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General introduction

With the development and growth of modern societies, global energy demands have increased considerably over the last few centuries. Fossil fuels, i.e., oil, coal, and natural gas, are the main energy supplies as illustrated in Figure 1a, owing to their high energy densities and the simple way electricity is produced through combustion. Unfortunately, those fossil fuels are also the main sources of anthropogenic carbon dioxide (CO2) emission (Figure 1b). In their 5 th report in 2015, the intergovernmental panel on climate change (ICPP) indicated that "Human influence on the climate system is clear, and recent anthropogenic emissions of greenhouse gases are the highest in history" [START_REF]Climate change[END_REF] . Those higher than ever atmospheric concentrations of CO2 but also, methane and nitrous oxide are the dominant cause of the observed global warming since the mid-20 th century.

Figure 1: a) Total energy supply evolution by source and between 1990 and 2018, worldwide 2 ; b) Global anthropogenic CO2 emissions from forestry and other land use as well as from burning of fossil fuel, cement production and flaring. Cumulative emissions of CO2 from these sources and their uncertainties are shown as bars and whiskers, respectively, on the right-hand side. Copied from the 5 th ICPP synthesis report [START_REF]Climate change[END_REF] .

Therefore, the decision to limit global warming to 1.5°C by 2050 was taken worldwide in the Paris agreement in 2015. Following this decision, the ICPP wrote a special report in 2018 on the impact of such global temperature increase [START_REF] Masson-Delmotte | Global Warming of 1.5°C[END_REF] . According to their model, "In 1.5°C pathways with no or limited overshoot, renewables are projected to supply 70-80% of electricity in 2050". However, the widespread implementation of such electricity production sources is limited by the fact that their availability in time and space is not constant: wind and solar productions are intermittent, hydroelectricity depends on river flow or tides, etc.., generating the need for electrical energy storage systems for grid application. Transport is also a major CO2 emission pole (Figure 2) and growing electrification of vehicle fleet is another target to reduce carbon emission. Li-ion batteries (LiBs), because of their energy, power density, almost zero maintenance and low cost, are a suitable answer to such energy storage need, whether for storing large quantities of energy stabilising the electrical network, for nomad applications and, of course, for transport applications. Thus, 30 years after their commercialisation by Sony in 1991, LiBs can be found everywhere, and the quantities produced are increasing dramatically every year [START_REF] Li | 30 Years of Lithium-Ion Batteries[END_REF] .

Today, and particularly for vehicle applications, the majority of the research effort is directed toward the improvement of battery performances involving increased energy density, power and lifetime, in order to achieve better autonomy while reducing production costs. The energy density is directly linked to the potential difference between the two electrodes and the intrinsic capacity of the electrode materials to insert lithium ions [START_REF] Doublet | Ref : TIP053WEB -'Physique Chimie[END_REF] . Regarding the positive electrode, the partial substitution of cobalt in LiCoO2 (LCO) by other transition metals, including nickel and manganese, has led to the commercialisation of LiNi1-x-yCoxAlyO2 (NCA) and LiNi1-x-yMnxCoyO2 (NMC) cathodes containing increasing amounts of Ni [START_REF] Monconduit | Electrodes de batteries Li-ion: matériaux, mécanismes et performances[END_REF] . Higher capacities are achieved with higher Ni content and lower cobalt content reduces the cost of the material [START_REF] Noh | Comparison of the structural and electrochemical properties of layered Li[END_REF] . The challenge lies in achieving good stability of the material in order to improve both lifetime and safety. Regarding the negative electrode, silicon appears to be one of the most promising materials due to its great natural abundance, its operating potential close to lithium metal and its specific capacities far superior to graphite currently used in commercial cells (3579 mAh.g -1 and 2194 mAh.cm -3 for silicon, considering the formation of Li15Si4 versus 372 mAh.g -1 and 719 mAh.cm -3 for graphite) [START_REF] Obrovac | Reversible Cycling of Crystalline Silicon Powder[END_REF][START_REF] Asenbauer | The success story of graphite as a lithium-ion anode materialfundamentals, remaining challenges, and recent developments including silicon (oxide) composites[END_REF] .

However, various degradation mechanisms are observed in LiBs which lead to lithium loss or active material degradtion [START_REF] Birkl | Degradation diagnostics for lithium ion cells[END_REF] . In particular, interphases formed at the surface of the electrodes during the first cycle (SEI on the anode and CEI on the cathode) play an essential role in the operation and ageing of the cells. On the anode side, silicon-based electrode lithiation leads to the appearance of significant swelling (+280%) that induces mechanical stresses at anode and cell level [START_REF] Banerjee | Materials for Electrodes of Li-Ion Batteries: Issues Related to Stress Development[END_REF] . On the cathode side, recent studies showed that the nature of the positive electrode may modify the composition of the SEI formed at the negative electrode surface which in turn impacts the CEI formed at the positive electrode surface through a SEI-CEI crosstalk [START_REF] Fang | Anode-originated SEI migration contributes to formation of cathode-electrolyte interphase layer[END_REF][START_REF] Chevrier | Design of Positive Electrodes for Li-Ion Full Cells with Silicon[END_REF] . This study aims at understanding the role of mechanical constraints and nature of the positive electrode on the cyclability of silicon-based negative electrodes in a Li-ion cell. The first chapter consist of a bibliographical review on mechanical stresses and interfaces in Li-ion batteries. In the second chapter, the electrochemical and mechanical behaviours of a highperformance silicon carbon graphite electrode (Si-C/G) is evaluated and the latter modelled.

Then, the swelling of this electrode, once implemented in a full cell with a NMC622 cathode, is investigated in a bi-layer pouch cell configuration in the third chapter. An in-house high precision (< 0.1μm) compression set-up with simultaneous pressure and thickness recording as well as dynamic pressure regulation is used for swelling measurements. External pressure, cell's balancing, and initial anode porosity influence on the swelling of the cell is studied.

Comparison of experimental and modelled swellings allows to extract the anode porosity evolution as a function of the cell's state of charge (SOC). In the fourth chapter, mechanical stresses are addressed but in a hard casing cylindrical cell (18650). First, strain gauges are used to evaluate casing rigidity and to measure the internal pressure. Then, internal components (anode, cathode and separator) thickness evolution inside this hard casing is captured by in-situ X-ray micro Computed Tomography (m-CT). The effect of the cell format on the anode porosity is observed by comparison with anode porosity achieved in pouch cell format. Finally, three cathode materials are compared in the fifth chapter. The cycling and swelling behaviour of full cells composed of NMC622, NMC811 or LCO and the same Si-C/G negative electrode is investigated upon several cycles along with the evolution of the SEI and CEI composition, transition metal (TM) migration. The approach consists in a post-mortem study after formation and cycling. Various characterisation techniques are used: X-ray Photoelectron Spectroscopy (XPS) to characterize the surface chemistry of the electrodes (SEI and CEI), Time of Flight Secondary-Ion Mass Spectrometry (Tof-SIMS) and Inductively Coupled Plasma (ICP) mass spectroscopy to evaluate the amount of TM migration on the anode surface, and Electrochemical Impedance Spectroscopy (EIS) to follow the electrodes resistances evolution. Both electrodes have the ability to reversibly host lithium ions. The positive electrode initially contains the cyclable lithium. Upon charge, lithium ions are extracted from the positive electrode active material (traditionally LiMO2 layer oxide with M=Co, Ni, Mn) resulting in the oxidation of the structure and producing electrons. Lithium ions migrate through the liquid electrolyte and are inserted in the negative electrode (traditionally graphite) where they are reduced, consuming electrons. During discharge, the opposite process takes place with electrons produced at the negative electrode and consumed at the positive electrode [START_REF] Leuthner | Lithium-ion battery overview[END_REF] . The positive and negative electrode are usually called "cathode" and "anode" respectively, although technically this is only true during discharge. The cathode material redox reaction happens at a higher voltage than the anode material redox reaction and the difference of potential between the two electrodes gives the cell voltage [START_REF] Vuorilehto | Materials and function[END_REF] .

Chapter I -Bibliography

The liquid electrolyte is composed of a lithium salt (such as LiPF6) ensuring Li + transport dissolved in one or several organic solvents. Alkyl carbonates or ethers are typically used because of their electrochemical stability in a large potential window [START_REF] Hartnig | Electrolytes and conducting salts[END_REF] . However, anode working potential is usually too low and reduction of the electrolyte solvents happens after activation and during the first cycle forming a protective layer on the anode called Solid-Electrolyte-Interphase (SEI) [START_REF] Gauthier | Electrode-Electrolyte Interface in Li-Ion Batteries: Current Understanding and New Insights[END_REF] . Various additives can be added to the electrolyte composition in order to stabilise this layer. A thin protecting layer known as the Cathode Electrolyte Interphase (CEI) is also deposited on the cathode to a lesser extend [START_REF] Würsig | Film Formation at Positive Electrodes in Lithium-Ion Batteries[END_REF] .

Finally, commonly used separator are porous polymeric membranes made of polyolefin such as polyethylene (PE) or polypropylene (PP) and sometimes both (multi-layer structure) [START_REF] Arora | Battery Separators[END_REF] .

I.1.2. Cells design

The association of one anode, cathode and separator soaked in electrolyte constitutes a cell. Different designs of cell packaging exist and are presented in At a lab scale, CR2032 coin-cells are made with small disks of electrode (14 to 16 mm of diameter) and with such small cells, lithium metal can be used as counter electrode without safety issues. Such cells with lithium counter electrode are referred to as "half cell" whereas cells containing two electrodes inserting lithium ion are referred to as "full cell".

The assembly of several full cells constitutes a battery pack. Different battery designs can be obtained depending on the targeted application by changing the type of connection between the cells. Packs with cells connected in series have a potential that is the addition of each individual cell voltage whereas packs with cells connected in parallel give higher capacities for the same output voltage [START_REF] Koehler | Lithium-ion battery system design[END_REF] .

I.1.3. Active materials

In order to reach always-higher energy density, the majority of the research effort in the field of LiBs is directed toward the active material (AM) as they have a direct impact on the battery capacity. However, those materials need to be processed with other components known as "inactive materials" in order to behave properly in the battery. Carbon nanoparticles or fibres are usually added to improve electronic conduction of the electrode [START_REF] Spahr | Development of carbon conductive additives for advanced lithium ion batteries[END_REF][START_REF] Latifatu | Structural Effect of Conductive Carbons on the Adhesion and Electrochemical Behavior of LiNi0.4Mn0.4Co0.2O2 Cathode for Lithium Ion Batteries[END_REF][START_REF] Lestriez | Hierarchical and Resilient Conductive Network of Bridged Carbon Nanotubes and Nanofibers for High-Energy Si Negative Electrodes[END_REF][START_REF] Wu | The critical role of carbon in marrying silicon and graphite anodes for high-energy lithium-ion batteries[END_REF] and a binder is required to hold particles of active and inactive materials together and insure the electrode adhesion to the current collector [START_REF] Zou | A Review of the Design of Advanced Binders for High-Performance Batteries[END_REF] . This latter is typically an aluminium foil for the cathode and a copper foil for the anode. It is important to note that adding those inactive materials leads to a better working system but reduces the overall energy density, hence it is necessary to use the optimum ratio of inactive/active material. Active materials can be sorted in four categories:

-Intercalation anode materials such as carbon, graphite and Li4Ti5O12 (LTO).

-Alloying anode materials such as tin, germanium, silicon.

-Intercalation cathode materials with lamellar structure such as the historical LiCoO2 (LCO), or high nickel content materials such as LiNi1-x-yCoxAlyO2 (NCA) and LiNi1-x-yMnxCoyO2 (NMC), or spinel (LiMn2O4) and polyanionic (LiFePO4) structure.

-Conversion cathode materials such as fluorine, chlorine, sulphur and lithium sulphide, selenium, tellurium, and iodine. 

I.1.3.1. Anode active material

The breakthrough allowing LiBs commercialisation came from the use of carbonaceous compounds at the negative electrode, nowadays mostly graphite. Lithium ions can reversibly be inserted between the graphene planes up to 1 atom of lithium for 6 atoms of carbon (LiC6) with lithiation/delithiation potential between 0.2 and 0.05 V vs Li + /Li. This voltage is typically not in the electrochemical stability window of the electrolyte, which favours the formation of an SEI layer at the surface of graphite particles during the first cycle irreversibly consuming lithium ions and electrons. The loss in capacity for graphite is of the order of 5-10% and its reversible specific and volumetric capacity are of 372 mAh.g -1 and 720 mAh.cm -3 , respectively [START_REF]Lithium-Ion Batteries[END_REF] . Despite this irreversible loss, the low cost, low working potential vs Li + /Li, good Li and electronic conductivity and relatively low volume change when lithiated (10%) make graphite the most commonly used anode material in commercialized LiBs for decades. The other commercially available materials is Li4Ti5O12 (LTO) with insignificant volume change (<1%) but its high working potential plateau (1.55 V) dedicates its use to power applications of the final battery [START_REF] Armand | Lithium-ion batteries -Current state of the art and anticipated developments[END_REF] .

In order to achieve higher energy density, the need for other materials led researchers to work on alloying materials. With high specific and volumetric capacity (3579 mAh.g -1 and 2194 mAh.cm -3 at RT, respectively [START_REF] Obrovac | Alloy Negative Electrodes for Li-Ion Batteries[END_REF] ) and a low working potential (0.4 V vs Li + /Li), silicon is an interesting candidate for graphite replacement and is widely studied and reviewed in the literature [START_REF] Franco Gonzalez | Silicon Anode Design for Lithium-Ion Batteries: Progress and Perspectives[END_REF][START_REF] Zuo | Silicon based lithium-ion battery anodes: A chronicle perspective review[END_REF][START_REF] Feng | Silicon-Based Anodes for Lithium-Ion Batteries: From Fundamentals to Practical Applications[END_REF][START_REF] Obrovac | Si-alloy negative electrodes for Li-ion batteries[END_REF][START_REF] Chae | Confronting Issues of the Practical Implementation of Si Anode in High-Energy Lithium-Ion Batteries[END_REF][START_REF] Ren | Si anode for next-generation lithium-ion battery[END_REF][START_REF] Li | Silicon Anodes for High-Performance Storage Devices: Structural Design, Material Compounding, Advances in Electrolytes and Binders[END_REF] . The principal flaw of silicon that prevents it to be used in commercialised LiBs, is its large volume change of 280% when the Li15Si4 phase is reached [START_REF] Obrovac | Reversible Cycling of Crystalline Silicon Powder[END_REF] . This expansion leads to both mechanical and chemical degradation with pulverisation of the particles, loss of electronic contact between the particles and delamination of the electrode. All these effects lead to exposed surfaces where the reduction of the electrolyte takes place resulting in a continuous SEI formation and rapid capacity fade [START_REF] Wu | Designing nanostructured Si anodes for high energy lithium ion batteries[END_REF] . To tackle the volume change issues various strategies are considered. For instance, pulverisation of the particles can be avoided by using nano-sized particles; however the resulting large surface area leads to an important amount of SEI created during the first cycle hence very low 1 st cycle coulombic efficiency (CE) [START_REF] Mcdowell | In Situ TEM of Two-Phase Lithiation of Amorphous Silicon Nanospheres[END_REF] . The use of graphite and nano-Si (or SiOx) in blends and composites with micro-sized particles seem to be the best compromises to achieve good volumetric capacity and good cyclability [START_REF] Dou | Silicon/Carbon Composite Anode Materials for Lithium-Ion Batteries[END_REF][START_REF] Karulkar | Silicon Composite Anodes: Half and Full Cell Studies[END_REF][START_REF] Yamada | Silicon-Based Negative Electrode for High-Capacity Lithium-Ion Batteries: "SiO"-Carbon Composite[END_REF] . The small size of the Si particles allows mechanical stability [START_REF] Liu | Size-Dependent Fracture of Silicon Nanoparticles During Lithiation[END_REF] while the composite structure ensures Li and electron transport and maintains efficient Li diffusion paths [START_REF] Chae | Confronting Issues of the Practical Implementation of Si Anode in High-Energy Lithium-Ion Batteries[END_REF] . Other alloy materials are of interest such as Sn and Ge but seem to be less stable mechanically or too expensive [START_REF] Obrovac | Si-alloy negative electrodes for Li-ion batteries[END_REF] . In this regard, Si-C composite material selected in this work with carbon surrounding a bunch of silicon nanoparticles (D50 of 12 µm) is a good compromise between higher energy density than the currently used graphite and acceptable lifespan. The choice of binder in this type of Si-based composite electrode is essential in order to contain the volume expansion and maintain a good contact between the particles and the current collector during lithiation/delithiation cycles [START_REF] Zou | A Review of the Design of Advanced Binders for High-Performance Batteries[END_REF][START_REF] Huang | The progress of novel binder as a non-ignorable part to improve the performance of Si-based anodes for Li-ion batteries[END_REF][START_REF] Komaba | Study on Polymer Binders for High-Capacity SiO Negative Electrode of Li-Ion Batteries[END_REF] . PAA-based binders especially (sodium polyacrylate Na-PAA, lithium polyacrylate Li-PAA, polyacrylic acid PAA), are known to enhance performances of Si-based electrodes. According to some studies, Li-PAA binder forms a uniform layer on the particles and acts as an artificial SEI reducing the amount of lithium consumed to form the SEI and reducing irreversible capacity loss (ICL) [START_REF] Komaba | Comparative Study of Sodium Polyacrylate and Poly(vinylidene fluoride) as Binders for High Capacity Si-Graphite Composite Negative Electrodes in Li-Ion Batteries[END_REF][START_REF] Komaba | Polyacrylate Modifier for Graphite Anode of Lithium-Ion Batteries[END_REF] . The stiffness and spring-like behaviour of the binder combined with its strong hydrogen bonding interaction for Li-PAA or covalent bonding for PAA with the AM particles controlled by the slurry pH is responsible for the performances improvement [START_REF] Porcher | Understanding Polyacrylic Acid and Lithium Polyacrylate Binder Behavior in Silicon Based Electrodes for Li-Ion Batteries[END_REF][START_REF] Magasinski | Toward Efficient Binders for Li-Ion Battery Si-Based Anodes: Polyacrylic Acid[END_REF][START_REF] Xiong | Influence of the Polyacrylic Acid Binder Neutralization Degree on the Initial Electrochemical Behavior of a Silicon/Graphite Electrode[END_REF] .

Moreover, electrolyte additives such as vinylene carbonate (VC) and fluoroethylene carbonate (FEC) are known to create a more stable SEI and enhance cyclability of the batteries [START_REF] Kalhoff | Safer Electrolytes for Lithium-Ion Batteries: State of the Art and Perspectives[END_REF][START_REF] Nguyen | Comparative Study of Fluoroethylene Carbonate and Vinylene Carbonate for Silicon Anodes in Lithium Ion Batteries[END_REF][START_REF] Mogi | Effects of Some Organic Additives on Lithium Deposition in Propylene Carbonate[END_REF] . Those reductive-type additives have higher reduction potentials than the electrolyte solvents. During the first cycle, they are reduced prior to solvent molecules and favour the formation of a thin, insoluble, solid yet flexible layer on the particles, enhancing the performance and safety of the battery. VC reduction leads to polymeric surface species forming more flexible and cohesive surface films [START_REF] Aurbach | On the use of vinylene carbonate (VC) as an additive to electrolyte solutions for Li-ion batteries[END_REF] whereas FEC leads to the creation of LiF nanophases embedded in the polymeric films enhancing Li + conduction [START_REF] Jaumann | Lifetime vs. rate capability: Understanding the role of FEC and VC in high-energy Li-ion batteries with nano-silicon anodes[END_REF] . Deeper analysis of the SEI film formation and nature with those additives will be discussed later in this chapter.

