursor Mn0.5Ni0.5CO3 and sodium hydroxide are mixed in 1/1 ratio and heated at 600°C and 850°C for 12h (heating ramp 2°C.min-1 ). The XRD patterns collected for the P-NaxMn0.5Ni0.5O2 at two calcination temperatures are shown in Figure II-14. The comparison with the calculated XRD pattern using the structure P3-Na0.66Mn0.66Ni0.33O2 150 shows the obtaining of P3-type structure for both samples. The material obtained at 600°C presents extra peaks associated with NiO and Na2CO3. Even with the use of NaOH as a sodium source, Na2CO3

Figure II- 14 :

 14 Figure II-14: XRD patterns of P3-NaxMn0.5Ni0.5O2 fired at two temperatures 600°C and 850°C compared to the reference P3-Na0.66Mn0.66Ni0.33O2.

Figure II- 15 :

 15 Figure II-15: Galvanostatic cycling curves of P3-NaxMn0.5Ni0.5O2 obtained at 600°C (a) starting in discharge mode (b) starting in charge mode and compared to reference phase P2-Na0.66Mn0.66Ni0.33O2. (c) P3-NaxMn0.5Ni0.5O2 obtained at 850°C starting in discharge (d) starting in charge mode compared to reference phase O3-NaMn0.5Ni0.5O2.
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  The XRD patterns of the precursor's powder synthesized by hydroxide coprecipitation are shown in FigureII-16. Two compositions with different transition metal ratio are obtained. The analysis of the XRD pattern shows that both samples adopt the Mn(OH)2 type structure (CdI2 type, SG P-3m1) with the absence of any impurities peaks. The refinement of lattice parameters for mixed precursors shows a decrease from a= 3.322 Å, c= 4.734 Å for Mn(OH)2 to a= 3.076 (1) Å, c= 4.612(3) Å for Mn0.5Ni0.5(OH)2 and a= 3.256(3) Å, c= 4.709(6) Å for Mn0.66Ni0.33(OH)2 in agreement with solid solution behavior. The optimization of the synthesis parameters, mainly pH and the inert atmosphere, allowed to prevent the formation of side products such as Mn3O4. However, despite the optimization of synthesis parameters, sample Mn1-yNiy(OH)2 with targeted composition y=1/3 always appears as mixed phases.

Figure II- 16 :

 16 Figure II-16:The cell parameters refinement results and the SEM image of Mn1-yNiy(OH)2 (y=0.33; 0.5) prepared by hydroxide coprecipitation.

Figure II- 17 :

 17 Figure II-17: Operando XRD patterns of the mixture Mn0.5Ni0.5(OH)2 + NaOH heated up to 900°C with the existing domains of the different phases P3, P2, and O3 type.

Figure II- 18 :

 18 Figure II-18: (a) XRD patterns of P3-NaxMn0.5Ni0.5O2 calcinated at different temperatures [500-850°C] and calculated one using the structure data from P3 type. (b) Evolution of the refined cell parameters c and a with temperature.

  the obtained materials are shown in Figure II-19. The two samples have a submicron morphology different from the nanoplates morphology of the precursors.

Figure II- 19 :

 19 Figure II-19: SEM images of the materials P3-NaxMn0.5Ni0.5O2 obtained at 600 and 850°C.Rietveld refinement was conducted using Fullprof software on the materials obtained at two temperatures 600 and 850°C using the P3-type structure (space group R3m) as starting model. In all cases, only site occupancy factor of transition metal is fixed.

Figure II- 20 : 3 :

 203 Figure II-20: Results of Rietveld refinement on XRD pattern of P3-NaxMn0.5Ni0.5O2 (a) fired at 600°C and (b) at 850°C with an illustration of P3 layered structure using VESTA.

Figure II- 21 :

 21 Figure II-21:Galvanostatic cycling curves starting in discharge mode of P3-NaxMn0.5Ni0.5O2 obtained at 600°C and 850°C compared to reference phase O3-NaMn0.5Ni0.5O2 and P2-Na0.66Mn0.66Ni0.33O2.

Figure II- 22

 22 Figure II-22 shows the voltage profile of the galvanostatic test started in charge of P3-NaxMn0.5Ni0.5O2-600 compared with P2-type reference. During the first charge, the different phenomena observed in the [3-4.0 V] voltage range being identical for the P3-type sample and P2-

  anomalous extra capacity observed at high voltage. Along the first discharge, the high voltage part of the profile (above 2.7 V) is similar for P3-type sample and P2-type reference however with reduced capacity for the former. The galvanostatic profile during the 2 nd cycle shows that the high voltage plateau of the P3 type sample is much smaller than the one observed during the first charge in agreement with the irreversibility oxidation of remaining Na2CO3. During the second discharge, the P3 phase material has the same electrochemical signature as the reference P2 with less defined plateaus. This can be explained by the high resistive character of this sample due to large amount of unreacted NiO. At the end of the 2 nd discharge the delivered capacity is around 100 mAh.g -1 much lower than the one obtained with the P2 reference 163 mAh.g -1 however here also associated to the large amount of unreacted NiO and Na2CO3 in the sample both resistive and responsible for high polarization and sloping profile.

Figure II- 22 :

 22 Figure II-22: (a) Galvanostatic cycling curves between 1.5-4.5 V at C/10 of the 1 st and 2 nd cycle of P3-NaxMn0.5Ni0.5O2 obtained at 600°C compared to (b) reference phase P2-Na0.66Mn0.66Ni0.33O2.The P3-NaxMn0.5Ni0.5O2 prepared at 850°C is cycled in a voltage range[1.5-4.5 V] and the galvanostatic profiles are compared to the reference O3-NaMn0.5Ni0.5O2. The comparison of the charge during the first cycle shows that the plateau at 2.7 V with a capacity of around 50 mAh.g-1 

Figure II- 23 :

 23 Figure II-23: (a) Galvanostatic cycling curves between 1.5-4.5 V at C/10 of the 1 st and 2 nd cycle of P3-NaxMn0.5Ni0.5O2 obtained at 850°C compared to (b) reference phase O3-NaMn0.5Ni0.5O2.

2 .

 2 Structure evolution upon cyclingTo try to find an explanation for the specificity of the first discharge profile of the P3-type sample annealed at 600°C, an operando XRD experiment was carried out during the charge/discharge process in the[1.5-4.5 V] voltage range. The evolution of the XRD patterns reported in Figure II-24 shows, along the charge, a shift of the P3-type structure Bragg peaks in agreement with solid solution process until 3.8V. This process occurs until reaching a voltage of 3.8 V above which the evolution of the XRD patterns shows a decrease of (012) Bragg peaks and the appearance of a new Bragg peak located at 2q=42.5°, which is growing accompanied by broadening of (00l) peaks of the P3 phase. This can be associated with a biphasic process due to structure conversion. During the discharge process, the intensity of new phase peaks decreases confirming the reversibility of the phase transition observed at the end of charge. Below 3 V, a constant shift of P3-type Bragg peaks is observed which returns back to the original position when reaching full discharge.

Figure II- 24 :

 24 Figure II-24: Structural evolution of P3-NaxMn0.5Ni0.5O2 fired at 600°C using operando XRD collected during the first charge/discharge between [1.5-4.5 V] at C/30. The corresponding time versus voltage plot is shown on the right. To get a deeper insight, lattice parameters of the P3-type component have been refined and their evolution versus state of charge/discharge is reported in Figure II-25. Their evolution confirms the solid solution process occurring reversibly with increase/decrease of the c lattice parameter and

Figure II- 25 :

 25 Figure II-25: Evolution of refined cell parameters a and c as a function of voltage upon the first cycle.

4 . 5 .

 45 the Bragg peaks of the P3-type structure indicates intermediate structure changes corresponding to the progressive conversion from P-type to O-type structure occurring first via the formation of P/O intergrowths. This P-type to O-type conversion is now well-known to be rooted by the need to minimize different repulsive effects. For high Na-content P-type is stabilized to reduce Na-Na repulsion via the zig-zag distribution in prismatic sites, while for low Na content Otype is stabilized to reduce repulsion between oxygen from adjacent MO2 layers. Structure characterization of P3-NaxMn0.66Ni0.33O2 P3-NaxMn1-yNiyO2 phase material (y=2/3) is prepared by changing the Mn/Ni ratio and lowering the Ni content to overcome the presence of NiO in the product. The as-obtained precursor Mn0.66Ni0.33(OH)2 is hand grinded and mixed for 5 minutes with NaOH in a stoichiometric amount.

Figure II- 26 :

 26 Figure II-26: (a) Evolution of XRD patterns of P3-NaxMn0.66Ni0.33O2 at different temperatures [500-700°C] and the calculated one using the structure data from P3 type. (b) Evolution of the refined cell parameters c and a with temperature.

  the formation of Na2CO3 can be explained by the presence, during calcination step, of unreacted Na2O which reacts with ambient air during the cooling step before quenching the sample and storing it in the glove box. Increasing the temperature to 700°C induces the appearance of P2 phase peaks at 2θ=39.47° and 48.86°. The analysis of the XRD patterns of the layered compound at different temperatures shows the absence of NiO impurity confirming a full solubility of Ni in the solid solution NaxMnO2. The lattice parameters of the P3-type compounds have been refined and their evolution versus annealing temperature is presented in Figure II-26b. The c lattice parameter decreases with increasing temperature. The observed decrease of the c lattice parameter can be interpreted as an increase in the screening effect 158 which is indirect evidence of an increase in the Na content. Furthermore, the a lattice parameter shows a slight increase with an increase in the annealing temperature. Its increase, while the MO2 layer composition does not change, shows a progressive reduction of the transition metal indicating a progressive increase of the Na content. The material fired at 600°C corresponding to the highest Na content before phase transformation has been chosen for further characterization. The chemical compositions determined by ICP-AES are reported in Table II-4. All the compositions are normalized to a total molar ratio equal to 1 for Mn and Ni. The ICP results show good agreement with the anticipated atomic ratios for all the transition metals. Rietveld refinement in Figure II-27 confirms the sample to be single phase P3-type compound and refinement of site occupancy leads to estimate a composition P3-Na0.72Mn0.66Ni0.33O2. One has to note the large discrepancy comparing Rietveld refinement and ICP analysis regarding Na content.

  5). SEM image reported in Figure II-27 shows that the material P3-NaxMn0.66Ni0.33O2 synthesized at 600°C has a submicron morphology different from the nanoplates morphology of the precursors the average size of particles is lower than 0.2 µm with dispersed aggregates.

Figure II- 27 :

 27 Figure II-27: Results of Rietveld refinement on XRD pattern of P3-NaxMn0.66Ni0.33O2 fired at 600°C with the SEM image.

Figure II- 28 :

 28 Figure II-28: Galvanostatic cycling curves starting in discharge mode of P3-NaxMn0.5Ni0.5O2 obtained at 600°C with the reference phase P2-Na0.66Mn0.66Ni0.33O2. The comparison of the voltage capacity curves starting in charge mode for reference P2-Na0.66Mn0.66Ni0.33O2 and as-prepared P3-type compound (Figure II-29) shows similar profiles.During the first charge, the two samples present similar curves with the presence below 4.0 V of two plateaus that have been associated regarding the P2-type reference with the activation of the Ni redox couples[START_REF] Lu | Situ X-Ray Diffraction Study of P2-Na2/3[Ni1/3Mn2/3]O2[END_REF] . Above 4V, both samples show a high voltage plateau however with higher capacity for P3-type sample than P2-type reference. Along the discharge, both samples present

Figure II- 29 :

 29 Figure II-29:Galvanostatic cycling curves of the 1 st and 2 nd cycle of (a) P3-NaxMn0.66Ni0.33O2 fired at 600°C compared to the reference phase (b) P2-Na0.66Mn0.66Ni0.33O2.

Figure II- 30 :

 30 Figure II-30: Structural evolution of P3-NaxMn0.66Ni0.33O2 fired at 600°C using operando XRD collected during the first charge/discharge between [1.5-4.5 V] at C/30. The corresponding time versus voltage plot is shown on the right. The lattice parameters of the P3-type component have been refined and the evolution versus charge/discharge reported in Figure II-31 confirms the reversible solid solution occurring in the [1.5-4.0 V] voltage range. Their evolution confirms the solid solution process occurring reversibly with increase/decrease of the c lattice parameter and decrease/increase of the a lattice parameter

Figure II- 31 :

 31 Figure II-31: Evolution of refined cell parameters a and c of P3-NaxMn0.66Ni0.33O2 fired at 600°C as a function of voltage upon the first cycle.

  P-type to O-type which, ending up with the clear formation of pure O-type for P3-NaxMn0.66Ni0.33O2 sample, remains partial for P3-NaxMn0.5Ni0.5O2 sample. In both cases also, all phenomena are reversible and lead to obtained stoichiometric P-type structure at the fully discharged state without evidence of the clear conversion usually observed to O-type compound for high Na content.

Figure III- 1 :

 1 Figure III-1: Results of cell parameters refinement on XRD pattern of (a) the pristine powder, (b) the powder after being soaked in water.

  SEM was used to investigate the morphology of LLZT samples. The SEM images in Figure III-2 of the pristine powder show irregular shapes of particles with the presence of many agglomerates. The particle size distribution is determined using laser diffraction showing a submicron powder (Figure IV-1 Annexes). The D10, D50, and D90 of the LLZT powder were 0.355 µm, 0.753 µm, and 2.635 µm respectively. The powder presents a uniform particle distribution with an average size particle of 0.5 µm. After water treatment, the comparison of the SEM images (Figure III-2) with that of pristine LLZT shows that only large particles characteristic of the garnet phase are observed in agreement with the high solubility of side products LiOH, Li2CO3. The average particle size is 1µm with the absence of agglomerate.

Figure III- 2 :

 2 Figure III-2: SEM images of the pristine powder LLZT as received and after being soaked in water LLZT-H2O. Next, we investigated the surface chemistry of LLZT pristine powder, after air exposition and water exposure by XPS. In Figure III-3, the measured C 1s, O 1s, La 3d, La 4p, Zr 3d, and Ta 4f spectra of the three powders are depicted. Two peaks are identified at binding energies of 285 eV and 290 eV in the C 1s spectra of the two samples of pristine and air-exposed powder. The first is due to adventitious carbon (C-C, C-H), and the one at 290 eV is assigned to lithium carbonate 169 . The intensity of this peak increases for the powder exposure to air confirming the formation of more Li2CO3 on the surface of the particles due to the high reactivity of the garnet with air. For O 1s spectra, three peaks at 532 eV, 531 eV, and 529 eV are assigned respectively to Li2CO3, LiOH, and the oxygen in the lattice of LLZT 122 . The O1s spectra of the LLZT exposed to air shows a binding energy shift explained by the weaker Li-O bond in LLZT due to the air reactivity and the formation of Li2CO3 and LiOH 170 . Regarding La, Zr, and Ta spectra (Figure III-3b) they show differences between the pristine and the air exposure sample. The pristine powder has a unique environment for the Zr with the presence of two peaks at 180.6 eV and 183.1 eV 171 correspondingto the presence of Zr 4+ in the cubic garnet. The Ta 4f spectra contain two main peaks at 24.7 eV and 26.6 eV associated also with Ta in the cubic structure of LLZT 172 . Then, the XPS profile of La 3d contains two peaks with binding energy at 838 eV and 833 eV corresponding to La 3+ in the LLZT 171 . For the air-exposed sample, the spectra present two different environments, one (red in

Figure III- 3 :

 3 Figure III-3: XPS analysis of LLZT powder as received, after air exposure and after water treatment (a) C 1s, O 1s (b) La 3d, La 4p, Zr 3d, Ta 4f.

Figure III- 4 :

 4 Figure III-4: Displacement (Blue) and the differential dilatometry plot (Black) for pristine powder LLZT with heating rate of 5°C.min -1 .

  domain of as-received LLZT as indicated by the formation of the resistive pyrochlore phase.

Figure III- 5 :

 5 Figure III-5: XRD pattern of the pellet post dilatometry under argon atmosphere with a maximum temperature of 1200°C.

Figure III- 6 .

 6 The pattern of LLZT after sintering without a dwell (LLZT-CS-0h) presents all the peaks of the garnet cubic phase with the absence of any impurities. The peaks became shaper in agreement with particle growth. The relative density of sintered LLZT is estimated to be 70%. The pattern of LLZT after sintering with a dwell (LLZT-CS-12h) is represented in FigureIII-6shows the presence of La2Zr2O7 as the main phase, remaining cubic phase of LLZT and extra peaks with low intensity

Figure III- 6 :Figure III- 7 : 2 )

 672 Figure III-6: XRD pattern of the pristine LLZT compared to the pattern of the pellet after conventional sintering (LLZT-CS) for 0 and 12h.High temperature X-ray diffraction (HT-XRD) was used to follow operando the evolution of the LLZT powder. The pristine powder of LLZT has been filled into a 0.4 mm deep Al2O3 sample holder dedicated to this measurement. Although interaction with the sample holder might occur, we assume that the X-ray penetration depth does not exceed 100 µm, and therefore the response of the powder in direct contact with the sample holder is not considered. The powder is heated between 30°C and 1100°C with a heating rate of 12°C.min -1 . XRD patterns are collected at constant temperature every 100°C involving 30 min measurement from 2θ=10 to 80°. Even though the ramp is high compared to the one used for conventional sintering, the resulting data will provide good insight into the stability of LLZT against temperature.

  protected by a platinium foil to avoid any contamination and fired at 800°C for 4h under a dry argon flow. The sample was quenched in a desiccator at 300°C and stored in a glove box to limit the contamination with moisture. The XRD characterization of the obtained powder is presented in FigureIII-8. The pattern of the powder fired under argon (LLZT-Ar) shows the presence of all the peaks associated with the garnet cubic phase and the disappearance of the Li2CO3 peak at 2θ = 21.42° observed on the diffractogram of the pristine powder. The determination of the lattice parameter using Le Bail method confirms the obtaining of pure cubic phase with a= 12.94(8) Å the same as the reference LLZT phase 12.95 Å. This heat treatment under argon allows the deprotonation process: Li + /H + exchange between the garnet and the atmosphere.The decomposition of Li2CO3 at ~ 800°C permits the compensation of the Li stoichiometry with the absence of any decomposition since there is no trace of La2Zr2O7.