I.1.3.2. Cathode active material

Introduced by Goodenough in 1980 [START_REF] Mizushima | LixCoO2 (0<x<-1): A new cathode material for batteries of high energy density[END_REF] and commercialized in the first LiBs by Sony in 1991, LCO is still currently used in commercialized LiBs. It is a very attractive cathode material, owing to its high theoretical specific capacity of 274 mAh.g -1 , its high theoretical volumetric capacity of 1363 mAh.cm -3 , high mean voltage, and good cycling performance, especially at high C-rate [START_REF] Armand | Lithium-ion batteries -Current state of the art and anticipated developments[END_REF][START_REF] Schipper | Review-Recent Advances and Remaining Challenges for Lithium Ion Battery Cathodes[END_REF] . However, practical utilisation is limited to the exchange of 0.5 mole of Li + due to lattice distortion at higher states of delithiation deteriorating cycling performances [START_REF] Reimers | Electrochemical and In Situ X-Ray Diffraction Studies of Lithium Intercalation in Li x CoO2[END_REF] . In addition, cobalt is a rare and expensive material and LCO based cells suffers from low thermal stability in charged state [START_REF] Olivetti | Lithium-Ion Battery Supply Chain Considerations: Analysis of Potential Bottlenecks in Critical Metals[END_REF]63 . In this regard, many types of metal were investigated with the aim of decreasing Co content in these materials. LiNiO2 (LNO) has a similar theoretical specific capacity and less expensive raw material but suffers from cation mixing with Ni + irreversibly relocating to Li + site and blocking Li + diffusion path [START_REF] Rougier | Optimization of the Composition of the Li1 -z Ni1 + z O 2 Electrode Materials: Structural, Magnetic, and Electrochemical Studies[END_REF] , and has an even worse thermal stability than LCO [START_REF] Dahn | Thermal stability of LixCoO2, LixNiO2 and λ-MnO2 and consequences for the safety of Li-ion cells[END_REF] . LiMnO2 (LMO) offers a cheaper and less toxic solution, but Mn leach out of LMO which leads to surface structure changes and increase of the impedance at the anode side for carbon anodes [START_REF] Tu | Enhanced cycling stability of LiMn2O4 by surface modification with melting impregnation method[END_REF][START_REF] Zheng | Correlation between dissolution behavior and electrochemical cycling performance for LiNi1/3Co1/3Mn1/3O2-based cells[END_REF] . Moreover, with a reversible capacity of 110 mAh.g -1 to ensure safe cycling [START_REF] Zheng | Li-and Mn-Rich Cathode Materials: Challenges to Commercialization[END_REF] , LMO is not an ideal candidate for LCO replacement either. Finally, partial substitution of Ni in LNO by Co [START_REF] Delmas | Electrochemical and physical properties of the LixNi1-yCoyO2 phases[END_REF][START_REF] Ohzuku | Comparative study of LiCoO2, LiNi12Co12O2 and LiNiO2 for 4 volt secondary lithium cells[END_REF][START_REF] Arai | Electrochemical and Thermal Behavior of LiNi1 -z M z O 2 ( M = Co , Mn , Ti )[END_REF][START_REF] Ngala | The synthesis, characterization and electrochemical behavior of the layered LiNi0.4Mn0.4Co0.2O2 compound[END_REF] , Mn [START_REF] Arai | Electrochemical and Thermal Behavior of LiNi1 -z M z O 2 ( M = Co , Mn , Ti )[END_REF][START_REF] Ngala | The synthesis, characterization and electrochemical behavior of the layered LiNi0.4Mn0.4Co0.2O2 compound[END_REF][START_REF] Rossen | Structure and electrochemistry of LixMnyNi1-yO2[END_REF][START_REF] Lu | Layered Cathode Materials Li[END_REF] and/or Al [START_REF] Ohzuku | Synthesis and Characterization of LiAl1 / 4Ni3 / 4 O 2 ( R 3m ) for Lithium-Ion (Shuttlecock) Batteries[END_REF] was found to be an effective way of limiting cation mixing and structural changes at high delithiation states resulting in globally improved cyclability. Ni provides capacity, Co prevents Ni migration into Li sites and enhances the operating voltage and electronic conductivity; Mn or Al are low cost and favour long life cycling and safety though they are electrochemically inactive and reduce achievable capacity [START_REF] Yabuuchi | Novel lithium insertion material of LiCo1/3Ni1/3Mn1/3O2 for advanced lithium-ion batteries[END_REF][START_REF] Kalyani | Various aspects of LiNiO2 chemistry: A review[END_REF][START_REF] Wei | Kinetics Tuning of Li-Ion Diffusion in Layered Li(Ni x Mn y Co z )O 2[END_REF][START_REF] Chen | Aluminum-doped lithium nickel cobalt oxide electrodes for high-power lithium-ion batteries[END_REF] . This eventually resulted in the successful commercialisation of NCA and NMC. The term NMC refers to a broad range of compositions first studied by Liu et al. [START_REF] Liu | Synthesis and characterization of LiNi1-x-yCoxMnyO2 as the cathode materials of secondary lithium batteries[END_REF] followed by several groups [START_REF] Noh | Comparison of the structural and electrochemical properties of layered Li[END_REF][START_REF] Ohzuku | Layered Lithium Insertion Material of LiCo1/3Ni1/3Mn1/3O2 for Lithium-Ion Batteries[END_REF][START_REF] Shizuka | Characterization of Li1+yNixCo1-2xMnxO2 positive active materials for lithium ion batteries[END_REF][START_REF] Lee | Structural and Electrochemical Properties of Layered Li [ Ni1 -2x Co x Mn x[END_REF][START_REF] Li | Synthesis and characterization of LiNi0.6Mn0.4-xCoxO2 as cathode materials for Li-ion batteries[END_REF] with the aim to find the best elemental ratio combining performances and safety as shown in At the anode side, swelling of graphite may lead to the appearance of cracks in the particles, exposing new surface on which reduction of the electrolyte happens. It should be noted that a thicker SEI would slow down lithium insertion in the electrode and would increase the electrode impedance as well as probability of lithium plating [START_REF] Arora | Capacity fade mechanisms and side reactions in lithium-ion batteries[END_REF] . This feature is even more present in the case of Si-based composite anodes because of the great expansion of silicon.

Cracks and delamination may appear at the electrode scale, resulting in electrical resistance increase at some parts [START_REF] Radvanyi | Failure mechanisms of nano-silicon anodes upon cycling: an electrode porosity evolution model[END_REF] . Inhomogeneities in the electrode structure may also accelerate active material loss due to inhomogeneous distribution of current density and lithiation level of the active particles across the electrode.

At the cathode side, the loss of active material can results from structural disordering, or particle cracking leading to an higher electrical resistance [START_REF] Arora | Capacity fade mechanisms and side reactions in lithium-ion batteries[END_REF] . As mentioned before, cation mixing is a common degradation mechanism of NMC especially at high Ni content. In addition, NMC particles see their external part losing Mn and Ni by dissolution of those transition metals (TM) in the electrolyte, not only altering the structure locally but also migrating to the surface of the negative electrode, were they are reduced and included in the SEI [START_REF] Aurbach | Review of selected electrode-solution interactions which determine the performance of Li and Li ion batteries[END_REF] . Moreover, it has recently been proposed that the CEI formation does not only result from electrolyte degradation but also from migration of anodic decomposition products [START_REF] Fang | Anode-originated SEI migration contributes to formation of cathode-electrolyte interphase layer[END_REF] . This means that interfaces formed in systems with LCO or NMC could be different from each other. On the mechanical aspect, NMC with high Ni content tend to present a more important contraction on the c axis than NMC with low Ni content at low lithiation state resulting in higher stress on particles and appearance of cracks and loss of percolation network [START_REF] De Biasi | Between Scylla and Charybdis: Balancing Among Structural Stability and Energy Density of Layered NCM Cathode Materials for Advanced Lithium-Ion Batteries[END_REF] .

Regarding the separator, it can be clogged by SEI accumulation or even by Li plating [START_REF] Profatilova | Impact of Silicon/Graphite Composite Electrode Porosity on the Cycle Life of 18650 Lithium-Ion Cell[END_REF] . Some authors have reported a separator compression due to anode stress with active material swelling with a strong alteration of lithium conductivity.

Eventually, it appears that degradation mechanisms can be sorted in two groups concerning capacity fading of the electrochemical cell:

-Loss of active material at the anode or cathode resulting from the mechanical behaviour of the material, and structural instability in the case of NMC.

-Loss of lithium inventory with lithium being consumed in parasitic reactions such as interphase formation (SEI and CEI) or lithium plating. Lithium can also be trapped in active material.

I.2. Mechanical stresses in Li-ion batteries

As previously mentioned, the mechanical behaviour of active material during cycling is a key parameter with relation to cycle life. Stress in electrode materials can be due either electrochemical processes taking place during (de)lithiation cycles or external mechanical constraints applied during calendering of the electrode [START_REF] Mukhopadhyay | Deformation and stress in electrode materials for Li-ion batteries[END_REF] or imposed by the cell integration.

First comprehension of particle swelling can be achieved by studying the crystallographic volume change of the material but it is also important to consider the mechanical behaviour at electrode and cell level. Various techniques are available to measure the mechanical behaviour (deformation and stresses) at those three scales.

I.2.1. Lithiation/delithiation behaviour of active materials and associated structural changes I.2.1.1. Graphite

The lithiation/delithiation process of graphite has been widely studied for several years using various techniques [START_REF] Asenbauer | The success story of graphite as a lithium-ion anode materialfundamentals, remaining challenges, and recent developments including silicon (oxide) composites[END_REF][START_REF] Dahn | Phase diagram of Li[END_REF][START_REF] Sethuraman | In situ measurement of biaxial modulus of Si anode for Li-ion batteries[END_REF][START_REF] Konar | Intercalation Compounds from LiH and Graphite: Relative Stability of Metastable Stages and Thermodynamic Stability of Dilute Stage Id[END_REF][START_REF] Berhaut | Multiscale Multiphase Lithiation and Delithiation Mechanisms in a Composite Electrode Unraveled by Simultaneous Operando Small-Angle and Wide-Angle X-Ray Scattering[END_REF][START_REF] Levi | The mechanism of lithium intercalation in graphite film electrodes in aprotic media. Part 1. High resolution slow scan rate cyclic voltammetric studies and modeling[END_REF][START_REF] Levi | The mechanism of lithium intercalation in graphite film electrodes in aprotic media. Part 2. Potentiostatic intermittent titration and in situ XRD studies of the solid-state ionic diffusion[END_REF][START_REF] Kim | Intercalation Mechanism of Lithium Ions into Graphite Layers Studied by Nuclear Magnetic Resonance and Impedance Experiments[END_REF][START_REF] Billaud | Revisited structures of dense and dilute stage II lithium-graphite intercalation compounds[END_REF][100][101][102] . Generally, an electrochemical technique (galvanostatic cycling or cyclic voltammetry for example) allows visualization of phase transitions and is coupled with in situ techniques such as X-ray diffraction (XRD), neutron diffraction or Raman spectroscopy for complementary information.

Graphite is made of graphene layers stacked in an ABABAB sequence. Graphene planes are linked by rather weak Van der Waals forces allowing intercalation of Li ions in the interlayer plane. It is admitted that Li + intercalation in graphite happens in stages, called "stage x", with x being the number of graphene planes between two intercalated lithiums. However, as several LixC6 phase can coexist simultaneously, only stages 2 and stage 1 stoichiometry are known precisely. It is generally supposed that graphite lithiation starts around 0.2 V vs Li + /Li with the dilute stage 1L (Li≈0.083C6), followed by stage 4 (Li≈0.167C6), stage 3 As Li + ions are inserted, the average space between graphene layers gradually increases from 3.35 Å up to 3.70 Å for LiC6 104 . However, the average layer space rise is not linear as no new inter-layer space is open during the transition from phase 2L to phase 2 [START_REF] Dahn | Phase diagram of Li[END_REF] .

Ultimately, graphite expansion is of 10.4% with two linear regions at low and high lithiation state and a plateau for 0.25 < x < 0.5 in LixC6 as shown in Figure I-7.

I.2.1.2. Silicon

Unlike graphite, silicon is an alloying-type material. During lithiation, various LixSi alloys will form until the Li15Si4 phase at potential lower than 0.05 V and corresponding to the maximum reachable specific capacity of 3579 mAh.g -1 at room temperature. In such state of lithiation (SOL), each Si atom is isolated and the initial structure of silicon is strongly disturbed (Figure I-8), with an expansion of 280% for either amorphous or crystalline Si. to illustrate the corresponding phenomena. During the first lithiation, the SEI is formed at a potential higher than 0.6 V, followed by a plateau at 0.1 V corresponding to a two-phase transition cr-Si/LixSi. When reaching voltages below 0.05 V in lithiation, the crystalline Li15Si4 phase is formed. In this case, the following delithiation presents a plateau at 0.45 V corresponding to a two-phase transition (cr-Li15Si4/a-Li2Si) 106,107 resulting in fully amorphous silicon particles. In the next cycles, the lithiation mechanism is always a single-phase type whereas the delithiation profile will depend on whether the cr-Li15Si4 phase is formed: if the crystalline phase is reached, the following delithiation will show a plateau at 0.45 V; if not, a solid solution mechanism will take place with two pseudo-plateaus corresponding to intermediates LixSi phases. This crystalline-to-amorphous phase transition hinders the use of conventional characterisation methods such as diffraction to study exact composition of the LixSi formed alloys but several in situ or ex situ studies using Nuclear Magnetic Resonance (NMR), Transmission Electron Microscopy (TEM), Auger Electron Spectroscopy (AES) can be found in the literature [108][109][110][111][112][113][114][115] . In 2014, Radvanyi et al. proposed the de-/lithiation mechanism of nano-Si particles presented in Figure I-10 determined by AES. As expected, the first lithiation starts with the SEI formation followed by the appearance of a Li-rich shell composed of a-Li3.1Si surrounding a pure silicon core (core-shell model). As lithiation state rises, the thickness of this external layer increases. If lithiation stops before reaching a complete lithiation of the particle, de-/lithiation of the shell via single-phase transition will take place during the next cycles while the core of pure silicon will remain unchanged. When lithiation capacity increases during the next cycles, a growth of the Li3.1Si phase appears until total amorphization of the silicon particle. Finally, if the crystalline phase Li15Si4 is formed during the first lithiation, i.e., completed lithiation of the particle is reached, the solution-solid phase transition cr-Li15Si4/a-Li2Si proposed by Obrovac et al. will take place for the next cycles. The volume change was followed for amorphous Si by in situ atomic force spectroscopy (AFM) 116,117 and visualised for an isolated particle by Transmission Electron Microscopy (TEM) [START_REF] Liu | Size-Dependent Fracture of Silicon Nanoparticles During Lithiation[END_REF] . Figure I-11a shows an experimental colossal volume change of 300% for the first lithiation which is in accordance with theoretical calculations. It appears this expansion is not fully reversible fort the first cycle. However, a reversible and linear swelling of 280% takes place for the next cycles. 

Lithium insertion

I.2.1.3. Cathode materials

LCO reversible intercalation was first brought to light by Goodenough et al. in 1980 59 involving the redox couple Co 4+ /Co 3+ . The typical potential profile plotted in Figure I-12a shows a succession of phase transitions with two-phase and single-phase regions. The related derivative curve (Figure I-12b) exhibit three peaks: one larger at 3.93 V and two smaller at 4.07 V and 4.19 V corresponding to three distinct LixCoO2 phases 118 . The charge/discharge discrepancy comes from the polarised signal due to internal resistance of the cell and finite current [START_REF] Reimers | Electrochemical and In Situ X-Ray Diffraction Studies of Lithium Intercalation in Li x CoO2[END_REF] . Reimers et al. then studied the structure changes of LCO by in situ X-ray diffraction (XRD) [START_REF] Reimers | Electrochemical and In Situ X-Ray Diffraction Studies of Lithium Intercalation in Li x CoO2[END_REF] . They found that the phase transition at high potential couples with an unusual lattice distortion explains the rapid performances fading of LCO when cycled beyond 4.2 V vs Li + /Li, i.e., for x<0. 5 (Figure I-12d). They also deduced the volume change of the unit cell of LCO structure (Figure I-12c). A linear increase is observed as a consequence of the increased electrostatic repulsion between oxygen planes resulting from lithium extraction 119 . The monoclinic distortion is clearly visible for x>0.5 but since reaching this delithiation state is deleterious for performances, LCO commercial cells are usually not cycled beyond 4.2 V.

When cycled in such limited conditions, the reversible capacity of LCO is 135 mAh.g -1 and the unit cell volume change of +1.5%. 

I.2.2. Composite electrode stress measurement

The major structural changes related to (de)insertion of Li ions in host structures are lattice parameter variation or formation of new phases leading to volume and/or morphology changes. Such variations will be constrained by neighbouring particles, by the current collector or by the space constraint/geometry of the cell. These constraining effects are the main source of stresses for composite electrodes and are enhanced by Li-concentration gradients in the electrode [START_REF] Mukhopadhyay | Deformation and stress in electrode materials for Li-ion batteries[END_REF] .

Direct estimation of the stress magnitude is possible by curvature-based measurements but several other techniques can be used to obtain complementary information on structural and dimensional changes, integrity of the electrode at micro and nano-scale 125 .

As mentioned before, in situ XRD 126,127 , NMR 109,110,128 , AES 129 but also X-ray absorption spectroscopy (XAS) 130 , Mössbauer spectroscopy 131 and Raman spectroscopy [132][133][134] allow monitoring of the changes in the structure, phase and lattice dimensions of electrode materials taking place during electrochemical lithiation/delithiation, which in turn provides insights into the strains/stresses. Similarly, in situ transmission electron microscopy (TEM) gives direct observation of chemical, morphological, structural and phase changes [START_REF] Mcdowell | In Situ TEM of Two-Phase Lithiation of Amorphous Silicon Nanospheres[END_REF]112,113,115 .

Curvature measurement method (CMM) consists of the optical observation of an inactive and stiff substrate curvature change. Stress development in a thin film electrode deposited on the substrate can be monitored by laser beam position detector (LBPD) or multiple optical stress sensor (MOSS) during lithiation/delithiation. This technique was used to study both silicon and graphite negative electrodes. The electrode lithiation leads to the observation of a compressive stress parallel to the substrate/current collector on the order of ≈ -1.5 GPa for amorphous silicon [START_REF] Sethuraman | In situ measurement of biaxial modulus of Si anode for Li-ion batteries[END_REF]135 and ≈ -0.25 GPa for graphite 136 Electrode stress is obviously due to Li-concentration in active material but was demonstrated to also be dependent of the current rate [START_REF] Sethuraman | In situ measurement of biaxial modulus of Si anode for Li-ion batteries[END_REF]135,137,138 and the grain morphology in graphite 139 . Beyond the elastic stresses, a-Si sometimes shows plastic deformation at room temperature and C-rate typically used in LiBs 140 . MOSS technique allowed then to show that irreversible compressive stress appearing during the first cycle were associated with the electrochemical deposition of the SEI for both graphite and silicon electrodes [141][142][143] . On the other hand, a tensile strain is measured in the SEI due to active material expansion 144 . Another MOSS study on the comparison of Si and "reinforced Si" with SiC phase evidenced that the latter acts as stress sinker and significantly improved the resistance toward crack initiation and propagation, and diminished the stress magnitude during lithiation/delithiation cycles 145 .

Regarding cathodes materials, it has been shown that both compressive and tensile stress are generated during electrochemical cycling for both NMC 146 and LCO 147 . Compressive stresses appear during active material expansion (i.e., delithiation for LCO and lithiation for NMC) and tensile stresses during active material contraction (i.e., lithiation for LCO and delithiation for NMC) both related to crystallographic unit cell volume changes.

Interestingly, some studies underline that the swelling of the electrode PVDF binder due to electrolyte absorption results in a compressive stress of 1-2 MPa after 2 hours in graphite electrode 138 and ≈1 MPa after 60 min in NMC electrode 146 prior to any electrochemical cycling. They stated that the stress resulting from solvent absorption depends on the electrode constitution, binder material, porosity, etc.; however, the type and nature of the active material do not appear to significantly influence this stress. Stress generation due to binder swelling in composite electrode could play a role in pressure that arise between the jellyroll and the casing (for rigid metallic housing) during the cell assembly.

Other in situ techniques were developed for electrode stress measurements. Digital image correlation (DIC) is also an optical technique used in various field to measure deformation. Qi and Harris used this technique to investigate the microstructural strain in graphite 148 anode but the variable young modulus of active material during (de)lithiation prevents DIC technique to directly measure the electrode stress. 144,149 . They observed a large inplane tensile strain in the SEI due to active material expansion and attributed extra capacity losses during lithiation to SEI break/repair. Logically, higher strain leads to higher capacity loss in lithiation but almost no extra capacity loss in delithiation. Dilatometry 126,128,[150][151][152][153] can aid observing dimension changes of composite electrode during electrochemical cycling while in situ nanoindentation 145 helps evaluating the evolution of mechanical properties. Acoustic emission was used for cracking detection during electrode delithiation 154 .

Finally, micro computed tomography (m-CT) allows quantification of microstructural changes of active materials occurring during (de)lithiation and accurate calculation of porosity and tortuosity as a function of the state of lithiation for graphite [155][156][157] and Si-based electrodes [158][159][160][161][162][163][164] . Those studies confirmed the transversal expansion of active materials and highlight the appearance of cracking in the lateral plan of the electrode that is responsible for electrode delamination and battery performance degradation. Indeed, dimensional change in the z direction, i.e., perpendicular to the substrate, is significantly larger than the one in in- To conclude, various techniques are available to evaluate structural and dimensional changes and associated strains and stresses of an electrode at micro and nano-scale but all these techniques require specifically processed electrodes and/or the use of specific cells.

When implemented in a full cell configuration with standard design, interaction between anode, cathode, separator, current collectors, electrolyte and casing will take place. The order of magnitude of the measured stresses at the electrode scale will contribute to stresses at the cell scale 146 and external mechanical constraints (external pressure applied on pouch cells, casing rigidity for metallic housing) will impact stresses at the electrode scale 125 . The following section provide further information on strain/stress/pressure measurement in classical cell format. the diameter of the cell irreversibly increases slightly but the slope remains very similar with the same three areas. After the 7 th check-up, the battery suffers a sudden capacity loss associated to a significant increase in diameter. This degradation is even more pronounced for the last check-up with a very different slope. The irreversible increase in diameter was attributed to SEI growth for the first cycles and the sudden diameter increase to deformation of the jellyroll inside the casing due to high internal pressure. Another study from Wu et al. 168 showed that an inhomogeneous strain distribution can be found along the case diameter with even more negative values. Positive values indicate a tensile stress in the steel case as a result of the jelly roll expansion whereas negative values correspond to compressive stress of the jellyroll. They attributed the latter to the free space between the jellyroll and the casing. At this location shown in Figure I-18, the jellyroll does not interact with the steel case meaning no pressure is applied on the housing and no hoop strain is occurring. In the meantime, other regions of the steel case are deformed and induce the hoop compression stress in the untouched region. This effect is enhanced by the presence of a tab. However, no edge effect is observed in the vertical axis of the cell. Considering those observations, it appears necessary to correlate external measurement to internal visualisation of the jellyroll. This is possible by using X-ray computed tomography 170,171 (CT). Several studies can be found in the literature and most of them use tomography to visualise the jellyroll without opening the cell. In those studies, large scans are performed and the full cell is visible. It was found that in cylindrical cells without mandrel, the jellyroll deforms in the centre part of the cell to release high pressure due to anode irreversible expansion after ageing as shown in Figure I-19 165,166,[172][173][174][175] . This deformation accelerates the ageing process because of the appearance of isolated particles and delamination of the electrode from the current collector (Figure I-19c). Moreover, this deformation gets stronger with high C-rate because of radial temperature gradient resulting in thermo-mechanical stress 173,176 . Some studies coupling CT and post-mortem analysis of the electrodes pointed out that the centre part of the jellyroll is less solicited during electrochemical cycling with higher activity in the inner (close to centre) and outer (close to housing) part of the electrode 177 . The outer part is the most impacted due to free space between the jellyroll and the casing. This leads to an increased electrode thickness 165 due to higher porosity, particle-particle distance 177 and higher cracks appearance in those electrode areas. This inhomogeneous ageing is triggered by differences in local compression due to cell design (number and position of tabs, pin centre) and can start a chain reaction leading to rapid capacity fade 178 . It should be noted that in situ thickness measurement is possible 179 but the relative small size of an electrode compared to the large dimension of the cell and the high absorption of the steel case make this a challenging measurement. Grey levels of the various components are close and applying a grey-scale threshold often results in an inaccurate segmentation so other techniques need to be developed. CT was also used to visualise the appearance and evolution of gas pocket between the electrode layers and to track the evolution of internal structural damage during thermal runaway 180 .

I.2.3. Li-ion cell

Regarding prismatic cell, their geometry allows the use of high contact precision sensor such as linear variable differential transformer (LVDT) device to measure the cell expansion.

For example, Barker et al. measured an expansion of 1.6% in charged state for LCO/graphite cell whereas almost no expansion for LMO/graphite cell 181 . This difference is due to lattice contraction of LMO compared to lattice expansion for LCO. Similarly, an expansion of 1.5% was observed by Oh et al. when charging an NMC/graphite cell from 0 to 100% SOC 182 .The contraction in discharge strongly depends on the C-rate with a large residual swelling at the end of discharge for high current. They linked this residual swelling to both mechanical and thermal expansion 183 due to high current that are relaxed at the end of discharge. In another study, Müller et al. measured a total swelling in charged state of around 8.7% for NMC/Si-C cell. This higher value is due to silicon at the anode with a specific capacity of 560 mAh.g -1 .

They used X-ray CT to highlight the inhomogeneous stress distribution in the jellyroll compared to a stacked cell with great stress into the wounded region 184 It should be noted that monitoring of mechanical changes is often correlated to simulation in order to confirm the influence of various parameters 168,[185][186][187] . For example, it was demonstrated that pin centre in cylindrical cells could prevent deformation in the hollow of the jellyroll and increase resistance of the cell to abnormal conditions 185 or that the tab design has an effect on the temperature distribution inside the jellyroll because of current distribution 186 .

I.2.3.2. Cells with soft housing: pouch design

The soft packing of pouch cell allows direct measurement of the cell thickness or pressure change with pressure sensors, thickness gauge or load cell. Several groups designed their own set-up measurement and two types can be found: constant thickness or pressure.

First, the cell can be fastened between two metallic plates fixed with screws in order to volumetrically constraint the cell. A force distributing plate is added to ensure homogeneous distribution of the pressure and a pressure sensor is placed in between the two plates. Any change in thickness of the pouch cell will result in a pressure that is recorded by the sensor. Berckmans et al. 188 ; b) schematic representation and the operando pressure measurement apparatus used by Louli et al. 14,103 . This type of set-up is widely used in literature and studies can be found for all type of active materials [START_REF] Louli | Operando Pressure Measurements Reveal Solid Electrolyte Interphase Growth to Rank Li-Ion Cell Performance[END_REF]103,184,[188][189][190][191][192][193][194][195][196][197][198] . Generally, an increase of pressure is observed during charge and decrease during discharge due to (de)lithiation of AM. The magnitude of the pressure change depends on the anode AM and the cathode AM in a lesser extent: cells with graphite at the negative electrode will have lower pressure increase than cells with Si-based anode due to smaller crystallographic expansion (10% for graphite vs 280% for silicon). This behaviour was also observed using DIC 199 . For Si-based anode, an interesting nonlinear and asymmetric behaviour is observed in the pressure measurement (Figure I-22) 103,188,191 . A linear increase in pressure is visible during charge with a plateau at mid height whereas a large plateau is visible at the beginning of discharge followed by a rapid pressure drop. Louli et al. demonstrated that this behaviour comes from the hysteresis in silicon lithiation added to a specific active material volume expansion/contraction by comparing calculated and experimental swellings. In charge, silicon and graphite are lithiated simultaneously and the plateau referenced "i)" corresponds to graphite 2L-2 phase transition. During this phase transition, graphite does not expand slowing the overall expansion of the cell. Then, graphite is delithiated first, explaining the large plateau in the first half of discharge. Silicon delithiation during the second part of discharge is responsible for the rapid overall volume contraction. It should be noted that graphite also exhibits a hysteresis in thickness change between charge and discharge but of a lesser magnitude 200 . In addition, in Louli's example, NCA contraction flatten the pouch cell swelling curve at high SOC but different swelling profiles could be expected with other cathode materials, such as LCO, that undergo a lattice expansion during charge. Moreover, increased Si content leads to similar profile but with a higher expansion magnitude 196 . Many studies using this fixed compression type set-up focused on the effect of applying pressure on the pouch cell performances and cycle life. They conclude that applying a small pressure (<0.5 MPa) is beneficial for the cell capacity and cycle life as it ensures particleparticle connexion during delithiation and prevents layer delamination 177,[189][190][191]198 . Müller et al. even showed that the negative influence of too high anode porosity can be partially compensated by applying higher external pressure 184 . However, applying too much pressure is detrimental as it accelerates a mechanical degradation of the separator and a chemical degradation of the electrode 189,190 . On the other hand, applying no pressure leads to worse performances compared to all pressure applied 184 due to electrode layers deformation as observed by X-ray CT 201,202 and electrode delamination. This irreversible swelling was found to be enhanced by electrode calendering due to possible particle damages 184 . The relaxation happening during the first cycles was explained by De Sutter et al. 191 . Basically, considering the simple Maxwell model of viscoelasticity, when an external pressure is applied to a system, an initial stress occurs which relaxes within a given time. In Li-ion cells, the viscoelastic properties of polymer-based separator and binder play a role in the initial stress relaxation. Moreover, during silicon lithiation, Si-Li weak bond emerges among the Si-Si stronger covalent bond and creates flow defects where plastic deformation is localised. This plastic deformation, which occurs more easily at high SOL and during delithiation, alleviates some of the accumulated pressure in the cell. At the start of discharge, the pressure relief added to electrode delithiation results in a pressure decrease, which is more important than the irreversible expansion phenomenon. Thus, mechanical relaxation results from both viscoelastic nature of polymer separator and binder material, and to a greater extend, pressure relief induced by plastic deformation of Si. Increasing external pressure inhibits the plastic deformation of the anode by confining the flow defects in Si 203 resulting in a faster and smaller relaxation. This behaviour is specific to Si-based anode, as applying external pressure on graphite anode will results in larger relaxation both in time and in magnitude 190 . This kind of mechanical relaxation is also observed in hard casing type cell as the large expansion of the jellyroll during the first cycle creates an initial stress 184 . In a first study 194 , they investigated the effect of applying external pressure up to 0.84 MPa on an NMC622/graphite cell. They observed an increase of the ionic pore resistance due to a decrease of the pore volume for both electrodes and separator, coupled with an improved electrical contact resistance but an increased charge transfer resistance compared to uncompressed cells. Besides, the ionic electrolyte resistance in the separator is reduced.

More

All these variations are summarised in Figure I-25. The reduced ion mobility resulted in lower discharge capacity when cycled at current higher than 0.8C, with a capacity loss of around 7.3% at 1C and under 0.84 MPa. Contrariwise, the cells compression improves capacity loss by 2% when cycled at C/2. In a second paper 177 , performances and total swelling of NMC811/Si-C cells cycled under low (0.08 MPa), middle (0.42MPa) and high (0.84MPa) at fixed compression and volume are compared (Figure I-26). The positive influence of external pressure is visible for both conditions. However, cells under flexible compression perform better at middle compression whereas cells under fixed compression perform best under low external pressure. For flexibly compressed cell, the higher the external pressure, the smaller the total swelling after 100 cycles. They concluded that a flexible compression even at high pressure enhances performances by keeping good electrical contact between the particles during delithiation. The slightly lower capacity for high compression was explained by enhanced passivation of the electrode. By contrast, cells cycled under fixed compression show inhomogeneous pressure distribution correlated to separator pore closure and inhomogeneous occupancy of the anode.

It should be noted that both types of compression enhance results reproducibility. 

I.2.3.3. Porosity and stress evolution during lithiation from modelling studies

Simulation is a powerful tool to study the influence of several parameters on the capacity fade of electrochemical cells. It allows the investigation of various technological parameters on the generated stresses and on the performances of the cell in order to optimise electrode design. In particular, it has been used to link AM volume change, to accessible capacity for graphite [204][205][206][207] , silicon [207][208][209] and Si-C or Si-G 210-212 electrodes. Various parameters such as the AM ratio, porosity, electrode thickness, tortuosity can be changed as initial values and their variations calculated during lithium insertion at different C-rates.

For example, Heubner et al. showed that porosity reduction during AM expansion results in mechanical stresses and limitations of the rate capacity 211 . They suggested that porosity reduction during charge induced a decrease of Li concentration in the trapped electrolyte, affecting the Li transport and creating a diffusion across the electrode. In this regard, the initial porosity should be high enough to allow sufficient remaining porosity in the fully charged state to ensure good Li transport properties. They highlighted that the initial required porosity increases with increasing silicon amount in the Si-graphite blend and concluded that increasing porosity and decreasing thickness of the electrode reduce mechanical stress and increase rate capability. In another paper, Pereira et al. found that an appropriate balance of initial anode porosity and silicon percentage in the anode active material could lead to anodes with ∼59% more capacity than traditional graphite anodes 212 . In this simulation, they represented a pouch cell with foam packaging, Si-C anode and NMC cathode.

With a chosen pressure limitation of 250 kPa that represents a limitation pressure in EV pack design and a minimum reachable porosity of 25%, they found out that the optimal Si content is 5%. The corresponding component strain is plotted in Figure I-27. As the cell charges, the anode expands and compresses all the other internal components. The most important compression is visible for the cathode caused by anode expansion. The foam packaging compresses to accommodate the cell expansion, so the cathode and separator contraction does not directly compensate anode expansion. In addition, Wang et al. studied the developed stresses during lithiation for monolayer and bilayer anodes containing Si-C as active material 210 . For both electrode design, lithiation of the Si-C material induces a compressive stress in the electrode and a tensile stress in the current collector. Moreover, a decrease of electrode thickness will result in the appearance of more stress in the electrode but less stress in the current collector. Si content decrease and/or porosity increase will reduce stresses in both the electrode and the current collector. To enhance mechanical stability of the electrode-current collector interface the authors suggest that the porosity should be increased, electrode thickness and Si content reduced as much as possible, on the condition that electrochemical performances are satisfied. Similarly, Suthar et al. showed that thinner graphite electrode with less porosity leads to higher magnitude of stress and generates larger variation in current density across anode thickness compared to thicker more porous electrodes. Finally, it appears that the optimal parameters for high mass fractions of Si will depend on the target application: high-energy application needs anodes with large thickness and low porosity and high-power application anode needs to be thin and have larger porosity 211 .

I.2.4. Conclusion

(De)alloying of Li ions in silicon host structures leads to major structural and dimensional changes. In a more limited way, it is also true for all anode and cathode active materials. Such volume changes will be constrained by neighbouring particles and current collector and result in an in-plane stress in the electrode and a vertical thickness change. When implemented in a cell, interactions between anode, cathode, and separator will take place. The cell design will contribute also significantly. For all types of cells, an expansion is observed during charge and contraction during discharge. This reversible swelling is related to anode AM expansion/contraction during lithium insertion/extraction and is more pronounced for cells containing Si-based anode than graphite-based anode. It allows distinguishing which material is lithiated at a given SOC for a composite electrode. During extended cycling an irreversible pressure growth is observed due to continuous SEI formation and particle rearrangement, causing irreversible electrode thickness increase. This behaviour is detected on all types of cell design and chemistry. Moreover, external compression appears to be a key parameter in order to reach good and reproducible performances. Two compression modes can be found: "fixed thickness" where the expansion of the jellyroll or the stack of electrodes is volumetrically constrained, and "fixed pressure" where a constant pressure is applied and the jellyroll has the possibility to expand. The first mode corresponds to cells with hard casing (cylindrical and prismatic cells) and pouch cell placed between fixed plates; the second mode corresponds to pouch cell placed under constant pressure, usually realised with springs or foam. In a constant thickness mode, the initial stress created by jellyroll during the first cycle and/or initial load is relaxed during a few cycles before. This feature can be suppressed by applying an initial pressure for Si-based anodes. The main drawback of fixed thickness mode resides in the inhomogeneous pressure distribution appearing during extended cycling. This induces the jellyroll or electrode stack deformation, leading to electrode decohesion and rapid capacity fade. This detrimental behaviour can be reduced by the use of a centre pin for cylindrical cell or applying an external pressure for prismatic and constrained pouch cell. In constant pressure mode, it was shown that applying external pressure is beneficial: it favours cell performances and cycle life as it allows good electrical connexion between the particles and toward the current collector during discharge.

I.3. Interfaces in li-ion batteries

Carbonate-based electrolytes commonly used in LiBs can be thermodynamically unstable at the working potential of both electrodes 213 as represented in Figure I-28. They are reduced at potentials lower than ≈ 1 V vs Li + /Li resulting in the formation of the well-known Solid Electrolyte Interphase (SEI) on negative electrodes with working potential below this critical value such as graphite, lithium, silicon or tin 214 . This passivation film is electronically insulating, conducts the Li + ions and prevents direct contact between the electrolyte and the electrode surface. At the surface of the positive electrodes, carbonate-based electrolytes oxidation was experimentally found to occur in the range of 4.5 -6.5 V vs Li + /Li 215 . Additionally, chemical decomposition of the electrolyte can compete with, or follow the reduction/oxidation reactions, influencing the composition of the deposited layers. The following section will focus first on the SEI, then on the CEI and finally on the CEI-SEI relationship. 

. SEI composition and structure

It is generally accepted that the SEI has a double layer structure, with an inner dense and inorganic part, and an outer organic, porous, and less dense part. However, the exact composition of the SEI is still under discussion as different groups do not observe the same compounds despite similar electrode materials and electrolytes. In 2010, Verma et al. summarised the compounds detected according to the electrochemical system and characterisation technique used (Table I -2). It is also widely accepted that fluorophosphate species such as LixPFz or LixPOyFz can be found in the SEI 216,217 . ToF-SIMS or NMR analysis). Also, the electrode can be rinsed with an organic solvent (e.g., DMC, DEC, EMC) before analysis to remove any residual traces of Li salt or non-volatile solvent but it is sometimes preferred to skip this step to avoid degrading some parts of the SEI 251 . Usually, the protocol is adapted according to the type of analysis that will be carried out and the targeted observation. The recent development of in situ analyses may help to overcome these phenomena 252 . Finally, the analysis conditions can also influence the observed species. For example, highly energetic beam can alter the SEI composition through degradation of the SEI compounds 218,251 .

Nevertheless, various models of the SEI structure have been proposed for graphite and Li2O are found near the electrode surface and form an inorganic and dense part in the SEI.

Despite their inorganic nature Li2CO3 and LiF compounds are more evenly distributed through the SEI thickness 257,258 . The organic products include polyolefins and polycarbonates ROCO2Li

and ROLi (R = -CH3, -CH2-CH3, etc…) and form the organic and porous part of the SEI near the electrolyte. For graphite, the SEI formed on the edge plane is mainly composed of Li and F while the SEI on the basal plane is mainly organic 230 . The SEI formed on silicon anodes is very similar to the one formed on carbonaceous anodes with additional specific species linked to the material such as siloxanes LixSiOy 106 . The major difference between the SEI formed on graphite and on silicon electrodes comes from the necessity of a flexible SEI to accommodate the greater active material volume change.

Especially, FEC is commonly added in the electrolyte in Si-based cells to increase cycle life as this additive is believed to form a LiF-and polycarbonate-rich SEI along with a flexible surface film. The formed SEI is more stable during the expansion/contraction cycles and the Li + conductivity is enhanced [START_REF] Jaumann | Lifetime vs. rate capability: Understanding the role of FEC and VC in high-energy Li-ion batteries with nano-silicon anodes[END_REF] .

I.3.1.2. SEI formation

Various reduction processes involving solvents, salts, additives, and impurities compete with each other at the surface of the negative electrode. However, it is generally accepted that LiPF6 reduction leads to the precipitation of LiF and LixPFy compounds. Alkyl carbonates solvents reduction precipitate with Li ions to form Li2CO3, lithium alkyl carbonates and other organic compounds. While insoluble products such as LiF, Li2O or Li2CO3 remain on the electrode surface, other products resulting from solvent decomposition might diffuse back in the electrolyte 249 .

Several mechanisms such as one-and two-electron reduction or free-radical reactions are proposed for the degradation of alkyl carbonates 214 . Regarding cyclic alkyl carbonates, the proposed reduction usually starts with a ring opening, followed by further electron reduction reactions, lithiation and/or reactions with other radical species. Most reduction processes take place between 2 V and 0.2 V vs Li + /Li with each salt and solvent decomposing at a unique voltage 214,249 . The upper potential value differs between authors however it is usually desired to form the SEI before Li intercalation begins (>0.3 V vs Li + /Li). Although each electrolyte component is reduced at a defined voltage in a reference environment, mixed solvents, various salts, and impurities modify these potentials. When Li +solvent complexes are considered, additives such as VC and FEC are the most likely to be reduced followed by cyclic carbonates (EC) and then linear carbonates (DMC, DEC, EMC) 214 .

Lu et al. studied the morphology, composition and thickness evolution of the SEI formed on a model electrode as a function of lithiation potential with the combination of electrochemical impedance spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS), time of flight secondary-ion mass spectrometry (Tof-SIMS) and scanning electron microscopy (SEM) 258 .

They analysed the layers generated on a Cu electrode with 1M LiPF6 in EC:DMC (1:1) as electrolyte during a galvanostatic discharge up to 0.7 V, 0.5 V, 0.3 V and 0.025 V vs Li + /Li. Because Cu does not insert Li ions, they focused the study on the impact of the voltage on the SEI without any complication resulting from the effects of voltage on Li insertion. The organic species were found to be formed first, at potentials between 0.7 V and 0.5 V vs Li + /Li, the formed SEI had a uniform thickness of 6 to 10 nm and was less conductive. These organic compounds formed the outer layer of the SEI. Additionally, some dispersed nanosized crystallites of LiF were also observed at these potentials as big as the potential decreases.

Lithium carbonates and lithium alkyl carbonates were then formed below 0.5V vs Li + /Li and Li2O was lastly created at potentials below 0.3V vs Li + /Li. The SEI thickness increased up to 15 to 20 nm. The inorganic compounds are more conductive compared to the organic ones, resulting in a lower impedance at this potential, despite the thicker SEI. At 0.3 V vs Li + /Li, the surface became rougher because of the gas formation, which continued at lower potentials.

These results suggested that part of the porous organic layer is converted to Li2O at a potential of 25 mV, releasing a large amount of gas.