Figure III- 8 :

 8 Figure III-8: XRD pattern and the profile matching results of the pretreated powder under argon LLZT-Ar at 800°C for 4h. The microstructure of the pretreated powder LLZT-Ar was characterized using SEM and the morphology was compared with the pristine powder LLZT in Figure III-9. The powder of LLZT-Ar presents more homogenous morphology with well-defined particles than the pristine powder. The particles are more spherical and interconnected with the absence of small particles already observed in the pristine sample. The average particle size is 500 nm estimated from the distribution of 100 particles.

Figure III- 9 :

 9 Figure III-9: SEM images of the calcined powder LLZT-Ar compared to the pristine powder LLZT.

  effect of argon treatment on the composition at the surface of LLZT particles, transmission electron microscopy (TEM) was performed on the as-received pristine powder LLZT and the argon-treated LLZT. For the pristine powder, two distinct layers can be differentiated in LLZT according to the image contrast in Figure III-10a and III-10b. The dark region corresponds to the large LLZT particle. However, at the surface, a layer of high brightness with a thickness of ≈ 20 nm can be observed. This layer covers the surface of all the particles and can be associated with Li2CO3 contamination resulting from the high reactivity of garnet LLZT with moisture. For the powder treated under argon, the particles present a clean surface with the absence of any contamination layer confirming the effectiveness of the argon treatment in the elimination of the Li2CO3 impurities as shown in Figure III-10d.

Figure III- 10 :

 10 Figure III-10: TEM images showing the morphology of the garnet material before (a,b) and after (c,d) heating under Argon atmosphere at 800°C for 4h.

Figure III- 11 :

 11 Figure III-11: (a) differential dilatometry plots given with a constant heating rate of 5°C.min -1 for argon pretreated powder LLZT-Ar. XRD pattern for the pellet of LLZT-Ar post dilatometry analysis.To follow the stability of the pretreated powder, an operando high-temperature analysis was conducted. The same experimental protocol used for the pristine powder was applied. The collected diffractograms presented in Figure III-12 show the absence of change in the sample composition starting at 30°C up to 900°C with the presence of all the peaks associated with the cubic phase.

Figure

  Figure III-13a. The evolution of the chamber pressure shows a high degassing at 200, 400, and 800°C associated with a large evolution of the displacement (Z) up to 4.5 mm characteristic of a large decrease in the sample thickness. The characterization using XRD of the surface of the asobtained pellet shows the presence of the La2Zr2O7 pyrochlore phase and an intense pic at 2θ = 26.62° associated to the graphite surface contamination (Figure III-13b). After polishing the pellet using an anhydrous protocol described in Annexes 5.3, the XRD pattern shows that the pellet is formed of La2Zr2O7 without evidence of remaining LLZT showing the full decomposition of the sample.

Figure III- 13 :

 13 Figure III-13: (a) SPS protocol and collected displacement and pressure of the chamber during processing of the pristine LLZT powder. (b) Experimental XRD pattern of the densified pellet after the SPS process and after polishing compared to the calculated ones for LLZT reference and La2Zr2O7.

Figure III- 14 :

 14 Figure III-14: (a) SPS protocol and collected displacement and pressure of the chamber during the processing of the pretreated LLZT powder (LLZT-Ar). (b) XRD patterns of pretreated LLZT-Ar densified by SPS at 1000°C before and after polishing compared to the reference LLZT and La2Zr2O7.

  has been measured on 100 grains with a mean value of 2.3 µm showing an increase compared to the particle size of powder LLZT (500 nm) in agreement with particle growth during the sintering process at high temperatures.

Figure III- 15 :

 15 Figure III-15: SEM images of a cross-section of the LLZT-Ar sintered ceramic.

  Figure III-16a shows the foil lifted out of its excavation site. The foil presents a homogenous surface with some porosity probably associated with material loss during lifting from the excavation site. In Figure III-16b, LLZT particles can be observed with different sizes as shown with SEM.

Figure III- 16 :

 16 Figure III-16: (a) SEM image of the foil lifted out of its excavation site (the bulk of LLZT pellet). (b) Zoom on the foil surface showing the particles of LLZT. The lifted foil is fixed to a special grid and transferred into the TEM camber. The images in Figure III-17 indicate that most grains are directly connected through the grain boundaries with the presence of voids at the triple junction which may deteriorate the ionic conductivity in the garnet. Additionally, in these images, the grain boundary appears relatively thin and homogenous.

Figure III- 17 :

 17 Figure III-17: TEM images of LLZT foil showing the grain boundary. To elucidate the details of the reaction between LLZT and air, XPS was used to determine the species present in the inner part of pellet and the surface after polishing. The inner part characterization was conducted by breaking the pellet in the glove box and transferring it into the XPS machine. For the sample's surface, we polished a pellet after air exposure using SiC 800 paper and then transferred it inside the machine. The results are presented in Figure III-18. For the inside pellet (bulk), the C 1s spectra show two peaks with very low intensity at 290 eV and 285 eV binding energy that correspond to Li2CO3 and adventitious carbon respectively 169 . Peaks consistent with carbonate species are also observed at 532 eV in the O 1s spectra. However, two more peaks can be identified in the O 1s spectra, one with high intensity at 531 eV which corresponds to LiOH, and the second at 528.5 eV associated with the oxygen in the lattice of LLZT 122 . The examination of the intensities of the peaks indicates that the presence of Li2CO3 (low intensity of the peak C1s) and LiOH inside the pellet suggests that these impurities are formed either by a reaction with trace CO2 and O2 inside the glovebox or during the transfer of the sample in the XPS machine. Regarding La, Zr, and Ta spectra (Figure III-18b) they show a unique chemical environment attributed to the garnet LLZT172,190 . The Zr 3d spectra exhibit two peaks at 180.3 eV and 182.7 eV corresponding

Figure III- 18 :

 18 Figure III-18: XPS analysis of the inner part and surface of the pellet (a) C 1s and O 1s. (b) La 3d, La 4p, Zr 3d, and Ta 4f. (c) Schematic presentation of the pellet composition going from the surface to the bulk. Considering the surface of the pellet, the O 1s spectra presented in Figure III-18a show that the surface is composed of the impurities Li2CO3, and LiOH, in addition to LLZO with a binding energy of 532, 531, and 529 eV respectively. However, the metals spectra present two different environments for each element (La 3d, Zr 3d, Ta 4f) one (red in Figure III-18b) being associated with the chemical environment of LLZT (same binding energy as XPS spectra collected in the inner part of the pellet). The examination of the extra peaks (orange in Figure III-18b) for Zr 3d shows two peaks at 181.5 eV and 183.9 eV. In the case of Ta 4f, the peaks are at 25.5 eV and

(

  bulk) as shown in Figure III-18c.

  FigureIII-19a. The spectra can be separated into two distinct regions depending on the frequency.

Figure III- 19 :

 19 Figure III-19: (a) Nyquist plot for electrochemical impedance of LLZT densified by SPS at 1000°C using two Au blocking electrodes and the corresponding fits with the equivalence circuit. (b) Arrhenius plot presenting the temperature dependence of the total ionic conductivity of LLZT.Temperature-dependent measurements are conducted between 20°C and 100°C and the corresponding Arrhenius plot of the sample densified at 1000°C is shown in FigureIII-19b. 

  very low frequency can be attributed to the presence of electrons in the circuit (LLZT not insulator) because of the electronic conductivity of the LLZT.

Figure III- 20 :

 20 Figure III-20: (a) Nyquist plot for electrochemical impedance of LLZT densified by SPS at 1000°C between 15 MHz and 1 Hz with the corresponding equivalent circuit. (b) The current-time curve of the Au/LLZT/Au cell under DC polarization at 100 mV.To evaluate the electronic conductivity of the dense LLZT, DC polarization measurement was used. This technique gives more precise electronic conductivity value compared to the estimated value given by impedance (modeling LLZT/electrode interface at low frequency). It consists of applying a constant potential and measuring the current over time. The final current (steady state) is assumed to be electronic in origin. The measurement was conducted on the same sample used for EIS measurement (Au/LLZT/Au).

  the decomposition of LiOH. The displacement Z increases and stabilizes during the plateau at 850°C. The small increase observed during cooling down is attributed to the punches' dilatation during releasing the pressure and not the densification of LLZT.