Zhang et al. studied the formation of the SEI on graphite by EIS for various Li salts and solvents 261,262 . They observed two voltage regions: above 0.15 V vs Li + /Li and before Li intercalation into graphite, a less conductive SEI is formed; below 0.15 V vs Li + /Li a highly conductive and more compact SEI is formed simultaneously with Li intercalation. Additionally, they observed that VC additive induces a significant higher resistance of the SEI because of the formation of poly(VC).

Philippe et al. studied the first cycle of a nano-Si-based electrode by XPS, soft X-ray photoelectron spectroscopy (SOXPES) and hard X-ray photoelectron spectroscopy (HAXPES) 263 . In this case information on both the SEI formation and Si alloying with Li mechanism were obtained. They observed that the SEI formation starts 0.5 V vs Li+/Li with a composition close to the one observed on carbonaceous electrodes. Then a thickening of the SEI was noticed until the end of the discharge at 0.01 V vs Li + /Li, which is similar to the observations of Lu et al.

Finally, the processes of creating the SEI are fairly well documented. Initially, organic products are created on the surface of the electrode, then as the potential decreases, part of this organic layer (mostly on the surface of the electrode) seems to be converted into byproducts, such as Li2CO3 and finally Li2O. LiF, LixPOyFz type phases can be formed at the very beginning of the lithiation, but also during the course of the lithiation.

I.3.1.3. SEI dynamics

A stable SEI require from one to a few cycles 249,264 to form, depending on the material nature, material surface state, electrolyte, potential cut-offs, etc… However, even once a stable SEI is formed, it remains dynamic.

Numerous works in the literature report a thickening of the SEI upon extended cycling for both graphite and silicon anodes [START_REF] Louli | Operando Pressure Measurements Reveal Solid Electrolyte Interphase Growth to Rank Li-Ion Cell Performance[END_REF]214,217,234,[265][266][267][268][269] . With AM swelling, cracks appear in the SEI, exposing new fresh surface to the electrolyte. A new SEI is then formed in those cracks at each cycle, resulting in a continuous SEI growth. In this regard, it is likely that the electrode impedance could become higher after extended cycling, due to the SEI thickening.

In addition to this continuous growth, a difference in the SEI thickness is observed regarding lithiated and delithiated states. In 2007, Bryngelsson et al. observed 

I.3.2. The cathode-electrolyte interphase (CEI)

In contrast to negative electrodes, most positive electrode materials working potential stands in the stability window of aprotic solvents (Figure I-28) [START_REF] Gauthier | Electrode-Electrolyte Interface in Li-Ion Batteries: Current Understanding and New Insights[END_REF] . However, Thomas et al. suggested for the first time in 1985 the possibility of a film formation at the surface of a Li1-xCoO2 electrode 270 . Other studies followed for various electrodes such as LiMO2 (M=Ni, Mn, Co) or LFP [START_REF] Würsig | Film Formation at Positive Electrodes in Lithium-Ion Batteries[END_REF][START_REF] Aurbach | Review of selected electrode-solution interactions which determine the performance of Li and Li ion batteries[END_REF]257,[271][272][273][274][275][276][277][278] . The same techniques used for SEI characterisation were applied in order to acquire some understanding of the cathode electrolyte interphase (CEI) composition, structure, formation mechanism and evolution upon cycling.

I.3.2.1. CEI composition and structure

Generally, species composing the CEI are similar to salt and solvent decomposition products found in the SEI, including organic species such as semi carbonates ROCO2Li and alkyl carbonates ROLi, and inorganic species such as LiF and Li2CO3. In 2004, Edström et al. proposed a structure for the CEI formed on LiMn2O4 or LiNi0.8Co0.2O2 with organic species near the electrode surface and inorganic species closer to the electrolyte as presented in Figure I-32 273 . They observed that the organic species were similar for both cathodes but varying in quantities and thickness, whereas the inorganic species were more dependent of the AM. Similar compounds are found in the CEI formed on LFP 257 , LCO 276 and NMC 279 materials. It should be noted that the outer part of the CEI reminds the inner part of the SEI while the inner part of the CEI reminds the outer part of the SEI. As for the SEI, the CEI thickness depends on various parameters (electrolyte composition, cathode material and surface condition, etc…) however layers of a maximum of few nanometres (1-4 nm) after formation and thickening upon cycling are usually observed 244,[268][269][270] .

The common use of VC and FEC as additives in silicon-based cells electrolyte also impacts the formed CEI. In 2016, Qian et al. showed that the CEI formed on NMC cathode with FEC is thinner and mostly consists of LiF, and that no electrolyte degradation occurs during cycling 279 . When using VC as additive, the CEI is mainly composed of organic species after consumption of the additive during the first cycling steps.

I.3.2.2. CEI formation mechanisms

The formation and growth mechanisms of this layer are still under debate. For various type of layered oxides, when immersed in an electrolyte (EC, DMC (1:2) with LiPF6), a reduction of the transition metals on the outer part of the particles is observed and is accelerated during electrochemical cycling; simultaneously, a layer is deposited on the surface, based of LiF and surrounded by organic products coming from electrolyte decomposition. The transition metals oxidation states change and the formed layer can partially explain the degradation of such materials during cycling [281][282][283] . The nucleophilic attack of the alkyl carbonates solvents which are strong electrophiles can also lead to ring opening of cyclic carbonates and solvent decomposition, leading to the formation of semi-carbonates and ROLi species 272 . The nucleophilicity of oxygen in the LiMO2 structure depends on the transition metal M: higher nucleophilicity is observed in the following order Mn<Co<Ni, resulting in a greater reactivity of the surface. This results in a higher impedance of the electrode as Finally, the salt decomposition is reported to play an important role in the CEI generation. For example, after a few cycles, when LiPF6 is used as the main salt, an increased impedance 2 to 5 times higher than impedance obtained with LiAsF6 (Figure I-33) is observed, which is probably due to deposition of LiF on the electrodes surface [START_REF] Gauthier | Electrode-Electrolyte Interface in Li-Ion Batteries: Current Understanding and New Insights[END_REF] . This difference is attributed to the formation of HF which can react with Li2CO3 present in the CEI, dissolving part of the SEI and forming a resistive LiF layer. Phosphorus-based compounds resulting from LiPF6 can also be found in the CEI, such as LixPFy or LixPFyOz 243 . The amount of such inorganic species increase upon cycling 278,285 . Moreover, HF also favours TM dissolution in the electrolyte which can migrate and be reduced at the anode surface. The next section will focus on such SEI-CEI crosstalk.

I.3.3. SEI-CEI crosstalk

Though CEI and SEI formation and evolution upon cycling are usually studied as isolated processes, a relationship exists between the two phenomena.

Dissolution of TM from cathode materials is a well-known degradation mechanism of layered oxides cathode materials [START_REF] De Biasi | Between Scylla and Charybdis: Balancing Among Structural Stability and Energy Density of Layered NCM Cathode Materials for Advanced Lithium-Ion Batteries[END_REF][286][287][288] . Once in the electrolyte, the TM migrate to the anode surface, through the SEI layers and get reduced on the graphite/SEI surface. This TM are believed to catalyse reduction of solvent molecules and promote the formation of Li2CO3 and LiF. This results in a significant growth of the SEI upon cycling, mainly composed of inorganic species, and the increased electrode impedance leads to faster capacity fade as schematised in Figure I-34 [START_REF] Joshi | Effects of dissolved transition metals on the electrochemical performance and SEI growth in lithium-ion batteries[END_REF][START_REF] Zheng | Correlation between dissolution behavior and electrochemical cycling performance for LiNi1/3Co1/3Mn1/3O2-based cells[END_REF]289 . In 2016, Nguyen et al. observed that TM are deposited as metal oxides and fluorides at the negative electrode in an NMC532/Si-C cell and that the use of VC and FEC-VC blends as additives reduce the trend of dissolution-deposition 290 . For NMC111 materials, Mn was found to be more likely dissolved in the electrolyte than Ni and Co. Ni was only dissolved at potentials higher than 4.6 V vs Li + /Li [START_REF] Zheng | Correlation between dissolution behavior and electrochemical cycling performance for LiNi1/3Co1/3Mn1/3O2-based cells[END_REF] . For NMC532 materials, almost no Co dissolution could be detected 291 . Al2O3 atomic layer deposition (ALD) coating on the cathode was proven to improve capacity retention as it is believed to be an effective way to impede TM dissolution and reduce the amount of produced CEI [START_REF] Fang | Anode-originated SEI migration contributes to formation of cathode-electrolyte interphase layer[END_REF]193,292 . On another hand, anode originated species can also impact the CEI formation and composition. In 2000, Aurbach et al. mentioned first the possibility of precipitation of reduction products from the anode at the cathode surface [START_REF] Aurbach | Review of selected electrode-solution interactions which determine the performance of Li and Li ion batteries[END_REF] . More recently, Jung et al. observed improved performances for LCO/graphite cells with Al2O3 ALD coatings on both electrodes, when cycling at high voltage where LCO is known to degrade. However, cell performances were improved even when the coating was applied on the graphite electrode only, it was proposed that the surface reactions occurring at the positive and negative electrode are related 293 . Similar phenomena are observed when switching from Li to graphite or LTO [START_REF] Fang | Anode-originated SEI migration contributes to formation of cathode-electrolyte interphase layer[END_REF]281 . In 

I.3.4. Characterisation techniques

The degradation mechanisms at the source of Li-ion cell ageing can be characterised through a large collection of complementary physico-chemical analyses techniques. Other non-destructive electrochemical methods such as incremental capacity analysis (ICA), differential voltage analysis (DVA) or electrochemical impedance spectroscopy (EIS) can be directly performed on the full cell before opening or on the components (anode, cathode, or separator) after the cell disassembly.

A focus is made on the analysis technique applied, this work: X-ray photoelectron spectroscopy (XPS), EIS, Time of Flight Secondary-Ion Mass Spectrometry (Tof-SIMS) and Inductively Coupled Plasma (ICP) mass.

I.3.4.1. X-ray Photoelectron Spectroscopy (XPS)

Table I-3: Summary of XPS peak assignments from a combination of ref 217,218,243,250,268,295 

I.3.4.2. Time of Flight Secondary-Ion Mass Spectrometry (Tof-SIMS)

A Tof-SIMS analysis is based on the collection and analysis of the secondary ions originated from the surface of a sample. A primary ion beam is used to tear off molecular fragments, clusters and positive and negative ions which are separated in a time of flight analyser (mass separation is based on the time necessary for the fragments of different masses to reach the detector). Tof-SIMS is also a surface sensitive technique but sputtering the sample gives access to mass concentration depth profile. it is usually used for thin film and layers characterisation. Its high sensitivity and better lateral resolution compared to XPS were especially used to study TM dissolution and migration (Figure I-37) and it has been proven in the latest years to be a complementary tool to XPS to study the SEI 230,296,297 . ICP is used in post mortem analysis to determine the elemental composition of electrodes. A plasma is used to excite ions and atoms in the sample and the resulting emitted electromagnetic radiation are observed. Since the wavelengths of this radiation are characteristic of each element, a ratio between the elements present in the sample is obtained.

For ICP measurement, the sample is fully dissolved in a solution before measurement, meaning that it is a bulk-sensitive analysis. In post mortem analysis of LiBs, ICP has been used to evidence migration of TM on the anode or to support observation of SEI growth 298,299 .

I.3.4.4. Electrochemical Impedance Spectroscopy (EIS)

EIS analysis is used to study the interphases resistance evolution and consists of sending a sinusoidal excitation and measuring the response of a system; if the excitation is a sinusoidal current, the response will be a sinusoidal voltage with a different amplitude and shift in phase. Resistance, capacitance, and inductance can be measured from this response at various frequencies. It can be performed either on the full cell or on half cells reassembled from electrodes harvested in full cell configuration during a post-mortem study. At low frequencies (10 mHz -10 Hz), slow transport processes are observed, typically lithium diffusion; in the middle-frequency range (10 Hz -10 kHz) charge transfer reactions can be observed; at higher frequencies (10 kHz -100 kHz) fast Li transport through the interphases is measured. Circuit models are generally used to understand the electrochemical system and extract desired resistances. An equivalent circuit model of an electrode in a half cell configuration and the associated Nyquist diagram are plotted in Figure I-38. Rb is the bulk resistance of the cell coming from ionic resistance of the electrolyte and the separator and can also be impacted by the set-up used for EIS measurement (electronic resistance of the wire, cell holder, connexion to the test bench, etc…). RSEI is the resistance of the interfacial layer located at the surface of the electrode; RCT is the charge transfer resistance; and W is a Warburg diffusion element corresponding to the diffusion of Li ion in the material or in the electrode porosity 300,301 . 

I.3.5. Conclusion

Since LiBs development, numerous research focused on the interfaces as they plays a major role on the capacity retention, power performance and safety. The composition of the SEI is well documented. For graphite electrodes, it consists of an inorganic compact layer near the electrode surface and an organic porous layer near the electrolyte. Similar SEI compositions and structures are found on Si-based electrodes with additional species such as siloxanes related to the active material. Those products result from salt and solvent reduction at the electrode surface during the first cycles. The CEI composition is close to the SEI, with salt and solvent decomposition products. It is proposed that the inorganic part is influenced by the AM and the organic part by the surface oxygen nucleophilicity. Both electrodes' interphases grow upon cycling generally leading to a decreased capacity of the cell.

While both interfaces are usually studied as isolated processes, recent studies highlighted a relation between the SEI and CEI. TM dissolution in the electrolyte, migration and reduction at the anode surface were found to promote SEI production upon cycling and lead to accelerated capacity fade. Also, dissolved reduction products from the anode are believed to take part in the CEI composition. This SEI-CEI crosstalk will undeniably influence the degradation mechanisms taking place at both electrodes and should be considered when studying cells performances and cycle life.

Various characterisation techniques are used to observe SEI and CEI formation and evolution. In particular, XPS allows characterisation of the interphase's composition and evolution upon cycling. Tof-SIMS and ICP are complementary techniques to detect TM migration. Finally, the non-destructive EIS is commonly used to access interphase resistance.

I.4. Outline of the subject

Nowadays, increasing the energy density and cycle life is one of the main targets of R&D in the LiBs field. In this regard, silicon and NMC materials with high Ni content are developed as new negative and positive electrode materials, respectively, because of their superior capacities compared to the commonly used graphite and LCO. Management of silicon expansion during its lithiation (+280%) is challenging both for stability of the SEI and the cell integration. While silicon SEI stabilisation has gathered the community, the study of mechanical stresses is more limited. Additionally, interphases formed at the surface of the electrodes during the first cycle (SEI and CEI) play an essential role in the operation and ageing of the cell. Recent studies showed the occurrence of a SEI-CEI crosstalk influenced by the nature of the positive electrode.

In this work a high-performance Si-based anode is studied. The second chapter present its electrochemical and mechanical behaviour. The expansion/contraction of such anode during a post-formation cycle is modelled and compared to experimental swelling. In the third chapter, the swelling of bi-layer pouch cells is measured using an in-house compression test bench applying a regulated pressure and recording thickness evolution. Initial anode porosity, cell balancing, and pressure applied on the cell are studied and the developed model used to extract anode porosity variation. A second cell format is studied in the fourth chapter with a "fixed thickness" mode as the casing is a steel cylinder (18650) with a pin centre. Anode, cathode and separator thickness evolution inside this hard casing is captured by in situ X-ray micro Computed Tomography (m-CT). Finally, the relation between the two interphases or CEI-SEI crosstalk is finally studied in the fifth chapter. The cycling and swelling behaviour of full cells composed of NMC622, NMC811 or LCO and the same Si-based negative electrode was investigated upon several cycles. The approach consists in a post-mortem study after formation and after cycling using XPS to characterize the surface of the electrodes (SEI and CEI), Time of Flight Secondary-Ion Mass Spectrometry (Tof-SIMS) and Inductively Coupled Plasma (ICP) mass spectroscopy to evaluate the amount of TM on the anode surface and Electrochemical Impedance Spectroscopy (EIS) to follow the electrodes resistances evolution.

Chapter II -The Si-C/G anode system

The entire PhD work is based on a single Si-C composite provided by Umicore whose properties are showed in Table II-1. This composite is constituted of Si nano particles surrounded by a carbon shell and mixed with graphite. As it will be exposed in this chapter, this material exhibits great performances allowing thin sensitivity of the parameters. However, all the information cannot be disclosed due to a lot of know-how. The material is composed of 16.4 wt. % of silicon, 80 wt. % of carbon and graphite, and oxygen coming from SiOx phase.

The composite material has a specific surface of 2.5 m².g -1 and a mean particle diameter of 9.4 µm. The announced reversible capacity is of 800 mAh.g -1 for the Si-C composite with 2830 mAh.g -1 for silicon (both Si and SiOx). Full electrochemical and mechanical evaluation of the composite is proposed in this chapter. Cells were cycled between 1 V and 0.01 V vs Li + /Li. For silicon, additional half cells were cycled between 1 V and 0.05 V vs Li + /Li to bring to light whether the Li15Si4 phase is formed or not in the composite. A first formation cycle is performed at C/20 followed by 3 cycles at C/5. A floating step up to C/100 is applied at the end of each discharge. First cycle performances are presented in Table II-3. With reversible capacities of 366 mAh.g -1 and 3604 mAh.g -1 for full lithiation and first cycle irreversible capacity loss (ICL) of 13% and 15% respectively, graphite and silicon show performances close to theoretical values. The Si-C composite exhibits a reversible capacity of 782 mAh.g -1 and a first cycle ICL of 17% meaning that the 16.4 wt. % of silicon accounts for 67% of the composite capacity (considering that Si plus SiOx reversible capacity stands for 2830 mAh.g -1 ). It also means that the reversible capacity of the carbon from the composite stands for 320 mAh.g -1 indicating that the carbon shell has a significant electrochemical contribution.

As seen on the dQ/dV zoom for 1 st cycle presented in [START_REF] Obrovac | Reversible Cycling of Crystalline Silicon Powder[END_REF][START_REF] Nguyen | Comparative Study of Fluoroethylene Carbonate and Vinylene Carbonate for Silicon Anodes in Lithium Ion Batteries[END_REF]306,307 .

The graphite electrode voltage curve shows three plateaus corresponding to three peaks on the differential capacity curve between 70 and 250 mV identified as stage 1L → stage 4, stage 3 → stage 2 and stage 2 → stage 1 phase transition [START_REF] Dahn | Phase diagram of Li[END_REF] . Since the curve is polarized, delithiation peaks appear at higher voltage than lithiation peaks.

The Si-C composite shows a mixed behaviour with three peaks in delithiation between 70 and 250 mV corresponding to phase transitions in graphite and a sharp peak around 0.45 V vs Li + /Li corresponding to Li15Si4 crystallized phase delithiation. The carbon of the Si-C/G composite seems to have a graphite-like electrochemical behaviour. Moreover, it is noteworthy that the lithiation of both silicon and graphite happens simultaneously in the composite whereas delithiation occurs first for graphite at low potential and then for silicon at higher potential as already reported in literature [START_REF] Berhaut | Multiscale Multiphase Lithiation and Delithiation Mechanisms in a Composite Electrode Unraveled by Simultaneous Operando Small-Angle and Wide-Angle X-Ray Scattering[END_REF]308 . 

II.1.1.2. Si-C/graphite blend evaluation and binder choice

In the end, the use of 16.4% of Si in the composite allowed to reach 2.15 times higher anode capacity compared to graphite. For implementation in full cell, this Si-C composite anode would require a cathode with a very high loading to reach full lithiation of the anode.

Thick cathodes cause manufacturing issues, especially during winding, and show strong polarisation and poor performances at high C-rates. This feature associated to large swelling of Si and the overall anode might lead to a rapid capacity fade. Finally, adding a low enough amount of Si to use conventional loading in cathodes, typically 30 mg.cm -2 or 5-6 mAh.cm -2 , still leads to an interesting improvement in the cell energy density while keeping good performances and easy manufacturing. Therefore, the Si-C CC1203 composite will be blended with graphite, resulting in a Si-C/G electrode containing 6.5 wt. % of silicon and having a reversible specific capacity of 500 mAh.g -1 .