Figure III- 23 :

 23 Figure III-23: XRD patterns and the corresponding profile matching (a) of the pellet sintered at 850°C formed of pure cubic structure. (b) the pellet sintered using the Flash-SPS process formed of cubic and tetragonal phases.

  broadened as a consequence of the presence of a mixture of cubic and tetragonal polymorphs 184 . The refinement of unit cell parameters leads to a= 12.927(7) Å for the cubic phase and a=13.070(5) Å, c= 11.975(2) Å for the tetragonal phase. The appearance of this tetragonal phase has already been observed and associated to a microstructural effect occurring during the sintering 203 .

Figure III- 24 :

 24 Figure III-24: SEM images cross-section of the pellets sintered at T=850°C and using Flash-SPS process.

Figure III- 25 :

 25 Figure III-25: Nyquist plot for the electrochemical impedance of LLZT (a) densified by SPS at 850°C, (b) using the Flash-SPS process with the corresponding equivalent circuit.AC-impedance spectroscopy is carried out using Au-blocking electrodes. The Nyquist plots are presented in FigureIII-25. Analyzing the spectra of LLZT-850 at high frequency shows an overlap of the bulk and grain boundary contributions with a capacitance of 1.71×10 -10 F and 2.09×10 -9 F respectively. For LLZT-Flash (Figure III-25b) the two contributions are separated with a first semicircle associated with the bulk (CB= 2.31×10 -10 F) and the second at lower frequency for the grain boundary (CGB= 4.10×10 -9 F). The EIS spectra are fitted using the combination of a resistor and constant phase element. The resistances of the bulk and total (bulk+grain boundary) are determined from the fitting and the ionic conductivity is calculated. With the sintering temperature 850°C, a decrease in the total ionic conductivity compared to LLZT-1000 (𝜎 𝑖𝑜𝑛 = 7×10 -4 S.cm -1 )

Figure III- 26 :

 26 Figure III-26: Schematic of the symmetric cell preparation inside the glove box using a 10 mm diameter graphite mold.

  3, are within the range of the expected capacitance values for this physical process (electrolyte/electrode interface) 209 .

Figure III- 27 :

 27 Figure III-27:Nyquist plot for Li/LLZT/Li cells at room temperature with the equivalent circuit modeling data for the different pellets LLZT-1000, LLZT-850 and LLZT-Flash.

  Figure III-28 shows the time-dependent voltage profile at different currents for the three pellets.

Figure III- 28 :

 28 Figure III-28: Galvanostatic cycling of symmetrical cells Li/LLZT/Li at different current densities (a) LLZT-1000, (b) LLZT-850, and (c) LLZT-Flash.

Figure III- 29 :

 29 Figure III-29: Nyquist plot of the pellet (a) LLZT-1000, (b) LLZT-850, and (c) LLZT-Flash in a symmetric cell with Li electrodes before and after DC polarization of 0.01 V during 1h at 25°C. The obtained results are summarized in Figure III-29 with the Nyquist plot before and after polarization. The interface resistance increases from R0 to Rss after the application of small polarization (0.01V) during 1h. The values of the intensities with the transference number are listed in Table III-4. It is shown that the t+ for the three samples is lower than unity 126 . It was demonstrated previously that the obtained pellets LLZT exhibit no negligible electronic

  Figure III-30a. The EIS data are clustered near the origin typical of a purely resistive component confirming the electronic short circuit caused by the growth of lithium dendrites across the thickness of the pellet. The cells are disassembled in the glove box and the two lithium electrodes are removed. The images of both sides of the pellet show the presence of dark spots and fractured surface (Figure III-30b, III-30c).

Figure III- 30 :

 30 Figure III-30: (a) Nyquist plot of the pellet sintered at 1000°C in a symmetric cell with Li electrodes after short-circuiting. (b-c) Images of the pellet two faces after removing the two Li-metal electrodes.

  is transferred into SEM. The images of the fractured surface of the different pellets are presented in Figure III-31. Two regions were observed, region (a) representative of the clean surface, and region (b) representative of dark spots.

  with an average diameter of 3 µm as shown in Figure III-31e. Then, for the pellet LLZT-Flash, the SEM image presented in Figure III-31h shows a random web structure. From these observations, we speculate that the lithium dendrites grow through the LLZT grain boundaries since the morphology of the web structure is different from one pellet to another. Moreover, the morphology of the dendrite's web structure resembles closely to the LLZT microstructure. These results were reported by Sakamoto et al. and they explain that the web structure is observed along the LLZO grain boundaries where Li plated intergranularly 124 . Also,Sudo et al. showed that the black spots on the short-circuited LLZO surface was Li, growing through the grain boundaries or voids 221 .

Figure III- 31 :

 31 Figure III-31: SEM images of the fractured surface of LLZT pellets after shortcut (a) Clean region of the pellet LLZT-1000, (b-c) SEM images of the dendrite region at two different magnification of the pellet LLZT-1000, (d) Clean region of the fractured surface of the pellet LLZT-850, (e) and (f) the dendrite region, (g) Clean region of the fractured surface of the pellet LLZT-Flash, (h) and (i) Images of the dendrite region at two magnification.

  was limited to LiCoO2 (LCO) and NMC (LiNi1-x-yMnxCoyO2) thanks to the high energy density delivered by these materials. Two commercial powders LCO (99.8%, Sigma Aldrich) and NMC-111 (99.8%, Sigma Aldrich) were chosen as cathode materials powder. The SEM images 140 presented in Figure III-32 show an inhomogeneous morphology for both materials. The average particle size is 10 µm and 0.5 µm for NMC and LCO respectively.

Figure III- 32 :

 32 Figure III-32: SEM images of the commercial cathode materials NMC-111 and LCO used in the densification of the composite cathode.

Figure III- 33 :

 33 Figure III-33: Operando XRD patterns of the mixture LLZT+LCO fired at different temperatures with the reference pattern of LiCoO2 and LLZT.

Figure III- 34 :

 34 Figure III-34: Operando XRD patterns of the mixture LLZT+NMC-111 fired at different temperatures with the reference pattern of NMC and LLZT.

  work and they are presented in Figure III-35. The first approach consists of mixing the electrolyte LLZT with cathode material (LCO or NMC) and an electronic conductor (Carbon sp) and densifying the mixture using the SPS-Flash process. The second aims to study the behavior of the LLZT with only cathode materials in SPS conditions.

Figure III- 35 :

 35 Figure III-35: Schematic overview of manufactured battery electrolyte and the two approaches to densify the composite cathode.

  increasing(Figure III-36a) during the densification of LCO-composite cathode proving that there is a lot of degassing. In the case of NMC-cathode, a low degassing is observed(Figure III-36c).The pellets are polished using the anhydrous process to get rid of the graphite discs and the phase stability of the composite cathode is investigated by comparing XRD patterns of the different pellets with XRD patterns of LLZT-ref, pristine LCO, and NMC. For the LCO-composite pellet, the XRD characterization in Figure III-36b shows a full decomposition of the pellet with the presence of both cobalt oxides (CoO and Co2O3). The reduction of cobalt is induced by the presence of carbon in the mixture which causes the decomposition of LiCoO2 according to the reaction: 2.LiCoO2 + C = Li2O + 2.CoO + CO. The release of CO and lithium evaporation is the cause of the high degassing observed, these results were also reported by Guillon et al. 223 .The pyrochlore phase La2Zr2O7 is also detected at 2θ=47.55° due to the delithiation of LLZT. For the NMC-composite pellet, the XRD pattern in Figure III-36d shows the decomposition of NMC with the formation of CoO and Ni2O3 with the absence of the LLZT. The results reveal that the transition metals (Ni, Co, and Mn) are active elements for high temperature diffusion and side reactions at the interface. The densification of composites including in addition to active material the electrolyte and C as electronic percolator even with Flash SPS is not possible mainly due to instability between C and selected layered oxides active materials.

Figure III- 36 :

 36 Figure III-36: (a) Evolution of the SPS parameters during the Flash-SPS densification of the composite cathode with LCO. (b) XRD pattern of the obtained cathode-LCO pellet post-polishing. (c) Evolution of the SPS parameters during the Flash-SPS densification of the composite cathode with NMC. (d) XRD pattern of the obtained cathode-NMC pellet post-polishing.

  811) and homogeneous microstructure as shown in Figure III-37 is used. Boron nitride (BN) sprayed on top of graphite disks is also used as a separating agent to avoid direct contact between the graphite and the sample powder. Finally, the mixture of LLZT and cathode material (LCO or NMC-811) is sintered using a classic SPS process with a 650°C maximum densification temperature.