As stated in chapter I, binder choice is crucial for Si-based anodes if good and stable cycling wants to be reached. PAA-based binders have shown interesting results, especially Li-PAA for which an homogeneous film is formed on the particles [START_REF] Zou | A Review of the Design of Advanced Binders for High-Performance Batteries[END_REF] . In addition, its spring-like behaviour combined with strong interactions with the AM particles [START_REF] Porcher | Understanding Polyacrylic Acid and Lithium Polyacrylate Binder Behavior in Silicon Based Electrodes for Li-Ion Batteries[END_REF][START_REF] Magasinski | Toward Efficient Binders for Li-Ion Battery Si-Based Anodes: Polyacrylic Acid[END_REF] insures cohesion of the electrode upon repeated swelling cycles. However, various surface characterisations such as XPS or Tof-SIMS will be performed on the negative electrode later in this study. In this regard, it would be interesting to eliminate the lithium contribution from the binder in order to clearly identify SEI, via trapped lithium, from the bulk electrode. Na-PAA behaviour as a binder happens to be very similar to Li-PAA on graphite electrodes [START_REF] Komaba | Polyacrylate Modifier for Graphite Anode of Lithium-Ion Batteries[END_REF] and Si-based composite electrodes [START_REF] Komaba | Comparative Study of Sodium Polyacrylate and Poly(vinylidene fluoride) as Binders for High Capacity Si-Graphite Composite Negative Electrodes in Li-Ion Batteries[END_REF]309 . To confirm this for the current materials, two water-based slurries were prepared with 55% of graphite and 35% of Si-C composite as active materials, 2% carbon black (CB) and 1% vapour grown carbon fibres (VGCF) as CA and 7% of Li-PAA or Na-PAA as binder. Anode slurries were coated on Cu foil as the current collector, with a target loading of 6.5 mg of active materials per cm². Both electrodes were then calendered to a target porosity of 35% and dried before assembling in an Ar-filled glovebox. At least two coin-cells with Li 0 as counter electrode were assembled with 1M LiPF6 in EC:EMC:DEC (3:5:2) + 1% VC + 30% FEC as electrolyte. Half cells were cycled between 1 V and 0.05 V vs Li + /Li, with the current rates presented in Table II-5. The lower voltage cut-off was chosen to avoid full lithiation of silicon. This electrochemical behaviour is representative to what happens in Li-ion cell and will be useful for further calculation. Indeed, Li15Si4 crystallisation does not fully occur in Li-ion cell configuration as the cell balancing is of 1.10 and Li loss happens at the first cycle. To sum-up, electrochemical behaviour of the Si-C/G electrode was presented, and it was confirmed that Na-PAA can successfully replace Li-PAA as a binder as it leads to similar morphology and electrochemical performances. Hence, Na-PAA was chosen as a binder for Si-C/G anodes for all the experiments presented thereafter.

II.1.1. Evaluation in full cell

The electrochemical evaluation of the Si-C/G anode in full cell configuration is realised using NMC622 and NMC811 based cathodes. 92% of LiNi0.6Mn0.2Co0.2O2 (NMC622, Umicore) or LiNi0.8Mn0.1Co0.1O2 (NMC811, Umicore) was mixed with 2% of CB, 2% of VGCF and 4% of PVDF binder (Solvay). The slurries were coated on a 20 µm aluminium foil current collector with a loading of 16.5 mg and 14.3 mg of active material per cm² per side to keep a constant balancing of 1.10. All slurries were prepared using a high shear mixer. The negative and positive electrodes were calendered to a target porosity of 40% and 32%, respectively.

Electrodes were punched to a squared active area of 10.2 cm² for the cathode and 12.3 cm² for the anode and dried overnight in a vacuum oven. Bi-layer pouch cells were assembled with a Celgard 2320 separator in a dry room with a dew point of -20°C. After an additional drying step, the cells were filled with 150 µL of electrolyte consisting of 1M LiPF6 in EC/EMC/DEC (3/5/2) with 1% VC and 30% FEC and sealed in an argon-filled glovebox. Pouch cells properties are summarized in Table II-6. A formation protocol of three cycles was followed by long-term cycling as presented in

Table II-7 In parallel to the standard protocol, two cycling tests were performed: i) same cycling program but with 1 st cycle done at room temperature cycles and ii) higher cut-off voltage of 4.35V was fixed in cycling program. From graphite anode experience, first cycle is generally performed at high temperature in order to enhance electrolyte impregnation and to form a homogeneous SEI. This leads to thicker and more inorganic SEI that can be beneficial for Si-based anode cycling stability. Higher cut-off voltage will impact the amount of lithium extracted from the cathode and possible transition metals (TM) dissolution 249 . Performances for the first cycle and full formation are presented for both NMC622 and NMC811 in Table II-8 and normalised discharge at C/5 and internal resistance in cycling on Figure II-15 for both cathode materials.

When looking at the reversible and irreversible capacity for the first cycle, no trend can be clearly identified. However, when looking at the end of formation performances, few patterns can be highlighted. This underlines the fact that three formation cycles are needed to completely form the SEI regardless of the cycling conditions. For both cathodes, when a higher cut-off voltage is applied, higher capacities are obtained as more lithium is extracted from NMC. Also, higher 1 st cycle temperature results in higher irreversible capacity for cells cycled with the same voltage condition. This could be related to the formation of a thicker SEI as high temperature promotes electrolyte decomposition. However, no significant gas generation was observed. Regarding extended cycling, results show good reproducibility except for A2 series but some trends can still be identified. All cells show very good retention capacity but B -or NMC811 -series performs best with 80% of the initial capacity after 290 to 490 cycles, against 80% of initial capacity after 240 to 380 cycles for A -or NMC622 -series. For both materials, cells cycled at RT and up to 4.2 V exhibits a linear decrease, whereas cells cycled at 45°C for the first cycle shows a stronger drop in capacity during the first cycles followed by a constant slope. Surprisingly, higher specific resistance is spotted for A1 and B1 series compared to A3 and B3 series. It is reasonable to assume that high temperature promotes thick interfaces formation, especially thick SEI. For NMC622 the capacity retention slope is similar to the one cycled at RT for the first cycle whereas for NMC811 the slope is flatter, leading to similar capacity retention after 500 cycles. Finally, cells cycled up to 4.35 V show worst performances than the one cycled up to 4.2 V. This faster decay can be related to both anode and cathode:

extracting more Li from NMC leads to faster capacity drop for NMC materials and insertion of more Li in the Si-C/G electrode will lead to the formation of silicon alloys with higher Li content, hence higher expansion, which can be detrimental for capacity retention at the anode side.

Additionally, the dissolution and migration of more TM might be observed which can lead to a faster thickening of the SEI affecting the performances. To summarize, the Si-C/G electrode achieves better performances (higher capacity and better retention capacity) when paired with NMC811 than NMC622. Cycling up-to 4.35 V gives better capacities and lower cell resistance but suffers from faster decay of the performances for both NMC. Performing the first cycle at 45°C leads to the formation of thicker interfaces regardless of the cathode material which does not bring better capacity retention contrary to what can be found for Si-based negative electrode in the literature 310,311 . Usually, thicker SEI are beneficial to the system because they accommodate Si expansion better and prevent continuous SEI formation. In the end, the Si-C composite design allows good accommodation of the Si expansion which means that a thick SEI is not needed. Moreover, good capacity retention is ensured even when reaching higher lithiation states (cathode with high capacity or high cut-off voltage).

II.2. Swelling behaviour of the Si-C/G anode

Swelling of Si-based anode is a key parameter to be taken into account for cell design, in particular the remaining porosity, in order to keep good performance with the challenge of fast charge especially. In this part, we propose a model of this swelling for the Si-C/G electrode alone and in a full cell configuration.

The easiest way to model a composite porous electrode volume consists in summing up all phases' volumes as expressed in 1).

1) 𝑉 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝑉 𝐴𝑀 + 𝑉 𝑏𝑖𝑛𝑑𝑒𝑟 + 𝑉 𝐶𝐴 + 𝑉 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 + 𝑉 𝑝𝑜𝑟𝑒

Another way to express geometric electrode volume is:

2) 𝑉 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝑆 × 𝑑 where 𝑆 is the electrode surface and 𝑑 is the average thickness.

Expansion/contraction of the electrodes takes place mainly in the transversal direction 161 and only anisotropic volume change in the direction perpendicular to current collector can be considered. Hence, with 𝑆 remaining constant, there is a linear relation between expressions 1) and 2). Finally, the total thickness of an electrode can be expressed as a function of all solid phases and porosity proportions in expression 3).

3) 𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝑑 𝐴𝑀 + 𝑑 𝑏𝑖𝑛𝑑𝑒𝑟 + 𝑑 𝐶𝐴 + 𝑑 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 + 𝑑 𝑝𝑜𝑟𝑒 This expression can be adapted for either anode or cathode giving expression 4) and 5) in our case. Obviously, volume/thickness changes are driven by electrochemical reactions, therefore volume changes will depend on the cell SOC and active material lithiation state.

II.2.1. Swelling of the anode

II.1.1.3. Silicon and graphite state of lithiation in the Si-C/G anode

As previously shown in this chapter and in the literature [START_REF] Berhaut | Multiscale Multiphase Lithiation and Delithiation Mechanisms in a Composite Electrode Unraveled by Simultaneous Operando Small-Angle and Wide-Angle X-Ray Scattering[END_REF]308 , silicon and graphite do not have the same lithiation state at a given potential. It means that, for a given Si-C/G anode state of lithiation (SOL), graphite SOL will be different from silicon SOL and from Si-C/G anode SOL. Obviously, each material undergoes different volume changes at their respective SOL in the composite anode.

The SOL of both materials in the anode can be calculated from voltage curves (or incremental capacity curves) of Si-C/G, graphite and silicon electrodes in half cell configuration. Graphite and Si-/G electrodes were cycled between 0.01 V and 1 V vs Li + /Li whereas silicon electrode was cycled between 0.05 V and 1 V vs Li + /Li to avoid full lithiation of silicon as this electrochemical behaviour is representative to the one appearing in full cell. SOL of graphite and silicon in the Si-C/G active material were calculated considering the contribution of 60% for graphite and 40% for silicon in capacity. The calculation was performed on post-formation cycles in order to avoid irreversible phenomenon consideration and at a relatively low C-rate of C/5. The anode specific capacity considered is the one actually used in Lithiation of the anode starts mainly with silicon lithiation until 100 mAh.g -1 . It is then followed by a lithiation of both materials with quite similar pace, keeping silicon SOL at higher values than graphite SOL, and finally coincidentally reach a similar SOL of 84%. The delithiation profile is strongly different with graphite delithiation up to 24% SOL before silicon significantly starts to delithiate. This result matches other results reported in various studies [START_REF] Berhaut | Multiscale Multiphase Lithiation and Delithiation Mechanisms in a Composite Electrode Unraveled by Simultaneous Operando Small-Angle and Wide-Angle X-Ray Scattering[END_REF]103 .

II.2.1.1. Theoretical expansion of silicon and graphite

Graphite and silicon expansion during (de)lithiation are well documented in literature as presented in chapter I. Expansion profile adapted from Louli et al. 103 presented in Figure II-7 will be used in our model. Graphite and carbon undergo an expansion of 10% with linear and reversible swelling during (de)lithiation except the plateau between 25% and 50% of SOL corresponding to phase transformation 2L→2 [START_REF] Dahn | Phase diagram of Li[END_REF] . Amorphous silicon undergoes a 280% fully linear and reversible volume expansion/contraction during post-formation lithiation/delithiation process 116,306 . No plastic deformation of silicon is considered. It should be noted that profile in lithiation and delithiation are considered similar. 

II.2.1.2. SEI thickness estimation

SEI is a dynamic layer generated from electrolyte decomposition during the first anode lithiation. Its composition and thickness depends on numerous parameters, and in particular, the anode potential, i.e. lithiation state 257,312 . In the aim to estimate the remaining porosity in the anode at different SOL from experimental anode thickness measurements, an estimation of the SEI thickness in the Si-C/G system is necessary to foresee if it can have a significant With a balancing of 1.13, full anode lithiation is never reached and PC-A07 corresponds to the maximum lithiation state achievable for the Si-C/G anode in a full cell configuration.

PC-A02 corresponds to the second delithiation plateau of graphite (stage 2 to stage 2L).

PC-A03 corresponds to graphite stage 3 approximatively. PC-A04 corresponds to the last graphite plateau that is stage 4 to stage 1L phase transition. PC-A06 corresponds to the beginning of silicon delithiation and finally, PC-A07 corresponds to a fully delithiated anode.

II.2.1.2.2. XPS samples preparation

Pouch cells were opened in an Ar-filled glovebox. The most lithiated electrodes had a golden colour characteristic of lithiated graphite and the active area facing the cathode was clearly visible. The negative electrode was rinsed 3 times in dimethyl carbonate (DMC) with a soaking time of 30 s each. DMC was evaporated before cutting a small piece in the centre of the electrode for XPS analysis. The samples were fixed to the sample holder using a double side tape. They were then transferred from the glove box to the XPS analysis spectrometer using an airtight vessel.

XPS analyses were carried out on a Physical Electronics Versaprobe II spectrometer using focused mono-chromatised Al Kα radiation (ℎ𝜈 = 1486.6 eV) at a detection angle of 45° with respect to the sample surface. The pass energy was set at 23.5 eV for high-resolution spectra and 117.4 eV for survey spectra. Charge effects were neutralised using a combination of low-energy Ar + ion beam and of electron beam. The analysed area is set to ≈200x200 µm².

Data were analysed with Multipak® software. A Shirley background was used, and curve fit were realised with Gaussian/Lorentzian peak shapes. Quantification was performed on the basis of Scofield's relative sensitivity factors 313 corrected with the transmission function of the spectrometer already implemented in Multipak® software.

II.2.1.2.3. XPS analyses

For each electrode, survey spectra were collected in order to control the electrode surface chemistry globally. The following orbitals were investigated: C 1s, O 1s, F 1s, Li 1s, P 2p, Si 2p, Na 1s. The binding energy scale was calibrated with respect to LiOx peak for which O 1s is located at 528.5 eV: this is valid for lower lithiation states (SOL 0% and SOL 11%). The energy scale calibration was set by considering O 1s core level at 531.5 eV in C-O-Li for higher SOL (SOL 26%, SOL 31%, SOL 49% and SOL 78%). Figure II-9 shows the spectra corresponding respectively to C 1s, O 1s and F 1s core levels for each SOL.

In the C 1s spectra, all electrodes exhibit C-O, O=C-O and CO3 contributions along with C-C/C-H. All this carbonaceous species can be attributed either to organic compounds in the SEI, such as semi carbonates (R-O-CO2-Li), polyolefins, poly(VC), etc.., or inorganic compounds such as Li2CO3. The Na-PAA binder also brings contribution to the C-C and O=C-O peaks [START_REF] Komaba | Comparative Study of Sodium Polyacrylate and Poly(vinylidene fluoride) as Binders for High Capacity Si-Graphite Composite Negative Electrodes in Li-Ion Batteries[END_REF] . At lower lithiation states (SOL 0% and SOL 11%) a low binding energy peak can be spotted at around 282.5 -283 eV, which is related to lithium trapped somewhere in between the SEI and active material particles 242 . Peaks located at 292 eV for SOL 49% and SOL 26% are related to the presence of fluorine-based contaminants in the glovebox atmosphere during cell dismantling.

All electrodes show noisy signal for F 1s spectra indicating low amounts of F, mainly in the form of LiF, due to the presence of FEC in the electrolyte but also LiPF6 salt degradation.

Another peak at higher binding energy is due to the presence of LiPF6 salt or derived LiOxPyFz compounds.

On the O 1s spectra, the low binding energy peak at 528.5 eV is related to Li-O bonds (Li oxides such as Li2O), whereas peaks at higher binding energies are related to organic compounds of the SEI containing C-O-Li bonds at 531.5 eV and O in RO-CO2-Li at 532 -533 eV.

Regarding the influence of the cut-off voltage and related SOL, it seems that the SEI is becoming thinner along with delithiation of the electrode. Indeed, the peak related to Li-C compounds on C 1s spectra is only visible for low lithiation states. At higher SOL, the Li-C photoelectrons are screened by the SEI above the electrode. Similarly, LiOx related peak on O 1s spectra is very intense for low-lithiation level and completely disappears for SOL higher than 31% because the photoelectrons are screened by the organic species of the external part of the SEI present on top of the inorganic part at such SOL or higher. LiF contribution seems rather constant for all SOL.

In the generally accepted SEI model on graphite electrode, an inorganic, insoluble, and denser layer is located close to the active material particles whereas an organic, soluble, and porous layer is located close to the electrolyte 253 . For the Si-C/G electrode, we propose the same structure with an external SEI composed of organic species and an internal SEI mainly composed of LiOx. At high lithiation states, the organic SEI is very thick in comparison to the probing depth and screens all other internal compounds. During delithiation though, some organic components of the SEI dissolve in the electrolyte, resulting in a thinner organic surface layer and revealing the underlying inorganic part of the SEI. Interestingly, some inorganic species such as carbonates, semi carbonates and LiF are present in both inner and outer part of the SEI and not only in the internal inorganic part. This result match other ones already reported elsewhere 257,258 . It should be noted that the SEI composition on the Si-C/G electrode is very similar to SEI formed on graphite. Indeed, no species specific to SEI formed on Si anode such as lithium silicate (LixSiOy) or silicon oxides SiOx are detected. This is due to the low amount of Si in the electrode and to the material structure (Si being embedded in a carbon shell). The atomic concentration determined from XPS data are presented in Table II- Quantification data confirm the trend observed on the high-resolution spectra with high lithium content attributed to organic species at high SOL and a high Li content attributed to inorganic compounds at low SOL. Similarly, F amount is quite low and constant during delithiation. Very low (almost beyond detection) amounts of Si, P and Na are detected. Si comes from the active material; P comes from salt residues while Na comes from the binder (Na-PAA).

II.2.1.2.4. Thickness calculation

The SEI thickness calculation is based on the approach described by The intensity of a thin, finite, and uniform overlayer originated photoemission peak 𝐼 𝑒 is:

7) 𝐼 𝑒 = 𝑘. 𝐷 𝑒 . 𝑅𝑆𝐹(𝑒). 𝜆 𝑒 𝑒 . [1 -𝑒𝑥𝑝 ( -𝑑 𝑒 𝜆 𝑒 𝑒 .sin 𝜃 )]
In order to adapt this model to the Si-C/G and its SEI system, a characteristic peak should be selected for each layer. As previously presented, the organic SEI is composed mainly of semi-carbonates and polyolefins and these species corresponds to several peaks on the C 1s and O 1s high-resolution spectra. The RO-CO2-Li peak on O 1s core level at 532 -533 eV was chosen as no confusion with other species is possible for peak attribution.

The inorganic part of the SEI is composed of LiOx, LiF, and carbonates but on the Si-C/G electrode, LiOx is the only compound found near the electrode surface as LiF and carbonates appear to be more evenly distributed through the SEI thickness. Therefore, the LiOx peak at 528.5 eV on the O 1s core level was chosen as the inorganic layer marker. Finally, the Li-C at 282 eV peak on the C 1s spectra was selected for electrode marker, as it is the only compounds present in the electrode which is not part of the SEI. Expression 6) and 7) can be expressed for our system as: which is expressed as:

12) 𝑑 𝑝 = 3. 𝜆. sin 𝜃

For example, at SOL 78%, the LiOx related peak is no longer detected, and calculation leads to 𝑑 𝑜𝑟𝑔𝑎 = 280 Å and 𝑑 𝐿𝑖𝑂𝑥 = 0 Å. Those numbers have no physical meaning and in this case, the organic layer has an unknown thickness that is higher than the probing depth, and the inorganic layer is no longer detected. Probing depth estimations are of 70 Å for the organic layer and 61 Å for the inorganic layer. Moreover, it is usually accepted that the organic SEI layer is the dynamic part of the SEI whereas inorganic SEI layer is more stable. As a result, when LiOx is no longer detected, 𝑑 𝐿𝑖𝑂x will be fixed to a value close to the one measured at lower SOL. At lower SOL, organic and inorganic SEI layers appears to have similar thicknesses.

When SOL increases, the inorganic SEI layer thickness seems stable with a value of ≈ 6 nm.

This value is close to values found in the literature 268 and is used for higher SOL. On the other hand, the organic SEI layer thickness increases with SOL, reaching thicknesses higher than the probing depth of 70 Å. A close look at the XPS spectra and quantification reveals that the higher the SOL, the thicker the organic SEI. In the end, the total thickness of the SEI varies from 11-12 nm at SOL 0% to values higher than 13 nm at higher SOL. Various groups used different techniques to measure the SEI thickness such as hard or soft X-ray photoelectron spectroscopy (HAXPES or SOXPES) 257 , AES 317 , AFM 264 or neutron reflectometry 318 , and proposed values comprised between 17 nm 257 and 25 nm 264 on graphite electrode and between 12 nm 317 to 29 nm 318 on silicon anodes.

In conclusion, the Si-C/G anode SEI is composed of an inner inorganic layer composed of LiOx mainly and an outer organic layer composed of semi-carbonates and polyolefins.

Inorganic compounds such as LiF and Li2CO3 are evenly distributed all along the SEI thickness. The SEI is a dynamic component: the outer part of the SEI is thicker at higher SOL and becomes thinner during delithiation due to dissolution of organic products in the electrolyte.

It is assumed that the organic SEI thickness increases during lithiation. This phenomenon called "breathing" of the SEI has already been reported in the literature on silicon 266,312,319 and graphite 217 anodes. The inorganic SEI layer thickness was estimated to be constant with a value of ≈ 6 nm. The thickness of the organic SEI layer was estimated to be of ≈ 6 nm at SOL 0%, of ≈ 7 nm at SOL 11% and higher values at higher SOL. Finally, the SEI total thickness was estimated at 12 nm at SOL 0% and is thicker (up to 25 nm according to the literature) at higher SOL. It should be noted that these values are only valid for a few first post-formation cycles as the SEI thickness tends to increase during extended cycling.

II.2.1.3. Modelled anode expansion

Each active material volume change and SEI thickness evolution can now be combined to determine the swelling of a Si-C/G electrode in a full cell configuration, considering the following assumptions:

-The modelled electrode as an initial thickness of 50 µm and an initial porosity of 40% in a pristine state. These values were chosen to be close to experimental values and will be adjusted to measured thickness and porosity when compared to experimental swelling measurements.

-Cells are usually designed with a balancing higher than 1.10 meaning none of the electrode components can access their full capacity, therefore no component were ever 100% lithiated. In particular, the lithiated crystalline phase

Li15Si4 is never fully formed and a model using 0.05V as lower voltage cut-off is thus appropriate 306,320 .

-Graphite and carbon undergo a 10% linear and reversible swelling during lithiation/delithiation with a plateau between 25% and 50% of lithiation corresponding to the phase transformation 2L→2 92 (see Figure II-7a).

-Amorphous silicon undergoes a 280% linear and reversible volume expansion/contraction during post-formation lithiation/delithiation process 116,306 .

No plastic deformation of silicon is considered (see Figure II-7b).

-Change of materials density or intrinsic porosity is not considered.

-Binder and electronic conductors' volume are considered constant during formation and post-formation cycling.

-The SEI varies linearly from 12 to 17 nm to 12 nm during a lithiation/delithiation cycle after formation. The thickness of 17 nm was extracted from literature where the measurement was performed on a SEI formed in similar conditions,

i.e., on graphite, in full cell (vs LFP cycled between 2.7 V and 4.3 V) and with a close electrolyte composition (1M LiPF6 in EC:DEC (2:1)). Considering an average stacking number of 10 active material particle hence 20 SEI interfaces in the electrode thickness, this corresponds to a thickness contribution from 0.24 µm to 0.34 µm, which means from 0.48 to 0.68 % of the anode thickness.

-No external stress is applied, and pores volume is considered constant, meaning that porosity will decrease theoretically during materials expansion.

Finally, the thickness change of the Si-C/G electrode at different SOL is the sum of the thickness changes of all active materials as the porosity and inactive material are considered constant and can be expressed as: Regarding the swelling profile, the slope depends on the state of lithiation of both materials and their respective swelling profiles. With a swelling of 280%, silicon lithiation/delithiation corresponds to sharper slopes than graphite that expands up to 10% when lithiated. During lithiation, silicon is the main active material up to 100 mAh.g -1 with a sharp slope. This step is followed by a mixed behaviour of graphite and silicon for the rest of lithiation with a plateau corresponding to 2L->2 phase transition in graphite between 180 mAh.g -1 and 280 mAh.g -1 smoothed by the simultaneous silicon lithiation. During discharge, two distinct regions are

shown: a first one between 450 mAh.g -1 and 250 mAh.g -1 with only graphite delithiation followed by a second one with a sharp slope corresponding to silicon delithiation.

It should be noted that this model is developed for the first post-formation cycles and might not be valid after hundreds of cycles. Indeed, here, the SEI has a low impact on the electrode swelling during one cycle but a continuous SEI formation during extended cycling might have a greater impact. No direct comparison with experimental data is possible for anode swelling. As a matter of fact, assembling and cycling in half cell is experimentally possible however lithium morphologyhence thicknessalso changes during lithiation/delithiation cycles. This morphological changes happening during lithium deposition can be observed visually 321,322 , by AFM 323 or MRI 324 , though thickness changes are difficult to be measured as lithium is a very complex system. In the end, it is easier to acquire experimental data on a full cell using well known and stable cathode systems.

II.2.2. Swelling of a full cell

II.2.2.1. In-house set-up

Bi-layer pouch cells are the easiest systems for modelling purposes as only one layer of active material is present for each electrode and the flexible pouch bag makes data acquisition simple for direct comparison. In this regard, an in-house set-up was designed specifically with dynamic pressure regulation system and allowing simultaneous pressure and high precision thickness recordings.

A schematic diagram of the test bench is presented in Figure II-13. In this set-up the pouch is placed between two extremely flat and parallel surfaces with the same dimensions than the active pouch area (10.2 cm²). This allows application of a uniform force on the pouch controlled by a motor, even at high pressure, thanks to an original patented design. The force The standard formation (Appendix B) presented before was performed on an Arbin test bench. Usually, a typical sample holder with two calibrated clips applying 100N on the 10 cm² active surface of the pouch is used, for both formation and cycling, and was therefore used during formation. Cells were then placed in the in-house set up. As the set-up requires a minimum applied force to function properly, the force was set at 100N, i.e., 0.1 MPa, in order to be in the same conditions than during formation or usual cycling. In this part, only the first cycle at C/5 is studied. Extended cycling will be presented later in this work.

II.2.2.2. Experimental data acquisition

II.2.2.3. Swelling model

To calculate the theoretical swelling of a bi-layer pouch cell, cathode materials The theoretical thickness of a pouch cell can be expressed as the sum of anode, cathode, separator and pouch bag thicknesses: 14) 𝑑 𝑝𝑜𝑢𝑐ℎ-𝑐𝑒𝑙𝑙 = 𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 𝑑 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟 + 𝑑 𝑎𝑛𝑜𝑑𝑒 + 𝑑 𝑝𝑜𝑢𝑐ℎ 𝑏𝑎𝑔 Swelling data of anode and cathode can then be compiled to estimate full cell swelling considering the following assumptions:

-All previous assumptions made for Si-C/G electrode swelling calculation are used in this model.

-The upper cut-off voltage is set at 4.2V in full cell corresponding to a relative change of crystallographic unit cell volume of around -1.8% for NMC622 and NMC811 particles [START_REF] De Biasi | Between Scylla and Charybdis: Balancing Among Structural Stability and Energy Density of Layered NCM Cathode Materials for Advanced Lithium-Ion Batteries[END_REF] and +2% for LCO [START_REF] Reimers | Electrochemical and In Situ X-Ray Diffraction Studies of Lithium Intercalation in Li x CoO2[END_REF] .

-The CEI thickness being unknown but usually very thin, is not considered.

-Pore volume in the cathode is considered constant.

-Binder and electronic conductors' volume of the cathode are considered constant during formation and post-formation cycling. No porosity or microstructural rearrangements are accounted for.

-Separator and pouch bag thicknesses are considered constant during cycling as the pressure is held constant by the dynamically regulated set-up. Additionally, this assumption will be verified in the next chapter.

Finally, the pouch cell swelling can be expressed as: A similar profile is observed for all cells with lithiation of both silicon and graphite in charge and delithiation of graphite first in discharge, followed by silicon delithiation. With a higher balancing of 1.12, the anode in the NMC811 cell is less lithiated in charged state, accounting for the smaller SOL and swelling. The pouch cell modelled swelling includes cathode swelling.

Considering experimental cathode capacities, NMC622 and NM811 electrodes exhibits a contraction of 1.7% and 2.1%, respectively, decreasing the pouch cell total swelling by 0.64 µm and 0.70 µm. On the other hand, LCO electrode undergoes an expansion of 1.8%, increasing the pouch cell total swelling by 1.03 µm.

Regarding experimental swelling, the amplitude is of 6.4 µm, 5.8 µm and 7.9 µm for pouch cells with NMC622, NMC811 and LCO, respectively. The smaller swelling amplitude for NMC811-based cell compared to NMC622, comes from both a larger cathode contraction and a less lithiated negative electrode. The larger swelling of LCO-based cell is due to LCO expansion during its delithiation. Experimental swellings are not fully reversible. This might be due to a deficit of pressure to recover the initial particles stacking after swelling. Nevertheless, their amplitude matches the modelled one, validating our assumptions and meaning the anode pores volume should not be overly impacted during lithiation/delithiation cycles under this pressure.

Some similar features can be spotted for all cells between the modelled and experimental thickness change, especially the alternation of intercalation in graphite and alloying of silicon during charge of the cell. Also, the two different slopes in discharge fairly confirm that graphite is firstly delithiated. Two main differences with the modelled swelling are spotted. A first one concerns the graphite 2L -> 2 phase transition which is not so visible during discharge. This could be explained by the fact that graphite particles are not being homogeneously delithiated in the electrode, smoothing the swelling. The other discrepancy is related to the smaller than expected experimental swelling observed during the whole lithiation.

One explanation could be a change in porosity accommodating particles swelling. Another one could be the fact that our model only considers 1D expansion which is not truly representative of the real complex swelling occurring at the particle level, with particle-particle friction and rearrangement. Finally, it could be related to the design of Si-C composite which partially suppresses the Si expansion. 

II.3. Conclusion

This chapter presents an electrochemical and mechanical evaluation of the Si-C/G composite electrode.

Firstly, the non-symmetrical lithiation/delithiation process of the Si-C/G anode was described in half cell configuration, with simultaneous lithiation of both graphite and silicon and delithiation of graphite followed by silicon. Full cell cycling revealed that the composite design allows limitation of lithium trapping during the first cycle with SEI formation, while efficiently keeping Si particles connected. Evaluation with two formation temperatures demonstrated that a thick SEI is not needed, and good capacity retention is ensured when formation is performed at room temperature. Those characteristics allow the cell to reach a cycle life at the level of commercial cells with 80% of the initial capacity after 400 to 500 cycles. Moreover, performances in pouch cell design with NMC622 and NMC811 as cathode showed that the anode performs better when paired with NMC811, with potential upper voltage of 4.2 V. The source of this difference will be investigated in the last chapter of the work.

Secondly, the SEI generated at 45°C on such electrodes was also studied and modelled. It is composed of an inorganic, dense and insoluble SEI layer mainly composed of LiOx and located closer to the electrode, and an organic, porous SEI layer composed of semi carbonates and polyolefins closer to the electrolyte. The latter layer is partly soluble in the electrolyte and dissolve during delithiation of the negative electrode, resulting in a decrease of the SEI thickness. Such breathing of the SEI results in a thickness variation estimated from 12 nm when the electrode is delithiated, to 17nm when the electrode is lithiated. A more accurate estimation of this thickness could be obtained by using HAXPES.

Finally, we propose a model of the Si-C/G electrode swelling alone as well as when it is implemented in a full cell. This model is based on the swelling of both graphite and silicon, considering their state of lithiation at the different states of charge of the cell. Several assumptions are necessary and especially the fact that the pores volume is constant.

Comparison with experimental swelling of three pouch cells with NMC622, NMC811 and LCO as positive electrode shows a good correlation between experimental and modelled swelling.

The observed small differences can come from porosity accommodation during cycling.

Therefore, in the following chapters, this model will be considered to deduce the anode porosity evolution by comparing experimental and modelled expansion Chapter III -Anode swelling and porosity evolution in soft packaging cell: influence of cell design

III.1. Introduction

It is well known that cell design has a significant influence on the energy density but also the cycle life, even when considering the same casing and the same electrode formulations. In this chapter, the swelling and anode porosity evolution is studied depending on the C-rate, the external pressure, the cell balancing and the initial anode porosity using the Si-C/G anode and the NMC622 cathode described in chapter II. Electrode loadings are similar and the cell balancing variations are the result of the electrode loading dispersion of different batches. The swelling of cells will be monitored using the in-house swelling set-up presented earlier with different pressures, and porosity extracted for cycles of interest using the model developed in chapter II. Additionally, cells performances during extended cycling under two pressures will be presented.

III.1.1. Range of parameters

First, literature reported that applying external pressure up to ≈0.5 MPa or 5 bar on a pouch cell significantly increases performances and cycle life 177,184,188,189,202 . In this regard, different constant pressure ranging from 0.1 MPa to 6 MPa will be applied, and the corresponding swelling measured.

Secondly, the balancing between negative and positive electrode capacities will impact the anode used capacity. Note that the balancing is calculated from the capacities observed during the first charge. A high balancing is normally preferred to avoid lithium plating during negative electrode lithiation. Indeed, if the anode is oversized compared to the cathode, it will not be fully lithiated (SOL(-) < 100%) when the cell is fully charged (100% SOC). It has been showed that a balancing of 1.2 for LCO/graphite cells leads to the best capacity retention compared to 1.1 for which lithium plating occurs 325 . However, increasing the anode capacity compared to the cathode one, will lead to lower state of lithiation of negative active material when the cell is fully charged hence lower swelling. Consequently, two balancing of 1.04 and 1.11 will be compared.

Finally, initial anode porosity appears to be a key parameter in electrode design: too low porosity will lead to high stress during particles expansion but high porosity limits the interest of silicon integration in negative electrode in comparison to the standard graphite anode [START_REF] Profatilova | Impact of Silicon/Graphite Composite Electrode Porosity on the Cycle Life of 18650 Lithium-Ion Cell[END_REF]211 . Therefore, three initial anode porosities between 27 and 40% will be studied.

All performed tests are summed up in Table III For swelling measurements, both versions of the in-house compression set-up presented in chapter II were used. A rest period under pressure with the cell at OCV was always applied for components thickness stabilisation before electrochemical cycling.

Low-pressure tests were always performed before high pressure tests in order to avoid possible irreversible changes in the electrode microstructure due to high pressure.

Electrochemical testing was performed using a VMP3 test bench and the set-up was placed in a compartment to ensure temperature stability (±1°C). Measured swelling in micrometre of all pouch cells will be plotted as a function of Si-C/G electrode capacity. Swelling is also provided in percentage related to anode active layer, to free comparison of varying specific cathode capacities and initial electrodes thicknesses.

Electrochemical tests consist in 3 formation cycles followed by cycling at various relatively slow C-rates in charge and discharge between 2.5 and 4.2 V: C/10, C/5, C/2 and 1C.

At least 2 cycles are performed at each C-rate for repeatability. The first formation cycle cannot be performed at high temperature like in standard procedure resulting in a lower amount of lithium extracted from the cathode (193 mAh.g -1 vs 197 mAh.g -1 ) inducing higher balancing. 

III.1.3. Porosity calculation

The porosity is calculated as the ratio of the pores volume on the electrode volume in 1D: The pouch bag has a thickness of 110 µm which consists of a stack of a 40 µm thick aluminium foil between two PP layers of 35 µm with no porosity.

In this regard, separator and pouch bag compressibility have been tested. For pouch bag compression, a piece of pouch bag was folded in half and placed in the set-up. For separator compression, one test with "dry" separator and one test with "wet" separator were performed. In the first case, a stack of 16 separators was placed directly in the set-up. In the second case, 10 layers of separator were stacked and placed in a pouch. 250 µL of electrolyte were added and the pouch sealed in an Ar-filled glovebox. The amount of added electrolyte was calculated to fill all the porosity and have the same excess volume of electrolyte as in a bi-layer pouch cell. In this case, the separator compression was calculated by subtracting the It should be emphasized that for all cycling performed in the compression set-up, a rest period is applied after pressure change prior to apply any current in order to stabilize the system. Therefore, the separator and pouch bag compression, ∆𝑑 𝑠𝑒𝑝 and ∆𝑑 𝑃𝐵 are null during cycling but are considered in the anode porosity calculation. 

III.2.2. Swelling of a pouch cell during formation and post-formation cycles

The swelling behaviour of a bi-layer NMC622 vs Si-C/G pouch cell (PC-Abis17) is presented in standard conditions, i.e., anode porosity of 41%, balancing of 1.1 and external pressure of 0.1 MPa (Table III-2 III-3). The relative swelling is plotted in µm and % with respect to the anode active layer thickness to allow comparison with cells formed outside the set-up. In both cases, the pouch cell swelling is presented as a function of the anode specific capacity. For post-formation cycles, the capacity loss measured during formation is subtracted from the following cycles capacity, still to be able to compare with tests where formation was performed externally. Total, reversible and irreversible swelling values are reported in Table III-3 Especially, the first lithiation shows a total swelling of 9.9 µm or 19.9% associated with an irreversible capacity loss of 10.9%. Moreover, the swelling profile appears to be quite different from the one calculated in chapter II. As reminder, the calculated swelling profile, in charge, for a post-formation cycle, is relatively linear with a plateau between ≈200 mAh.g -1 and ≈300 mAh.g -1 corresponding to the 2L-2 stage transition in graphite. Here, the slope at low capacity is relatively flat until 150 mAh.g -1 and the 2L-2 plateau is observed at lower capacity, between 150 mAh.g -1 and 250 mAh.g -1 . This flatter increase might come from silicon amorphization occurring at lower potential than lithiation during the following cycles, hence lower porosity accommodation due to mainly graphite expansion. The swelling during the cell discharge is closer to the one expected with a flat part up to 300 mAh.g -1 corresponding to graphite delithiation, followed by a strong decline corresponding to silicon delithiation. A strong irreversible swelling of +4.8 µm or 9.5% is measured for this first formation cycle. The irreversible capacity loss can be directly linked to SEI formation and might be partially responsible for the irreversible swelling at the end of first cycle. However, with a thickness of 12 to 25 nm on particles (see chapter II), the formation of this layer cannot explain the irreversible expansion of 4.8 µm alone; particles rearrangement [START_REF] Berhaut | Multiscale Multiphase Lithiation and Delithiation Mechanisms in a Composite Electrode Unraveled by Simultaneous Operando Small-Angle and Wide-Angle X-Ray Scattering[END_REF] and possible plastic deformation of silicon during its first lithiation/delithiation cycle [START_REF] Berhaut | Multiscale Multiphase Lithiation and Delithiation Mechanisms in a Composite Electrode Unraveled by Simultaneous Operando Small-Angle and Wide-Angle X-Ray Scattering[END_REF]331 must be the main phenomenon explaining this irreversible swelling. The two following cycles present more typical profiles, with alternating silicon and graphite lithiation and 2L-2 stage transition plateau between 200 mAh.g -1 and 300 mAh.g -1 in charge, and then, graphite delithiation followed by silicon delithiation during discharge. The graphite delithiation flat part of the curve appears to be more inclined at each cycle for which the C-rate increases (C/20, C/10 and C/5). This point will be discussed later. The second and third cycles presents a capacity loss of 1.5% and 2.6% associated to an irreversible swelling of 3.9% and 2.4%, respectively. The lower capacity comes both from kinetic limitation with C-rate increasing and SEI building still going on. The varying irreversible swelling indicates that the cell does not reach a stable state on mechanical aspect at this pressure of 0.1 MPa after 3 cycles. At C/2 the alternance of silicon and graphite lithiation is not so obvious in charge but the same type of two-processes slope is observed in discharge. This feature is even more pronounced at C with only a linear slope in charge. This comes from the non-homogeneous active materials particles lithiation along the anode thickness at high C-rate that smooths the swelling. A reversible swelling amplitude of 5.8 µm is still observed for the 7 th , 8 th , and 9 th cycles at C/2, with an irreversible swelling of +1.2 µm, +0.6 µm and +0.5 µm, respectively. At C, the reversible swelling amplitude decreases at each cycle with 5.6 µm, 5.5 µm and 5.2 µm for the 10 th , 11 th and 12 th cycles. The irreversible swelling also decreases with +1.6 µm +0.9 µm and 0.9 µm, respectively. It should be noted that in both cases, the global thickness of the cell increases at each cycle due to the too low pressure applied. The irreversible thickness change increases with the C-rate and is more pronounced during the first cycle after rate change.

Those cycles also show a low coulombic efficiency of 95.2% and 97.5% at C/2 and C, respectively. This capacity decrease comes from higher kinetic limitation due to the higher Crate. The remaining Li ions trapped in the active materials are then responsible for the higher irreversible swelling observed for this first cycle after C-rate increase than the following ones.

A relaxation is observed at the end of each cycle, particularly in the case of cycling at C, with a thickness change up to 0.2 µm during OCV. This phenomenon is a result of the polarization of the electrode during cycling and the subsequent lithium concentration homogenisation during OCV between graphite and silicon materials. Logically, higher C-rate leads to stronger polarisation and more significant relaxation. It is mainly observed at the end of discharge as lower current rate are achieved during the floating step at the end of charge, promoting Li concentration homogenisation in the electrode 197 .

For the last cycles at C/10, the first one is quite different from the previous or following ones. The thickness at the beginning of this cycle (13 th cycle) is of 403.2 µm and the Si-C/G electrode specific capacity has shifted to 32.0 mAh.g -1 . At the end of the cycle a thickness of 402.5 µm and a Si-C/G electrode capacity of -32 mAh.g -1 are achieved. The lower regime allows to completely delithiate the negative electrode during discharge and reach a lower thickness value and a higher discharged capacity of around 164 mAh.g -1 of cathode material, corresponding to a Si-C/G electrode reversible capacity of 439 mAh.g -1 . The two following cycles are almost stackable with a totally reversible swelling of 5.2 µm, i.e., 10.3%, indicating that 13 cycles were necessary to stabilize the system for this pressure and specific cycling protocol.