Figure III- 37 :

 37 Figure III-37: SEM images of the cathode material NMC-811 Targray.

Figure III- 38 :

 38 Figure III-38: (a) Evolution of the SPS parameters during the SPS densification of the composite cathode with LCO. (b) XRD pattern of the pellet composite cathode LCO post-polishing.The composite cathode NMC-811/LLZT is sintered using a modified SPS program compared to LCO/LLZT. It was demonstrated in the previous section that the reactivity LLZT/NMC starts at 600°C with the formation of undesired phases. To avoid this decomposition, the maximum densification temperature is fixed at 600°C and the pressure is increased to 100 MPa. By increasing the pressure, the densification temperature is lowered and we can avoid the decomposition of the composite cathode pellet. The SPS parameters represented in Figure III-39a show that the displacement (Z) increases gradually during the application of the pressure at the beginning of the first dwell at 300°C. When the temperature reaches 600°C a small increase of Z can be observed during the dwell of 6min. The pellet's composition is characterized using XRD and the pattern is represented in Figure III-39b. The pellet doesn't present any decomposition with the presence of all the peaks associated with the garnet LLZT and the cathode material NMC.

Figure III- 39 :

 39 Figure III-39: (a) Evolution of the SPS parameters during the SPS densification of the composite cathode with NMC-811. (b) XRD pattern of the pellet composite cathode NMC post-polishing.

  . The images in Figure III-40 show the conservation of the particle's morphology after densification due to low sintering temperature and time. The spherical NMC particles still can be observed with homogenous distribution throughout the whole volume.

Figure III- 40 :

 40 Figure III-40: SEM images of the cross-sectional surface of the composite cathode LCO and NMC.

Figure IV- 1 :

 1 Figure IV-1: Particle size measurement of LLZT pristine powder using laser diffraction revealed that the average particle size was 500nm.

Figure IV- 2 :

 2 Figure IV-2: Schematic illustration of a two-electrode Swagelok cell.3.2.2. Coin cells

Figure IV- 3 :

 3 Figure IV-3: Diagram of the coin cell components.

Figure IV- 4 .

 4 It is a stainless-steel cell derived from 2-electrodes Swagelok configuration. The cell is equipped with a Be window which does not adsorb X-ray and shows only a few diffraction peaks. The electrode material in the form of film is placed next to Be window. To avoid oxidation of Be at high voltage, a 3 µm foil of Al was used between the Be and the active material. Two layers of Whatman glass microfiber separator Grade GF/D were used as a separator. The counter electrode part is formed of a foil of sodium metal spread out on an aluminum disk. Before adding the electrolyte, we run a first XRD measurement to make sure that all the peaks of the active material are visible. Finally, a large mass loading compared to the normal electrochemical test was used.

Figure IV- 4 :

 4 Figure IV-4: Electrochemical cell for operando XRD measurements. (a) photo and (b) Schematic of the cell for XRD experiments. Adapted from 227,228 .

  The ITS is designed to accommodate the Biologic sample holder called the Controlled Environment Sample Holder (CESH). It is a parallel sample holder dedicated to electrical characterization of flat material samples (Figure IV-5b). The body of the CESH acts as a Faraday cage which helps isolate the sample from electromagnetic noise. It is handled in a glove box by placing the pellet between the Au electrodes as shown in Figure IV-5c. After the introduction of LLZT pellet, the CESH is placed in the ITS and connected to MTZ-35 potentiostat for impedance measurement.

Figure IV- 5 :

 5 Figure IV-5: Electrochemical setup for impedance measurement: (a) ITS connected to MTZ-35 potentiostat, (b) CESH, and (c) photo of the sample holder inside the CESH cell.

3. 3 . 1 .

 31 Galvanostatic cyclingGalvanostatic cycling or constant current cycling is one of the most common electrochemical techniques performed on battery materials and was used often in this thesis. It is a technique that allows charging and discharging of the cell at constant current, meanwhile the potential of the working electrode (Ewe) is monitored. As shown in FigureIV-6, when the applied current is positive the material is oxidized (extraction of Na from the structure) we call this charge.

  , all the cells are rested at open circuit voltage (OCV) for 5 hours with no current or potential applied. The cells are cycled at C/10 (1 Na in 10 hours) for normal measurement and C/30 for the operando XRD. The GCPL is conducted within the cell voltage of 1.5-4.5 V. The capacity value by the mass (mAh.g -1 ) and the molar of alkaline exchange (∆x) can all be visualized in the EC-Lab plot window if the parameters such as the mass of the active material, the molecular weight of active material are input in the cell description chart.

Figure IV- 6 :

 6 Figure IV-6: Illustration of galvanostatic charge/discharge curve.

Figure IV- 7 :

 7 Figure IV-7: (a) Plot describing the relationship between the input voltage E(t) and output current, I(t). (b) Nyquist plot of the imaginary impedance against real impedance. (c) Bode plot of the magnitude of the impedance against frequency.

Figure IV- 8 .

 8 Figure IV-8. The Nyquist plot shows two distinct regions. The first at high frequency can be associated with the bulk i.e. intrinsic conductivity of the material (the diffusion of the ions in the grain) and the second at lower frequency is related to conductivity at the grain boundaries. Each semicircle in the Nyquist plot is modeled by a resistor in parallel with a capacitor. Frequently the CPE is used instead of a simple capacitor to represent the deviation from ideality.

Figure IV- 8 :

 8 Figure IV-8: Impedance data for Ca12Al14O33 presented in the Nyquist plot with the equivalent circuit used to fit the data. Adapted from ref 209 .

  dependent prefactor, k is the Boltzmann constant and T is the temperature in Kelvin.Brick layer modelIn ceramics, the conductivity at the grain boundary usually differs from that of the grain leading to two different contributions on the Nyquist plot(Figure IV-9). In order to estimate based on measured resistance, the conductivity of the grain boundary, the Brick layer model233,234 can be used. This model considers that the ceramic is composed of cubic grains separated by planar grain boundaries as shown in Figure IV-9a. The model allows two possible paths for ions, through grains Annexes 168 and across grain boundaries or along grain boundaries (Figure IV-9b). This model allows then to correlate the size and dielectric constant of both grain and grain boundary with capacitance determined from the Nyquist plot (Equation IV-11).

Figure IV- 9 :

 9 Figure IV-9: (a) Brick layer model considering a ceramic as an array of cubic grains with planar grain boundaries (Beekmans and Heyne, 1976). (b) Available paths for the current through grains, across grain boundaries, and along grain boundaries. Adapted from ref 234 .

Figure IV- 10 :

 10 Figure IV-10: Optical microscopy images of the pellet surface after each polishing step showing the surface roughness evolution.

  de la structure NaCl (cubique). La différence des rayons ioniques des deux ions (rNa+ =1.02 Å et rFe3+=0.645 Å) induit une distorsion de la cellule cubique et la localisation des cations dans différentes couches explique pourquoi les oxydes AMO2 sont souvent vus stabilisés dans la structure en couches[START_REF] Rozier | Review-Li-Rich Layered Oxide Cathodes for Next-Generation Li-Ion Batteries: Chances and Challenges[END_REF] . Selon la notation de Delmas[START_REF] Delmas | Structural classification and properties of the layered oxides[END_REF] , quatre structures lamellaires peuvent être distinguées. Les structures de type P2 et P3 où le sodium occupe des sites prismatiques à base triangulaire et des structures de type O2 et O3 où Na + occupe des sites octaédriques (Figure1). Le métal alcalin peut être en coordination octaédrique lorsque les sites du Na + et les octaèdres MO6 (M=métal de transition) sont connectés en partageant les bords ou en coordination prismatique trigonale lorsqu'ils partagent les faces et les bords. Le nombre suivant l'environnement de coordination du sodium correspond au nombre de couches de MO2 qui compose la maille élémentaire. Enfin, une distorsion des polyèdres peut être observée, ce qui indique par l'ajout d'une apostrophe (') ainsi O'3 et P'3 représentent la distorsion monoclinique des phases O3 et P3, respectivement. Les oxydes lamellaires NaxMO2 de type P sont généralement stabilisés pour un taux de sodium 0.5 ≤ x ≤ 0.7 avec une succession des sites prismatiques qui assurent une diffusion rapide des ions Na + dans la structure. Pour les matériaux de type O3, ils sont obtenus pour un taux de sodium ≈ 1 ce qui explique la forte capacité délivrée au cours de décharge.

Figure 1 :

 1 Figure 1: Représentations des structures O3, P3, O2 et P2.Adoptés à partir de la ref 17 .La déficience en sodium des oxydes lamellaires de type P-NaxMO2 tel qu'ils sont synthétisés pose un problème majeur en ce qui concerne la capacité délivrée lors de la décharge ainsi, la densité d'énergie des SIB. Comme mentionnée auparavant, ces matériaux sont charterisés par une forte densité en puissance grâce à la succession des sites prismatiques qui assurent une diffusion rapide du Na + . Cependant, lors de la synthèse, les structures de type P3 et P2 ne peuvent être obtenues qu'avec une teneur en sodium comprise entre 0.5 et 0.7 Na. Au cours du cyclage dans une demicellule face au Na métallique, ces matériaux peuvent délivrer des capacités importantes grâce au sodium supplémentaire fourni par la contre électrode. En revanche, dans une cellule complète face à une anode sans sodium (carbone dur), la capacité chute de 30% à 50% à cause de l'absence d'un réservoir de Na pour compenser la quantité qui manque dans la structure du matériau initial.