Figure III-4a shows the pouch cell thickness variation during the whole test under 0.1 MPa: 3 formation cycles followed by 12 cycles at C/5, C/2, C and C/10, respectively. A continuous thickness increase is observed from the first cycle to cycles at C with a faster increase at high C-rate due to incomplete delithiation. This can be attributed to both irreversible morphological changes [START_REF] Berhaut | Multiscale Multiphase Lithiation and Delithiation Mechanisms in a Composite Electrode Unraveled by Simultaneous Operando Small-Angle and Wide-Angle X-Ray Scattering[END_REF] and lower achieved reversible capacity at high C-rate trapping lithium in the active materials. When cycling at lower C-rate (C/10 here) this trapped lithium is extracted. and the pouch cell overall thickness is diminished by 0.7 µm but does not return to its initial thickness. It confirms that morphological changes such as particles rearrangements should be the main phenomenon provoking irreversible expansion. The following cycles at C/10 have a constant amplitude, and no irreversible thickness change is observed. This totally reversible cycling could be explained by either the low C-rate or the fact that a stable state has been reach after 13 cycles. and 341 mAh.g -1 at C. Despite this difference, cycles at C/5 and C/2 exhibit similar total swelling of 6.1 µm and irreversible swelling of 0.4 µm and 0.3 µm after OCV, respectively. The significant difference between those two curves is the shape: a "S" shape is observed at C/10 and C/5 in charge allowing to identify Si and graphite lithiation and not at C/2 or C. This smoothing indicates that lithiation is limited by electrolyte conductivity so particles at the electrode surface are preferentially lithiated. It leads to a higher particle rearrangement as the swelling at a given capacity is higher especially for specific capacity up to 200 mAh.g -1 where the 2L-2 stage transition in graphite occurs meaning that silicon has higher SOL at higher C-rate and inversely for graphite [START_REF] Berhaut | Multiscale Multiphase Lithiation and Delithiation Mechanisms in a Composite Electrode Unraveled by Simultaneous Operando Small-Angle and Wide-Angle X-Ray Scattering[END_REF] . In agreement with a limitation due to electrolyte conductivity or higher use of silicon compared to graphite, a strong relaxation phenomenon is observed during OCV both in charge and discharge at this high C-rate, creating a loop at the end of charge and bringing irreversible swelling from 0.6 µm to 0.4 µm after relaxation at the end of the cycle. The deep use of silicon at higher C-rate is an insight of its better reaction kinetic compared to graphite. It confirms the works of Berhaut et al. who showed that high C-rate in Si-based anode impacts more the intercalation of Li in graphite than alloying of Li and Si [START_REF] Berhaut | Multiscale Multiphase Lithiation and Delithiation Mechanisms in a Composite Electrode Unraveled by Simultaneous Operando Small-Angle and Wide-Angle X-Ray Scattering[END_REF] , almost suppression LiC6 phase formation at 1C or 2C.

Finally, swelling amplitude at C/10 is lower than at higher C-rate but occurs also after a higher cumulative swelling. It confirms that heterogeneous lithiation at high C-rate induce higher stress in the active layer and irreversible particle rearrangement.

Lastly, the anode porosity evolution calculated using the model developed in chapter II is presented in Figure III-5. The presented cycles are the third one after C-rate change, i.e., the 6 th , 9 th , 12 th and 15 th cycles (same cycles than in Figure III-4b). The anode porosity was set at 41% during assembly. At the beginning of the 6 th cycle, the anode porosity is of 49.4%, and more than 51% after the 15 th cycle. This increase is directly linked to the strong irreversible swelling observed during formation and cycling. It may originate mainly from the low applied external pressure which will be studied later in this chapter but also from the C-rate applied.

Regarding the porosity variation during the cell charge, a decrease of around 5% is observed between 0 and 200 mAh.g -1 followed by a gentler slope at higher SOC. This first important decrease up to 200 mAh.g -1 corresponds to a capacity range where silicon lithiation is preponderant compared to graphite lithiation: for a global anode lithiation capacity of 200 mAh.g -1 , silicon is lithiated up to 57% and graphite only to 28% (see Figure II-5). This leads to an important swelling of silicon particles resulting in a significant porosity drop. This region also corresponds to the part where most of the particles rearrangements is observed. At higher SOC, silicon and graphite SOL equilibrate resulting in a smoother decrease. This last part of the curve also shows some porosity oscillations which might be due to the fact that the swelling model was developed from electrochemical cycling at C/5 and is not identical when increasing the C-rate. During cell discharge, a low hysteresis is visible, certainly still due to the different material SOL in lithiation and in delithiation. However, the porosity evolution is similar for all C-rates with a first part where the swelling is buffered by the anode porosity and a second part where the porosity does not evolve so much. In general, all the cycles with C-rates higher than C/10 lead to irreversible swelling as the pressure of 0.1 MPa applied on the pouch cell is not enough to recover the initial thickness after active materials expansion. Regarding the C-rate, it has an effect on both capacity and swelling behaviour: with kinetic limitation due to high C-rate, the anode is not fully delithiated remaining swollen. In charge at 1C, silicon SOL at a given cell SOC seems higher than at low C-rate which is in accordance with the relaxation observed during OCV at the end of charge.

Moreover, active material particles might be lithiated heterogeneously along the anode thickness with stronger lithiation for particles close to the surface. This last point appears to lead to higher swelling for the same capacity. Interestingly, cycling a low C-rate (C/10) after higher regime (1C) results in a decrease of pouch cell thickness but the initial value is not reached indicating the occurrence of irreversible morphological changes such as particles rearrangements and potentially cracks appearance in the electrode when applying high current rates. Regarding porosity variation, a similar profile is observed at all C-rates: a important porosity reduction between 0 and 200 mAh.g -1 and a smoother evolution at higher capacities, both in charge and discharge. During the first cycle, similar swelling profile is observed for all pressure but with different amplitude: lower pressure leads to greater total swelling with 19.9%, 17.6% and 16.1% at 0.1 MPa, 0.5 MPa and 1 MPa. An identical relaxation of around +0.1% is observed during OCV at the end of the first charge for all three cells. The irreversible swelling is mainly impacted by the pressure: it decreases from 9.5%, to 7.6% and 6.2% when pressure is increased from 0.1 MPa to 0.5 MPa and 1 MPa, respectively. This irreversible swelling is accompanied by an irreversible capacity loss of 10.9%, 10.5% and 9.6% under 0.1 MPa, 0.5 MPa and 1 MPa, respectively. Higher applied external pressure both limits the anode expansion and helps keeping good connexion between the AM particles during contraction resulting in lower irreversible capacity loss due to limited active material loss. Another explanation could come from a limited porosity increase due to expansion limitation, leading to a reduced exposed surface, hence lower amount of SEI formed. For all pressures, the irreversible swelling diminishes during the 2 nd and 3 rd cycles, indicating that the cell is gradually reaching a morphological more stable state. The reversible capacities of the anodes at the end of formation are of 442 mAh.g -1 for PC-Abis17, 426 mAh.g -1 for PC-A72 and 424 mAh.g -1 for PC-A63. Eventually, it appears that the lower irreversible capacity loss during first cycle under high pressure is compensated by more important losses during the 2 nd and 3 rd cycles. This might be the result of higher kinetic limitations from the cathode side as the 2 nd and 3 rd cycles are performed at higher C-rates of C/10 and C/5 compared to C/20 for the first cycle.

The same trend is observed for post-formation cycles with higher reversible swelling at 0.1 MPa and a still significant irreversible swelling. The latter will increase the overall cell thickness (Figure III-6g) and the anode porosity, especially during extended cycling. On Figure III-6h, all swelling profiles are similar during charge up to 200 mAh.g -1 and the deviation between the three pressures is observed at higher capacities. A similar trend is observed in discharge. Finally, applying higher pressure both limits the anode expansion and accompany its contraction resulting in lower reversible and irreversible cycling but also a lower capacity.

The difference in reversible capacity might also partially be responsible for the greater swelling observed under low pressure along with impact. Nevertheless, it seems that even a pressure of 1 MPa is not enough to reach fully reversible swelling during formation. A few more cycles or lower C-rates might be needed.

The impact of those different pressures on the anode porosity is presented in Figure III-7. As expected, the more important irreversible swelling at low pressure is directly correlated to higher porosity at the beginning of the presented cycles with 49.1%, 41.5% and 40.4% for cell PC-Abis17, PC-A72 and PC-A63, respectively. For pressure of 0.1 MPa, this value is fairly different from others and compared to the anode porosity during cell assembly because of the huge irreversible swelling observed during formation. Under 0.5 MPa and 1 MPa, the anode porosity decreased during the rest period and irreversible swelling during formation led to similar values than during assembly. The porosity evolution profiles have similar shape with porosity decrease up to ≈200 mAh.g -1 followed by a plateau with a total amplitude of 5.3%, 5.8%, 6.1% observed under 0.1 MPa, 0.5 MPa and 1 MPa, respectively. The strong porosity variation between 0 and 200 mAh.g -1 appears to act as a buffer to the anode expansion as similar swellings are observed for all three cells in this region on Figure III-6h. Interestingly, the limited anode expansion due to high pressure observed for cells PC-A72 and PC-A63 is directly compensated by a greater porosity variation amplitude. This, together with the initial lower porosity leads to minimal porosity values of 35.7% and 34.4% for 0.5 MPa and 1 MPa, compared to 43.8% for 0.1 MPa. -1.2 µm after applying 0.1 MPa, -7.6 µm after 1 MPa, -2.1 µm after 2 MPa, -2.6 µm after 4 MPa and -1.5 µm after 6 MPa. As presented before, separator and pouch bag contracts when pressure is applied but only accounts for 0.5 µm under 0.1 MPa, 3.2 µm under 1 MPa and 5.9 µm under 6 MPa. With a total pouch cell contraction of 9.2 µm at 6 MPa and only 5.9 µm due to pouch bag and separator, it is reasonable to think that electrodes might contract resulting in a porosity reduction during this rest. When increasing the pressure, the first cycle presents a specific behaviour with the pouch cell being thinner at the end of the cycles than at the beginning. During this cycle, the expansion in charge is lower and the contraction in discharge larger than for the following cycles resulting in an overall contraction of the cell. This highlights the fact that particle rearrangement is also a dynamic process and occurs during an expansion/contraction cycle with a more visible effect during discharge. For all pressure above 1 MPa, these irreversible contractions still happen during the following cycles but to a lesser extent and their amplitudes decrease with the cycle number.

Contrarily, under 0.1 MPa, an irreversible expansion is observed for each cycle and its amplitude also diminishes with the cycle number. It seems that in all cases the cell tends to reach a stabilized thickness. In the meantime, the reversible swelling amplitude decreases with pressure and with the cycle number for all pressure while the anode capacity slightly decreases: 440 mAh.g -1 are discharged under 0.1 MPa, 433 mAh.g -1 under 1 MPa, 427 mAh.g -1 under 2 MPa, 422 mAh.g -1 under 4 MPa and 415 mAh.g -1 under 6 MPa. Finally, it appears that both higher pressure than 0.1 MPa and more than 3 formation cycles are necessary to reach a fully reversible swelling. Figure III-10g shows the relative swelling during the third cycle, i.e., regarding the pouch cell thickness at the beginning of the cycle, for each applied pressure. The 3 rd cycle was chosen as it is the more stabilized cycle and to avoid consideration of the important particle's rearrangement happening during the first cycle. A clear correlation between swelling amplitude and external pressure is observed: the higher the pressure, the lower the amplitude. Between 0.1 MPa and 1 MPa the divergence in charge appears at capacities higher than 275 mAh.g -1 , i.e., after the 2L-2 phase transition of graphite. For higher pressures, this divergence happens sooner, around 150 mAh.g -1 . In discharge a clear difference is observed on the graphite plateau, between 450 mAh.g -1 and 200 mAh.g -1 : the slope of the curve is flatter when pressure increase. However, the slope in the silicon delithiation part seems fairly identical for all pressure. Regarding irreversible swelling, a positive one is observed only when cycling under 0.1 MPa whereas a small irreversible contraction is observed at higher pressures. No significant relaxation phenomenon is observed at this relatively low C-rate of C/5. In summary, high pressure limits the anode expansion in charge, while the lower porosity can less buffer the expansion, and forces its contraction in discharge. This keeps good electrical contact between the active material particles but might have a great impact on the anode porosity, especially with the strong particle rearrangement happening during the first cycle post pressure change.

In this regard, the induced anode porosity change calculated using equation 18 It is reasonable to suppose that cathode porosity is also affected, especially at high pressure such as 6 MPa. All curves have the same profile, and the main difference concerns the porosity range. A porosity variation from 49.1% to 43.8% is observed under 0.1 MPa and from 34.3% to 25.8% under 6 MPa. At higher pressure, the lower anode porosity in fully delithiated state is also accompanied by a larger porosity reduction within one cycle with a reduction of 5.3% under 0.1 MPa, and 8.6% under 6 MPa. Indeed, the external pressure limits the cell hence anode expansion, and the anode porosity must adapt more to the active material particles swelling. These lower porosities could be detrimental to the cell performances during extended cycling as it will enhance lithium plating probability. To sum up, applying external pressure both limits the anode expansion and accompany its contraction impacting reversible and irreversible swelling during formation and postformation cycles: higher external pressure results in lower reversible and irreversible swellings and limits the overall pouch cell expansion. It appears that a pressure of 1 MPa is necessary to reach an almost reversible swelling at C/5 after the 3 formation cycles. Varying the applied pressure on the same pouch cell highlighted the fact that a first thickness drop happens during the rest period following the pressure increase, but that separator and pouch bag compression alone cannot explain this contraction. As a result, the anode porosity is greatly diminished and the cathode one might be too. Interestingly, a dynamic pouch cell thickness reduction is observed during the first cycle after pressure change with a limited expansion followed by a strong contraction resulting in an overall thickness decrease. This showed that the main particles rearrangements happen during delithiation and are driven by the intensity of the applied pressure. Resulting anode porosity in delithiated state is lower when increasing pressure and the amplitude of the porosity change is greater during lithiation/delithiation cycles as there is less buffer to the AM particles expansion. Finally, extended cycling brought to light that similar cycle life is observed for 0.1 and 1 MPa. Slightly higher capacity is observed initially at 0.1 MPa but better coulombic efficiency at 1 MPa because this higher pressure accompanying the anode contraction more efficiently and keep active material connected counterbalanced by slightly higher resistance due to lower anode porosity.

III.3.2. Influence of balancing between anode and cathode capacities on the pouch cell swelling and anode porosity

In this part, the effect of balancing, i.e., the ratio of positive on negative electrode total capacities is studied during formation and three post-formation cycles at the relatively low regime of C/5 and under a pressure of 0.5 MPa. Properties of the tested pouch cells PC-Aquat21 and PC-A72 with anode porosities of 40% and balancing of 1.04 and 1.11, respectively, are presented in Table III-2. Swelling for the 3 formation cycles and 2 or 3 following cycles at C/5 are presented in Figure III-12. Total, reversible, and irreversible swellings amplitude are summarised in Table III
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As expected, a larger swelling is observed for balancing of 1.04 compared to 1.11 during formation with a total swelling of 10.1 µm vs 8.5 µm. This trend affects total, reversible, and irreversible swelling during formation cycles. This is directly linked to a larger use of the negative electrode capacity with a total specific capacity of 505 mAh.g -1 for a balancing of 1.11 versus 534 mAh.g -1 for 1.04. For the latter, the negative electrode reaches a higher state of lithiation hence a larger expansion when the cell is fully charged with a visible higher silicon contribution at 3.2V in discharge on Figure III-12f). A vertical shift is also visible on this curve with stronger cathode contribution due to the lower balancing. Other argument is the first cycle irreversible capacity loss with 10.8% and 10.5% for 1.04 and 1.11 balancing, respectively. For a lower balancing, a lower irreversible capacity at cell level is expected (as usually ICLcell = balancing x ICLanode). It means that deeper lithiation of the anode is associated to significant increase of the active material loss hence strong particles rearrangement. This higher first irreversible capacity loss is compensated then by cathode kinetic limitation and finally, both pouch cells have a cathode reversible capacity of 160 mAh.g -1 at C/5 and RT (post-formation).

At the end of formation reversible specific capacity of the anode is respectively of 469 and 426 mAh.g -1 for balancing of 1.04 and 1.11.

Post-formation cycles show a reversible swelling with the same shape but larger amplitude for lower balancing and similar irreversible swelling resulting in an overall thickness increase of the pouch cell at the same pace for both balancing. The swelling profile of the 5 th cycle is plotted for cells PC-Aquat21 and PC-A72 on Figure III-12e for direct comparison. The cell thickness is lower during the whole charge for balancing of 1.04 except at the end with higher maximum, and the 2L-2 plateau is slightly shifted to higher capacity values in agreement with higher silicon lithiation. During discharge, the slope corresponding to graphite delithiation is more slanted, but past this value, both curves are superimposed during silicon delithiation.

However, since balancing of 1.04 led to higher irreversible swelling during formation, the total thickness change of the cell is more important: after 5 cycles, the cell with a balancing of 1.04 has expanded irreversibly by +7.7 µm versus +6.3 µm for a balancing of 1.11. Table III-9: Total, reversible, and irreversible swellings for the three formation and two or three cycles at C/5 for pouch cells with a balancing of 1.04 (PC-Aquat21) and 1.11 (PC-A72).

Step The anode porosity evolution is presented in Figure III-13 for cells PC-Aquat21 and PC-A72 with balancing of 1.04 and 1.11, respectively. With higher irreversible swelling during formation, the cell with a balancing of 1.04 has higher anode porosity of 45.1% at the beginning of the cycle compared to 41.5% for a balancing of 1.11. Similar porosity variation profiles are observed for both cells but with a larger amplitude of 6.2 % for the cell with a lower balancing of 1.04 compared to 5.8% for 1.11 directly linked to the higher amount of Li inserted in the anode. The higher anode porosity at beginning of the cycle for cell PC-Aquat21 is in agreement with the lower cell thickness in charge, as more porosity is available for particle expansion buffering. In conclusion, lower balancing leads to larger reversible and irreversible swelling during formation due to higher achieved anode state of lithiation, especially with deeper silicon alloying. At the end of formation, this results in an irreversible expansion of the cell of 6.9 µm for a balancing of 1.04 compared to 5.6 µm for 1.11. This irreversible expansion of the anode due to particles rearrangements results in a higher anode porosity at 0% SOC which can then better accommodate particles expansion.

III.3.3. Influence of anode initial porosity on the pouch cell swelling and anode porosity

In this part, the impact of anode initial porosity is studied during formation and 3 postformation cycles at the relatively low regime of C/5. Properties of the tested pouch cells and applied pressures are presented in Table III-2 For the first cycle, all cells have a similar expansion except at high SOL where the cell with 28% of anode initial porosity achieves higher values (Figure III-14g). This results in a larger total swelling of 8.9 µm and might come from the higher charged capacity with 518 mAh.g -1 compared to ≈505 mAh.g -1 for the other cells. During discharge, the latter cell has a higher swelling during graphite delithiation up to 250 mAh.g -1 , while past this value all cells have a similar swelling. Interestingly all three cells exhibit close irreversible swelling with 3.7 µm for an initial anode porosity of 40% and 4.1 µm for lower initial anode porosity. This is accompanied by an irreversible capacity loss of 10.5%, 9.9% and 12.2% for cells PC-A72, PC-A74 and PC-Ater20, respectively. It means that the amount of SEI formed during this cycle is not the only parameter that impacts the cell thickness increase. The particle rearrangement has also a significant contribution with active material loss. However, it should be noted that negatives electrodes had different initial thicknesses of 48 µm, 43 µm and 41 µm in cell PC-A72, PC-A74 and PC-Ater20, respectively; so, considering the irreversible swelling is only linked to the anode swelling, that cathode, separator, and pouch bag thicknesses are unchanged, the anode in PC-A72 will still be the thickest, followed by PC-A74 and PC-Ater20.

Logically, this similar irreversible swelling should increase the different anodes porosities by the same amount. For the following formation cycles, higher anode initial porosity leads to larger reversible swelling and lower irreversible capacity. Cells post-formation reversible capacities are of 160.4 mAh.g -1 for PC-A72, 159.5 mAh.g -1 for PC-A74 and 165.4 mAh.g -1 for PC-Ater20.

During post-formation cycles, swelling amplitude decreases with the initial porosity, whereas the same irreversible swelling is observed for all cells. Swelling profiles of cells with initial porosity of 40% and 34% are very close and almost superimposed during discharge (Figure III-14h). Swelling of cell PC-Ater20 is very close to the other cells except in the 2L-2 graphite region and at high SOL. With a lower maximum swelling, the cell thickness during discharge is lower than the other ones at all capacity. It should be noted that all cell present close irreversible swelling between 0.6 µm and 0.7 µm.