  5Fe0.5O2 est broyé avec du sodium métal sous atmosphère inerte (argon) pendant 2h. La DRX de la poudre obtenue confirme l'obtention d'une phase P'2-Na1Mn0.5Fe0.5O2 confirmant l'insertion du sodium et la formation d'une phase de type P stoechiométrique (Na1). L'affinement des paramètres de maille est en accord avec ceux rapportés pour les phases P2 et P'2 et le changement de symétrie est associé à la distorsion de l'octaèdre MO6 due à l'effet Jahn-Teller du Mn 3+ . La comparaison du comportement électrochimique montre que 0.85 Na + peut être échangé lors du cyclage de la phase P'2-Na1Mn0.5Fe0.5O2 contre 0.45 Na + avec la phase P2 (Figure2c). Dans une cellule complète face au carbone dur, le matériau sur-sodié délivre une capacité de 125 mAh.g -1 contre 75 mAh.g -1 pour le matériau initial.

Figure 2 :

 2 Figure 2: Comparaison des DRX des matériaux (a) P'2-Na1Mn0.5Fe0.5O2 (b) P2-Na0.66Mn0.5Fe0.5O2, Les profils de tension des (c) P'2-Na1Mn0.5Fe0.5O2 (e) P2-Na0.66Mn0.5Fe0.5O2 et (d) leurs performances de cyclage correspondantes dans des demi-cellules Na.

Figure 3 :

 3 Figure 3: Evolution du diffractogrammes DRX des précurseurs visant la stoechiométrie NaMn0.4Ni0.4Ti0.1Cu0.1O2 avec les différentes étapes de chauffage et le domaine d'existance de chaque phase.La coprécipitation est une technique de synthèse utilisée pour l'obtention des précurseurs de métaux de transition homogènes et de réduire la présence des impuretés. Cette technique permet d'obtenir les précurseurs à basse température puis de les calciner avec une source de sodium afin de former la structure lamellaire du matériau final.

Figure 4 :

 4 Figure 4: Evolution des diffractogrammes DRX de P3-NaxMn0.5Ni0.5O2 à différentes températures [500-850°C]. (b) Evolution des paramètres de maille c et a avec la température.Les matériaux calcinés à 600°C et 850°C sont sélectionnés pour une analyse plus approfondie. L'estimation de la stoechiométrie de sodium après l'affinement du taux d'occupation des sites montre que les deux matériaux sont déficitaires en sodium avec une stoechiométrie estimée à 0.8 Na. Les caractérisations électrochimiques ont été réalisées en demi-cellule face au sodium métallique et les performances des matériaux synthétisés ont été comparé avec des matériaux de référence P2-Na0.66Mn0.66Ni0.33O2 et O3-NaMn0.5Ni0.5O2. La comparaison des courbes du cyclage galvanostatique dans la Figure5montre que lors de la première charge, les phénomènes entre 3 et 4V sont identiques entre la phase synthétisée P3 à 600°C et la référence P2. Ils sont attribués aux couples redox du nickel[START_REF] Lee | An advanced cathode for Na-ion batteries with high rate and excellent structural stability[END_REF] . Au-dessus de 4V, les deux matériaux présentent un plateau avec une capacité importante. La capacité du plateau à haut potentiel est estimée à 100 mAh.g -1 pour la phase P3, largement supérieure à celle de la phase P2. Il est admis qu'en-dessus de

Figure 5 : 5 et 4 . 5 V

 5545 Figure 5: (a) Courbes de cyclage galvanostatique du 1 er et 2 ème cycle de P3-NaxMn0.5Ni0.5O2 obtenu à 600°C comparé à (b) la phase de référence P2-Na0.66Mn0.66Ni0.33O2 entre 1.5-4.5 V à C/10.La caractérisation du matériau P3-NaxMn0.5Ni0.5O2 obtenu à 600°C par DRX operando entre 1.5 et 4.5 V est présentée dans la Figure6. L'évolution des pics de la phase P3 lors de la charge est en accord avec le processus de solution solide jusqu'au potentiel 4 V. Au-dessus de 4V et jusqu'à la fin de la charge (4.5V) une nouvelle phase apparaît (2θ=42.5°) accompagné d'un élargissement

Figure 6 :

 6 Figure 6: Évolution structurelle de P3-NaxMn0.5Ni0.5O2-600°C par DRX operando recueillie pendant la première charge/décharge entre [1.5-4.5 V] à C/30. Le tracé correspondant à la tension en fonction du temps est montré sur la droite. La phase P3-NaxMn0.66Ni0.33O2 a été synthétisée par coprécipitation et la caractérisation des diffractogrammes des poudres obtenues à différentes températures [500-700°C] montre l'absence du NiO. L'étude du comportement électrochimique confirme que la phase est déficitaire en Na avec l'insertion de 0.23 Na lors de la première décharge. La référence P2-Na0.66Mn0.66Ni0.33O2 et P3-NaxMn0.66Ni0.33O2 présentent un comportement électrochimique similaire ainsi que la même évolution structurale au cours du cyclage comprenant un large processus de solution solide et une transition de phase réversible à haute tension. La principale différence réside dans la nature de la phase formée qui est de type O2 pour la référence et un intercroissance P/O avec formation d'une phase O de faible distance interfeuille pour la phase P3. L'influence possible de cette légère différence sur les performances électrochimiques et principalement sur la stabilité en cyclage peut soulever un intérêt spécifique à l'utilisation de la phase P3 au lieu du P2, ce qui n'est pas évident sur la base des premiers cycles.

  Les batteries Li-ion présentent de bonnes performances électrochimiques, mais la présence d'un liquide organique inflammable limite l'utilisation des matériaux de cathodes à haut potentiels et le lithium métallique comme matériau d'anode ce qui limite la densité d'énergie de cette technologie. De plus, l'électrolyte liquide pose des problèmes de sécurité parce qu'il est composé des solvants organiques qui sont inflammables. Son remplacement par un électrolyte solide qui joue le rôle d'un séparateur aussi peut répondre aux problématiques mentionnées ci-dessus.

Figure 7 :

 7 Figure 7: Evolution du DRX operando à haute température de la poudre LLZT initiale, la phase LLZT de référence et la phase pyrochlore sont présentés en rouge et bleu respectivement. (b) L'évolution du paramètre de maille en fonction de la température de chauffage. Après la caractérisation de la poudre reçue et l'optimisation du procédé de prétraitement, nous avons étudié la densification du grenat par SPS afin d'obtenir une barrière mécanique dense avec une conductivité ionique importante. Les premiers essais ont montré que le prétraitement de la poudre sous argon est indispensable pour éviter la décomposition totale du LLZT lors de la densification par SPS. La densification du grenat est effectuée par SPS à 1000°C et l'évolution de

Figure 8 :

 8 Figure 8: (a) Evolution des paramètres de densification de la poudre LLZT prétraitée (LLZT-Ar). (b) Diffractogrammes de la pastille LLZT-Ar densifiée à 1000°C avant et après polissage, comparée à la LLZT de référence et au La2Zr2O7. (c) Spectre d'impédance de la pastille LLZT-Ar. (c) Tracé d'Arrhénius présentant la dépendance en température de la conductivité ionique totale de LLZT.

  des paramètres de frittage tel que la température et la vitesse de chauffage a été étudié dans le présent travail. Le grenat LLZT a été densifié à une température plus faible (850°C) et avec une vitesse de chauffage très élevée par le procède Flash-SPS 199 . La densification à 850°C a montré l'obtention d'une pastille dense (95%) composée uniquement d'une phase cubique avec un paramètre de maille a=12.935(3) Å alors avec le procède Flash un mélange d'une phase cubique et quadratique a été obtenu et la pastille présente la densité la plus faible (91%). Les mesures de la conductivité ont montré qu'il y a une corrélation entre la densité de la pastille et la conductivité ionique. En effet, avec la diminution de la densité, la conductivité chute avec 𝜎=3.60×10 -4 S.cm -1 et 𝜎=3.48×10 -4 S.cm -1 pour les pastilles LLZT-850 et LLZT-Flash respectivement.L'un de plus grands défis pour l'utilisation du Li métallique comme matériau d'anode dans les batteries tout solide est la mauvaise interface électrolyte/électrode qui est due à la grande différence d'énergie de surface en raison de la présence de Li2CO3 à la surface du grenat. L'interface LLZT/Limétallique a été caractérisée en utilisant une cellule symétrique Li/LLZT/Li. Cette configuration nous a permis d'accéder à des informations clé comme la résistance à l'interface et la densité de courant critique (DCC). Nous avons montré que les paramètres de densification peuvent influencer la résistance à l'interface. En effet la plus faible résistance a été obtenue avec la pastille LLZT densifié à 1000°C (139 Ω.cm 2 ) alors pour la pastille obtenue à 850°C la résistance à l'interface était beaucoup plus importante (427 Ω.cm 2 ).

(

  LCO) et NMC (LiNi1-x-yMnxCoyO2) grâce à la haute densité d'énergie délivrée par ces matériaux. La stabilité de l'interface LLZT/cathode à haute température est importante car la céramique LLZT doit être frittée pour qu'il soit conducteur. En plus, des réactions indésirables peuvent se produire Résumé de la thèse 205 pendant la densification entre le matériau de cathode et le grenat. L'optimisation du contact entre les différents composants de la cathode composite est cruciale pour éviter la diffusion mutuelle des éléments et la détérioration de l'interface. L'étude de la stabilité entre LLZT et les matériaux de cathode par DRX operando a montré que le mélange grenat/LCO est stable jusqu'à 1000°C mais une décomposition a été observée dans le cas de NMC. La densification par SPS a été utilisée pour élaborer une électrode positive composite et pour obtenir une interface stable entre le matériau de cathode et l'électrolyte céramique. Les approches choisies ont été de densifier la composite cathode avec et sans la présence d'un percolateur électronique (Csp) et en adaptant le protocole de densification (Figure 9).

Figure 9 :

 9 Figure 9: Représentation schématique de la densification de l'électrolyte et des deux approches pour densifier la composite cathode. La densification par Flash-SPS a été utilisée dans un premier temps pour fritter ensemble le grenat, matériau de cathode et l'additif carboné. En effet, il est bien connu que les oxydes de métaux de transition sont instables face au carbone à haute température. Lors du chauffage, le carbone réduit l'oxyde métallique provoquant la décomposition du matériau de cathode. Pour éviter cette réactivité, nous avons densifié le composite en utilisant une vitesse de chauffage très élevée. La caractérisation des pastilles après frittage a montré une décomposition totale du matériau de cathode avec l'apparition de CoO, La2Zr2O7 pour LCO et Ni2O3 pour NMC. Nous avons également densifié la composite cathode par SPS classique sans l'ajout du carbone et en réduisant la température de densification. Le mélange LLZT/LCO a été densifié à 650°C avec un palier

  

Table II

 II 

	-1: Composition determination by ICP-AES for P3-Na1Mn2/3Ni1/4Mg1/12O2.

Table II - 2 :

 II2 Composition determination by ICP-AES for P3-NaxMn0.5Ni0.5O2 obtained at 600 and 850°C.
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Table II - 4 :

 II4 Composition determination by ICP-AES for P3NaxMn0.66Ni0.33O2 at 600°C.

Table II -

 II 

5:

Refined crystallographic parameters for P3-NaxMn0.66Ni0.33O2 based on SG R3m.

  who found a 64% exchange in Al-LLZO powder soaked in H2O.

	Sample	Li	La	Zr	Ta
			Element in ppm		
	Pristine	34.46	293	89.98	59.21
	LLZT		Normalize to La		
		7.05	3	1.40	0.48
			Element in ppm		
		28.7	1186	364.41	258.6
	LLZT-H2O		Normalize to La		
		1.45	3	1.40	0.49

Table III -

 III 

1: ICP-AES results for the pristine powder LLZT and after water immersion.

Table III - 4 :

 III4 Data of the current intensity from the chronoamperometry measurement with the interface resistance after 0.01 V DC polarization and the calculated transference number.

Annexes 156 Annexes 1. Additional information

  

	Vendor	Ampcera Inc
	Composition	Li6.4La3Zr1.4Ta0.6O12 (Ta-doped LLZO, LLZTO), Tantalum doped Lithium Lanthanum Zirconate Garnet
	Theoretical Density	5.5 g/cm3
	Particle size	Pass 325 mesh, D50 5 µm
	Purity	Synthesized from >99.9% precursor materials
	Phase	Cubic phase, garnet structure
	Calcination temperature	<1000°C
	Bulk Ionic Conductivity	~10 -3 S.cm -1 at room temperature (measured on sintered ceramics)
	Product Form	Micron-sized powder

Table IV -

 IV 

1: Structural information of the solid electrolyte LLZT obtained from MSE supplies.

Table IV - 2 :

 IV2 Components used in the models.

Table IV - 3 :

 IV3 Capacitance values and their possible interpretation.

	Annexes	
	Capacitance (F)	Phenomenon responsible
	10 -12	Bulk
	10 -11 -10 -8	Grain boundary
	10 -7 -10 -5	Sample-electrode interface
	10 -4	Electrochemical reaction
		167

Table IV-3 from Irvine et al. 209 reported typical capacitance values of the different electrochemical processes.

Table IV - 4 :

 IV4 Experimental parameters used during the polishing process of the densified LLZT pellets.

1. Introduction générale

  Les ressources naturelles d'origine fossiles tel que le charbon, le pétrole et le gaz naturel représentent combinés plus de 80% de la consommation d'énergie au monde 2019[START_REF] Adrian | Key World Energy Statistics[END_REF] . Leur utilisation Le sodium présentant des propriétés chimiques équivalentes à celles du lithium peut être utilisé dans des SIB qui ont le même principe de fonctionnement que les LIB à savoir l'insertion/extraction d'ion alcalin dans un matériau hôte. La technologie à base de sodium est très prometteuse notamment pour le stockage d'énergie à grande échelle où le coût et la durée de vie sont des facteurs primordiaux. Actuellement, le principal obstacle aux SIB est l'absence d'un matériau d'électrode positive présentant de bonnes performances électrochimiques. Les oxydes lamellaires et des composés de type polyanioniques, principalement des phosphates sont au coeur des recherches. Les oxydes lamellaires présentent l'avantage d'une synthèse simple, une composition ajustable et une densité de puissance élevée ce qui leur rend le candidat potentiel pour les SIB. Ces dernières années des progrès énormes ont été réalisées dans l'amélioration de performances des oxydes lamellaires cependant il reste beaucoup de travail pour résoudre les problèmes liés transitions des phases lors du cyclage ainsi augmenter le taux de sodium échangé. Afin de répondre à la demande des dispositifs permettant de fortes capacités et résoudre les problèmes de sécurité liés à l'utilisation d'un électrolyte organique inflammable le remplacement de ce dernier par un électrolyte solide ininflammable et stable thermodynamiquement apparaît comme la seule solution. La technologie tout solide présente l'avantage d'utiliser des électrolytes solides ininflammables et stables sur une large fenêtre du potentiel ce qui permet de résoudre les problèmes de sécurité lié aux électrolytes organiques. De plus, il est possible d'utiliser le lithium métallique comme matériau d'électrode négative et d'augmenter la densité d'énergie afin de répondre à la forte demande du marché. Plusieurs électrolytes ont été développés pour leurs propriétés de conduction ionique. On trouve les polymères, les vitrocéramiques et la famille des oxydes cristallisés. Le matériau à structure de

	stabilité entre les matériaux actifs de type NMC ou LCO et l'électrolyte est étudiée pour optimiser
	les interfaces et la tenue mécanique.
	massive expose la planète à l'épuisement des réserves naturelles ainsi qu'à l'augmentation des
	émissions du CO2 et d'autres gases à effet de serre. Selon l'agence internationale de l'énergie
	(AIE), les émissions de CO2 vont atteindre 37,2 Gt en 2035 2 . Pour éviter les risques liés au
	changements climatiques et les contraintes liées aux ressources fossiles, le développement de
	ressources durables issues des énergies renouvelables font l'objet d'intenses recherches. Les
	énergies durables (solaire, hydraulique, éolienne, géothermique) fournissent de l'énergie d'une
	La deuxième partie a été consacrée pour l'étude du céramique LLZO comme électrolyte pour les
	batteries tout solide. La stabilité du LLZO vis-à-vis la température et l'humidité a été détaillée
	grâce à l'apport de la diffraction des rayons X (DRX) dans le but d'identifier l'effet des impuretés
	sur le processus de densification. Les paramètres de densification ont été optimisés afin d'obtenir
	un massif dense en variant la température de frittage et la vitesse de chauffage. Les propriétés de
	conduction de l'électrolyte dense ont été déterminées par la spectroscopie d'impédance
	électrochimique ensuite, l'interface LLZO/lithium a été caractérisé. Pour l'électrode positive, la

manière intermittente ce qui entraîne une large fluctuation de la production d'énergie incompatible et insuffisante à l'égard de la demande quotidienne. Pour cette raison, le développement des systèmes de stockage d'énergie est devenu crucial ces dernières années. Depuis leur commercialisation en 1991, les batteries Li-ion (LIB) sont reconnues comme le système de stockage électrochimique d'énergie ayant la plus forte densité d'énergie. Aujourd'hui, les LIB sont utilisées dans tous les domaines allant du stationnaire jusqu'au mobile. L'abondance limitée et la distribution inégale des ressources de lithium entraînent l'augmentation de son prix et mettent en péril sa durabilité. Le développement des batteries avec des ressources alternatives de faible coût est indispensable. Les batteries sodium-ion (SIB) ont attiré beaucoup d'attention au cours des dernières décennies comme étant une alternative aux LIB. type grenat de la famille Li7La3Zr2O12 (LLZO) a suscité beaucoup d'intérêt récemment grâce à sa conductivité comparable à celle des électrolytes liquides et sa stabilité vis-à-vis du lithium métallique 64 .

L'objectif de cette thèse est de contribuer à la recherche et le développement de matériaux utilisés dans les technologies post Li-ion. Deux sujets ont été traités indépendamment. Le premier consiste à développer un matériau de cathode à haute densité d'énergie en augmentant le teneur de sodium dans la structure. Une démarche systématique a été mise en place visant à varier les techniques et les paramètres de synthèse dans le but de stabiliser une phase stoechiométrique en sodium (P-Na1MO2). Les matériaux obtenus ont été étudié de manière approfondie afin d'évaluer la teneur en sodium, la capacité et l'évolution de la structure au cours du cyclage.

  ). Il est admis qu'en-dessus de 4V, outre l'activation du redox anionique déjà rapportée pour ce type de matériau 161 , l'activité
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Résumé de la thèse

de revenir à la phase cubique du grenat. Ensuite, l'optimisation du procédé de densification SPS nous a permis d'obtenir une céramique avec une microstructure homogène et des densités relatives supérieures à 91%. Nous avons observé une dépendance entre la densité et la conductivité ionique, la meilleure valeur de conductivité est 0.7 mS.cm -1 est obtenue pour la pastille la plus dense (98%).La caractérisation de l'interface LLZT/Li-métal a montré une faible résistance interfaciale et des densités de courant critique (80 µA.cm -2 ) qui restent loin de la densité nécessaire pour une batterie tout solide (1-3 mA.cm -2 ). Nous avons aussi réalisé des essais de densification de la composite cathode. En effet, les résultats ont permis d'identifier le verrou le plus important pour assurer une interface stable entre LLZT et le matériau de cathode. Une pastille dense de LLZT+NMC-811 a été obtenue par SPS avec une densité de 82%. La caractérisation des performances électrochimique de la demi-cellule va permettre de déterminer les capacités délivrés et la résistance du composite cathode.
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Chapter II: Looking for P-stoichiometric layered oxide materials

Sakamoto et al. reported the effect of the microstructure of hot-pressed LLZO on ionic conductivity. They observed that increasing the temperature allows getting higher relative density and the difference in total conductivity resulted from the difference in the grain boundary resistance 197 . In another study, Sharafi et al. reported that microstructural aspects such as grain size and relative density effect on the electrochemical properties of LLZO like ionic conductivity and critical current density 198 . However, the influence of the densification parameters using the SPS technique is still not well studied for this LLZO garnet type solid electrolytes due to the complexity of this process and the high number of parameters that can influence the final microstructure.

Generally, parameters such as temperature, time, and the heating rate (ramp) control the sintering kinetics and consequently the microstructure of the dense solid electrolyte. Here, we decided to study the effect of the densification parameters like temperature and heating rate on the obtaining of pure dense LLZT, the microstructure, and the ionic conduction. 

Conclusions and Perspectives

In this thesis, we focused on designing a P-phase layered oxide with high sodium content by exploring different parameters like sodium precursor, synthesis technique, and transition metals ratio. The sodium content of the obtained phases was estimated and the electrochemical properties were compared with P2 and O3 references phases.

• By following the structure evolution of the composition NaMn0.4Ni0.4Ti0.1Cu0.1O2, it was demonstrated that the metastable P3 phase can be obtained at low temperature with traces of NiO and Na2CO3 confirming the kinetic limitation of the solid-state reaction. Next, we synthesized Na1Mn2/3Ni1/4Mg1/12O2 using Pechini process and by following the structural evolution it appeared that the P3 phase can be formed at low temperatures and extend till 750°C. At this temperature, a pure P3 phase is obtained with the absence of Na2CO3. However, at 850°C the phase transition P/O occurred confirming the stability of O3 phase at high temperature when we target a stoichiometric phase. The electrochemical characterization showed the Na-deficient character of the synthesized material with the insertion of around 0.27 Na during the first discharge. The study of these two compositions gave us a first understanding of the parameters that govern the formation of P-stoichiometric phase.

• Full hydroxide route was adapted as a synthesis technique with low calcination temperature for all the materials. High sodium content P3-NaxMn1-yNiyO2 with x  0.8 phases have been obtained for y=1/2 and y=1/3 transition metal layer composition. The annealing temperature seems to influence the electrochemical signature of the P3-Na0.8Mn0.5Ni0.5O2 phase. We found that the material obtained at 600°C presented the same electrochemical activity as the reference P2-Na0.66Mn0.66Ni0.33O2 between 2 and 4 V associated with redox activity of the nickel. Above 4 V a large plateau was observed caused by the irreversible decomposition of residuals Na2CO3. Operando XRD showed that the stacking sequence governed the nature of the phase formed at high potential, for the reference P2 an O2 phase was formed and a conversion from P-type to O-type which remains partial for the synthesized P3. The material at 850°C delivered high capacity of 136 mAh.g -1 upon first discharge and after the first cycle, it has the same electrochemical signature as O3-NaMn0.5Ni0.5O2.

Structural characterization

Diffraction was used to determine the purity of the prepared samples or to obtain structural parameters by performing Rietveld refinement implemented in FullProf. The crystallographic information of the reference phases is obtained from the ICSD database.

X-ray diffraction

X-ray diffraction (XRD) was used for daily scans to identify the phases present in the prepared materials. XRD patterns were recorded using a Bruker D4 diffractometer using a Cu Kα radiation ( λKα1=1.54060 Å, λKα1=1.54439 Å). The parameters were fixed with a step of 0.016°, 0.13s per step within a range 2θ = 10-100°.

High-Temperature X-ray diffraction

High-Temperature X-ray powder diffraction was performed using an Anton Parr HTK 1200N high temperature chamber on a BRUKER D8 advance diffractometer. The mixture of precursors was pressed on an alumina round crucible and then placed in the chamber. The mixture was heated up to 900°C with a 30°C.min -1 heating rate under air. The diffractograms were collected each 50°C in 2θ angular range within 10-100°. The total acquisition duration was 25 min per diffraction pattern.

At some temperatures, the data acquisition was carried out with a 60 min dwell.

Operando X-ray diffraction

Operando XRD was performed on the same Bruker D8 advance diffractometer using a Cu Kα radiation (λKα1=1.54056 Å, λKα2=1.54439 Å). A magnetic O ring shape cell holder and a special X-ray diffraction cell dedicated to the measurement were used (see section 3.2.3). The cell was connected to a VMP3 potentiostat/galvanostat (Biologic, France) to ensure the operando measurement. The cell was cycled between 1.5 V and 4.5 V at C/30 (1 Na exchange in 30 hours).

The XRD patterns were collected every ∆x = 0.033 Na. The parameter file has a step size of 0.01° and 0.8s per step counting time within a range of 2θ=10-50° for a total measurement time around 1h. It is considered that there is no structural change within one XRD pattern acquisition.

Advanced characterization techniques

X-ray photoemission spectroscopy (XPS)

XPS was performed using an Escalab 250 Xi spectrometer with a monochromatized Al Ka radiation (hν =1486.6 eV). Pellet cross-sections were prepared by breaking the pellet from the edge using a 316L stainless steel chisel and a hammer. Powders and pellets (including the crosssectioned one) were put on a sample holder using an insulating uPVC tape (reference 655 from 3M) before being transferred to the spectrometer. After 2 hours of pumping down to 10 -8 mbar, analysis was performed using the standard charge compensation mode and an elliptic 250 x 600 µm X-ray beam spot. Core spectra were recorded using a 20 eV constant pass energy with a 0.15 eV step size and short-time iterative scans to follow any possible change. Reproducibility was checked by recording 3 analysis points for each sample. Using Casa XPS software, the binding energy scale was calibrated from the 285 eV peak (C-C/C-H contamination). A non-linear Shirleytype 237 background was used for core peaks analysis while 70% Gaussian-30% Lorentzian Voigt peak shapes and full width at half-maximum constraint ranges were selected to optimize areas and peak positions. XPS quantification was performed using the relative sensitivity factors provided with the Escalab machine.

Scanning Electron Microscopy (SEM)

The morphology of the different materials was investigated using Scanning Electron Microscopy (SEM) using a Tescan Vega3. The samples were metalized by a magnetron sputter coater resulting in an Au layer which ensures better conductivity. After metallization, the samples were fixed on a sample holder using conductive double-sided carbon tape.

Focused Ion Beam (FIB) coupled with SEM (Thermofisher Helios 600i) was used to cut with very high precision a micro pellet from the bulk of densified LLZT ceramic.

Transmission electron spectroscopy (TEM)

Electron microscopy measurements were performed by S.Duluard at the micro characterization center CASTAING (Toulouse). Two types of samples were prepared for the TEM investigation.