The anode porosity evolution during the 2 nd post-formation cycle is plotted for cells PC-A72, PC-A74 and PC-Ater20 in Figure III-15. The larger irreversible swelling for cell PC-Ater20 results in a larger porosity variation between assembly and the plotted cycle with 32% compared to 28%. Cells PC-A72 and PC-A74 presents a lower porosity variation with 41.5% and 34.6%, respectively. It should be noted that the rest period under 0.5 MPa applied before electrochemical cycling also plays an important role in the anode porosity variation.

Despite a lower reversible swelling amplitude, cell PC-Ater20 anode exhibits the larger porosity variation buffering the overall anode swelling. All porosity variation profiles are quite similar for all cells with a slightly stronger hysteresis for an initial anode porosity of 34%. In summary, reducing the anode initial porosity results surprisingly in a similar swelling behaviour with the same amplitude during first cycles. However, after formation, the reversible swelling is lower meaning the anode porosity is more impacted and achieve lower values.

III.4. Conclusion

In this chapter, a study of the swelling behaviour of bi-layer pouch cells was proposed with the same electrodes: NMC622 cathode vs Si-C/G anode. Four parameters where studied: C-rate, external pressure, balancing and anode initial porosity.

First, a complete description of the cell swelling was proposed applying a low external pressure of 0.1 MPa, a balancing of 1.1 and an initial anode porosity of 40%. The first cycle shows a strong total swelling accompanied by a high irreversible swelling. The following cycles still exhibits a relatively high irreversible swelling due a lack of pressure to come back to the initial porosity. The porosity extracted using the model developed in the previous chapter shows an evolution at 0% SOC from 40 to 52% in 13 cycles. However, the porosity behaviour is always the same, whatever the cell design or the pressure: the porosity decreases during the first half of the charge working as a buffer for AM expansion and then stays rather constant.

Increase of the C-rate smooths the swelling variation for rates higher than C/2 and the electrode appears to be lithiated from the surface electrode to the current collector. It also leads to higher silicon lithiation in comparison to graphite and swelling is proportionally higher. Also, a significant thickness decrease was observed at the end of each half cycle, during OCV, due to homogenisation of the lithium concentration in the electrode. At the end of discharge as all the lithium is not delithiated, the anode stays swelled.

Second, the impact of external pressure was studied both on the swelling profile and on the cell's performances. It appears that external pressure both limits the anode expansion during lithiation and accompany its contraction during delithiation. This results in lower reversible and irreversible swelling of the cell during formation or post-formation cycles when pressure is increased. Applying 0.5 and 1 MPa during formation and cycling gives rather the same swelling than 0.1 MPa which is not enough pressure to come back to initial anode porosity of 40% after a cycle. Additionally, when pressure is increased a first contraction is observed when the cell is at rest corresponding to separator, pouch bag and electrodes contraction and a second dynamic contraction is observed during the first cycle after the pressure is increased. Logically, higher the pressure is, stronger is the resulting contraction.

This has a great impact on the anode porosity with a decreased initial porosity at 0% SOL from 48% at 0.1 MPa to 34% at 6 MPa. However, pouch cells cycled at 0.1 and 1 MPa lead to very similar capacity retention after 500 cycles. Only resistance at 30s and 2C is lower under 1 MPa in agreement with the significant lower porosity.

Third, the influence of 1.04 vs 1.11 balancing was observed. When designing cells with lower balancing, the larger use of the anode capacity leads to larger reversible and irreversible swelling during formation as silicon is deeply alloyed. For low balancing, the higher irreversible swelling of formation results in a higher anode porosity range and the larger post-formation swelling results in a larger porosity variation amplitude during one cycle.

Fourth, anode initial porosity was studied and surprisingly the 3 cells with 40, 34 and 28% anode porosity have roughly the same swelling for the first formation cycles. For the 5 th cycle, lower swelling was observed for the cell with 28% anode initial porosity.

The study proposed here mainly focuses on formation and first post-formation cycles.

It should be brought to light that very different results could be obtained for swelling profile and porosity variation in the case of aged cells. Especially, several articles observe a continuous growth of SEI at the anode side which often results in a continuous pouch cell thickness increase [START_REF] Louli | Operando Pressure Measurements Reveal Solid Electrolyte Interphase Growth to Rank Li-Ion Cell Performance[END_REF] . Also, possible degradation of the SEI filling the pores can occur and will greatly impact the anode porosity during cycling. In view of our observation, applying too high external pressure (or designing negative electrodes with too low initial porosities) could leads to faster capacity fade of the cell. This continuous growth could be problematic in the case of cell with hard casing: a continuous SEI growth would results in internal pressure increase maybe bringing the anode porosity to critically low values. Finally, the nature of the positive electrode will play an important role in both the swelling and the achieved performances of the cell. Indeed, NMC811 and LCO presents different contraction/expansion during (de)lithiation impacting the cell swelling and anode porosity evolution. Moreover, chemical crosstalk between anode and cathode interfaces will impact the cell electrochemistry and interfaces stability. Finally, the cathode nature will impact the cell performances through both mechanical and chemical phenomena. This set up is a power full tool to understand lithiation/delithiation mechanisms in pouch cells and could be used to characterise other Si-C composites. Other anode formulations or cell design could be tested in order to optimise the swelling.

Chapter IV -Anode swelling and porosity evolution in hard casing cell

As presented in chapter I, X-ray micro computed tomography appears to be one of the most relevant technic to evaluate in situ volume changes in hard casing type cylindrical cells 170 .

However, this characterisation is usually used to follow jellyroll evolution 165,168,171,202 by scanning the full volume of the object and rarely on small volume to appreciate the electrodes thickness 173,179 . Moreover, most papers studying electrode morphology changes either use specifically designed cells or perform post-mortem characterisation, which is not representative of the stresses induced on the cell during electrochemical processes and could correspond to different electrode morphology 126,150,332 . It is the case in particular for X-ray nanotomography devices, which require samples at micrometre level. In this work, we evaluated the steel case strain using strain gauges in a first part in order to determine the internal stresses and the pressure applied by the jellyroll upon cycling. In a second part, we performed in situ 3D imaging by X-ray micro Computed Tomography (m-CT) at different states of charge for the 4 th cycle to study the electrodes and separator thicknesses evolution. Finally, porosity changes inside those components were estimated by using the swelling model developed in chapter II and compared to the one measured for pouch cells in chapter III.

The cells considered in this chapter are 18650 hard casing type cells with NMC622 as cathode active material formulated with 92% of active material, 2% of C65, 2% of VGCF and 4% of PVdF, and the Si-C/G electrode formulated with 90% of active material, 2% of C65, 1% of VGCF and 7% of Na-PAA presented in chapter II as anode. All cells' properties are presented in Table IV-1. 

IV.1.1. Strain gauges and Mohr's circle

Given the cylindrical geometry of 18650 cells, when the casing is subjected to a pressure, a plane stress is created in the casing wall. This stress consists of a stress in the cell axis 𝜎 𝑙𝑜𝑛𝑔 and a stress in the hoop axis 𝜎 ℎ𝑜𝑜𝑝 as represented in Using the thin-walled pressure vessel theory, the relation between the internal pressure 𝑃, the circumferential stress 𝜎 ℎ𝑜𝑜𝑝 and the longitudinal stress 𝜎 𝑙𝑜𝑛𝑔 , with 𝑟 the inner radius and 𝑡 the thickness of the casing, can be expressed as follow:

19) 𝜎 ℎ𝑜𝑜𝑝 = 𝑃.𝑟 𝑡 20) 𝜎 𝑙𝑜𝑛𝑔 = 𝑃.𝑟 2𝑡
In the case of an open-ended cylinder, only a circumferential stress 𝜎 ℎ𝑜𝑜𝑝 is observed and 𝜎 𝑙𝑜𝑛𝑔 is null. In the case of a closed cylinder, 𝜎 ℎ𝑜𝑜𝑝 reaches values twice as high as 𝜎 𝑙𝑜𝑛𝑔 . 169 Since it is generally easier to directly measure strains of a sample than stresses, rosette strain gauges which are common and practical tools, were used to monitor geometric changes of the 18650 casing. Moreover, the use of three independent strain gauges enable the determination of principal strains and stresses in case of biaxial stress state even with unknown directions by overcoming angular positioning precision. In this case, 45° rectangular single-plane rosette strain gauge (C2A-06-125LR-120 from MICRO-MEASUREMENT) were used (Figure IV-2a). Three grids, with the second and third grids angularly displaced from the first grid by 45° and 90° respectively, measure the three independent strains 𝜀 1 , 𝜀 Identification of which stress 𝜎 𝑝 or 𝜎 𝑞 is the hoop stress 𝜎 ℎ𝑜𝑜𝑝 or the longitudinal stress 𝜎 𝑙𝑜𝑛𝑔 will be based on experimental values. As explained before, in the case of a cylinder, larger stresses and strains are observed in the circumferential axe. Hence the larger stress 𝜎 𝑝,𝑞 and strain 𝐸 𝑝,𝑞 will be identified as the hoop stress 𝜎 ℎ𝑜𝑜𝑝 and corresponding hoop strain 𝐸 ℎ𝑜𝑜𝑝 whereas the smaller stress 𝜎 𝑝,𝑞 and strain 𝐸 𝑝,𝑞 will be identified as the longitudinal stress 𝜎 𝑙𝑜𝑛𝑔 and corresponding longitudinal strain 𝐸 𝑙𝑜𝑛𝑔 .

IV.1.2. Validation of the measurement process and temperature dependence

The strain gauge was selected considering the elongation and temperature range specifications. The measured strains should have an elongation range from -30 to 30 mm/m and a temperature range between -50°C and +80°C. The cells were studied in climate chamber at 50°C or 25°C depending on the tests with temperature monitoring.

A calibration test between 10 and 50°C with 4 temperatures applied (10°C, 25°C, 30°C, 50°C) was performed in order to validate the good quality of the gauge sticking on the casing and to calibrate the temperature dependence of the casing and internal components thermal The observed behaviour corresponds to a "cylinder under pressure" for temperatures raise and a "cylinder in compression" behaviour for temperature decrease for both cells (Figure IV-4b and e). It can be seen that strain 𝜀 3 for EXPANSION-A05 shows greater variation than the other ones, either for the same cell or for EXPANSION-A04. This could have two explanations: the gauge is not properly sticked to the casing in this area or the gauge was placed at a point on the circumference of the cell that experiences specific deformation. Indeed, it was mentioned in chapter I that inhomogeneous strain distribution can be found along the case diameter 168 and the gauge where randomly placed regarding the jelly-roll and tabs position. to appreciate the evolution of the strains after formation. On cell EXPANSION-A04, all three strains 𝜀 1 , 𝜀 2 , and 𝜀 3 increase at the beginning of the first cycle and rapidly decrease to negative values during further cycles. 𝜀 3 has the larger amplitude, 𝜀 1 the lower, and 𝜀 2 presents intermediates values. With a significantly larger variation, 𝐸 𝑞 can be identified as the hoop strain and 𝐸 𝑝 as the longitudinal strain. Logically, stress 𝜎 𝑞 corresponds to the hoop stress and 𝜎 𝑝 to the longitudinal stress. The negative sign of the principal strains, especially 𝐸 𝑞 , is surprising as it reflects a contraction. With active material lithiation and expansion in the direction perpendicular to the current collector 116,149 during charge, positive strain values were expected, possibly corresponding to the diameter change measured in the literature 146,165,166,168 . Additionally, such expansion in charge and contraction in discharge would have matched with the results presented in chapter III for bi-layer pouch cell. The gauge was glued prior to any electrochemical cycling when the cell was in a neutral state. Moreover, thermal dilatation of the casing is corrected. Therefore, the origin of measured strains and stresses is necessarily related to electrochemical processes. The cell EXPANSION-A05 shows different results with the strains 𝜀 1 and 𝜀 2 having negative values and the strain 𝜀 3 positive values. This results in positive principal strain 𝐸 𝑝 and a negative principal strain 𝐸 𝑞 with similar amplitudes. In this regard it appears difficult to address which strains are circumferential and longitudinal. Moreover, as shown in part IV.1.2, gauge 3 may not be properly fixed to the casing and gives larger variations. Another explanation for this different result might come from the position on the gauge as it was randomly positioned along the cell girth. In situ observation of the jellyroll by micro computed tomography could provide additional information on the gauge position. This could explain the negative value and give insight to explain the discrepancy between the two cells. Indeed, it has been proven by Wu et al. that the strain is not homogeneous along the cell circumference 168 .

Finally, only results from cell EXPANSION-A04 will be considered as similar variations were observed for 18650 cells in another work and there is a doubt about the quality of the gauge fixation of cell EXPANSION-A05. The hoop strain amplitude increases during the three formation cycles and reaches a maximum and stable values for the following cycles. It should be noted that in the case of a cylindrical cell with hard casing, the filling of the void between the jelly roll and the casing necessary for the assembly might have an impact on the measured deformation. The stabilized strain variation amplitude during post-formation cycles is of 500 µm/m or 0.05% and the maximum deformation value is of 570 µm/m or 0.06% reached in the charged state of the 6 th cycle. This very low value corresponds to a diameter change of 10 µm traducing the high stiffness of the metallic housing. Additionally, with a number of 21 turns for the jelly roll, it would mean a thickness variation of less than 250 nm related to a stack of unit active layer. As shown previously, the anode actually expands of several microns when lithiated meaning its expansion is exclusively accommodated inside the constant volume imposed by the casing. Further pressure calculation is done using strains from cell EXPANSION-A04 applying a -1 factor to be in the case of a cylinder under pressure as expected because of the swelling of the anode active material behaviour.

The radial pressure 𝑃 can be calculated from the principal stress 𝜎 ℎ𝑜𝑜𝑝 using expressions 19). The relationship between strains, stresses and pressure being linear, the radial pressure curves is very similar to the hoop strain curve 𝐸𝑞 and is represented versus especially bellow 300 mAh.g -1 , where no significant variation of the pressure is observed because of the filling of the void between the jellyroll in pristine state and the casing walls.

Once, the jellyroll is in tight contact with the steel case significant pressure variation can be measured. After formation, the pressure change seems to stabilise and has the same slope for every cycles. For better visualisation of the swelling behaviour, the detailed pressure in charge and discharge during the 1 st cycle after formation (cycle 4) is also represented on Figure IV-6b. A reversible pressure variation with a great amplitude of 4.0 MPa is observed and can be related with lithium insertion. The shape of the pressure measurement shows that the expansion is neither linear nor symmetrical with the state of lithiation of the negative electrode with a hysteresis between charge and discharge. Between 0 and 25% of cell SOC, a low pressure is observed. This might come from the porosity being high enough to accommodate particle swelling. At higher lithium content, the slope variation is linked to the simultaneous graphite and silicon lithiation. The slight pressure drop at the end of charge (98% SOC) corresponds to the floating and OCV step as observed in the previous chapter for pouch cell.

During discharge, two distinct regions are shown: a first one between 100% and 45% of lithiation with a steady slope corresponding to graphite delithiation and a second one after 45% with a sharp slope corresponding to silicon delithiation. Compared to the swelling of bilayer pouch cells observed in chapter III, some similarities are visible with similar curve shape due to the same lithiation/delithiation sequence of the active materials. Also, the pressure seems to have an exponential variation with SOC whereas thickness variation measured for the pouch cells appears more linear.

It should be noted that cathode and separator contraction could also play a role in the overall swelling of the jellyroll. Hence, each component contribution must be studied separately to fully understand the full cell expansion behaviour and its impact on porosity of the components.

IV.2. Thickness variation of internal components IV.2.1. Separator thickness variation during fatigue test

The compression setup V2 presented before was used to evaluate the separator thickness variation during compression cycles. Ten layers of separator were stacked and placed in a pouch, 250 µL of electrolyte were added and the pouch sealed in an Ar-filled glovebox. The amount of added electrolyte was calculated to fill all pores and have the same excess volume of electrolyte as in a bi-layer pouch cell. In parallel, a piece of pouch bag was folded in half and placed in the set up to calculate the separator compression by subtracting the pouch bag compression to the pouch with separators compression. A stack of separators was used as it was shown that stacking layers leads to better repeatability 326 . The mechanical test consists of a rest period under 0.1 MPa followed by successive compression cycles between 0.1 MPa and 6 MPa with either intermediate pressure for slow cycling or no intermediate pressure for rapid cycling. Those successive compression cycles mimic the expansion/contraction cycles of the jellyroll in a constrained volume like in cylindrical cells. The protocol is presented in Table IV-3. During the following 30 slow pressure cycles, the pouch bag contraction at 6 MPa appears to reach a stable value of ≈-2.4 µm but the irreversible compression increases from -1.02 µm for the first cycle to -1.31 µm for the 30 th cycle. The separator contraction is more limited with a total irreversible contraction of -0.43 µm after 30 cycles and a minimum thickness of ≈-0.68 µm.

For both samples, the irreversible compression growth is more important during the first 5 cycles and decrease for the following one. Moreover, a non-symmetrical behaviour between pressure increase and decrease is observed with a higher thickness during load than unload.

This means that the material response under compression is faster than the material relaxation when stress is released. During the 400 following fast cycles, the irreversible compression grows from -0.43 µm to -0.62 µm for separator and from -1.31 µm to -1.41 µm for pouch bag, respectively. This corresponds to an overall irreversible contraction of -3.12% for the separator and -1.28% for the pouch bag. It should be noted that in this protocol the pressure is held during 2 min before recording the thickness which is not enough to reach a fully stabilized thickness as previously shown. This explains the lower contractions observed in this experiment compared to the previous one (paragraph III.2.1) for similar external pressure applied.

Nevertheless, this strong contraction has a significant impact on the separator porosity as shown in Figure IV-7c. With an initial value of 39%, the porosity decreases to 37.1% under the first load at 6 MPa and does not recover its initial value when pressure is released with an irreversible porosity loss of 0.9%. During the following cycles, the porosity reaches lower values at each cycles up to 37.0% under 0.1 MPa and 36.2% under 6 MPa. The magnitude of porosity change is of ≈1% between 0.1MPa and 6 MPa. 

IV.2.2. X-ray micro Computed Tomography (m-CT)

In this part, X-ray m-CT was used to determine anode, cathode and separator thicknesses evolution with SOC in cylindrical hard casing cell.

IV.2.2.1. 3D image acquisition

Cylindrical cell EXPANSION-A01 was scanned in 3D using a Zeiss microXCT-400 Experimentally obtained SOCs are presented in Table IV-5. At each SOC, the same VOI was scanned at high resolution using a specific sample holder designed to place the cell in the exact same position for each scan and avoid tilt of the cell (Figure IV-8b). VOI location was chosen in order to measure a homogeneous and representative swelling of the components over the whole cell. It has been shown that outer and inner layers of the jelly roll shows spatial deformation due to current collector tabs 173 and heterogeneous pressure distribution leading to heterogeneous swelling behaviour and ageing of the electrode 177,333 .

system
Hence, the VOI is located at mid-height of the jellyroll along z axis and half radius of the jellyroll in the xy plane in order to avoid the edges of the electrodes. 

IV.2.2.2. 3D image reconstruction

Volume reconstruction was performed with XMReconstructed-Parallel Beam-9.0.6445 software using a filtered back projection algorithm.

The histogram of the reconstructed volume represents the X-ray absorption in each voxel (expressed as an arbitrary Gray Scale Value, GSV) as a function of the number of voxels for each GSV (intensity). The GSV depend on material composition with high-density materials appearing the brightest. An example of histogram is given in Figure IV-12.

IV.2.2.3. 3D image processing and analysis

A specific image processing procedure was developed to determine thickness of each component. An example is given in this section, using scan #1. Fiji free software was used to analyse reconstructed volumes 334 .

The reconstructed dataset consists of a stack of 1000 ortho slices in 16-bits format.

The resulting GSV is function on the material density: materials with high X-ray absorption such as Cu corresponds to brighter pixels whereas materials with low X-ray absorption such as polymer corresponds to darker pixels. First the processing on FIJI was eased by converting the initial dataset to a stack of 8-bits ortho slices, as it does not significantly alter the image contrast. Indeed, line-profiles of 16-bits and 8-bits images on The profile extracted from a 1px width line drawn on one slice perpendicularly to the jellyroll exhibits low contrast (Figure IV-12). It is then difficult to distinguish the alternance of the 5 components from GSV and to determine their thickness. To overcome this, the dataset was divided into 3 equal sub-volumes, i.e., stack of 325 ortho slices, and one ortho slice was extracted from each sub-volume using the FIJI Z-project plugin. Z-Project is a method of analysing a stack by applying different projection methods (average intensity here) to the pixels within the stack. The resulting orthoslice is more contrasted and the corresponding histogram exhibits three broad peaks, making it easier to distinguish the five components of the cell. sandwiched between two layers of cathode (grey values between 166 and 170). Finally, the darkest layers correspond to the separator (grey value below 153). The interface position between two consecutive layers was identified from local maxima of the first order derivative of the line-profile with a precision of 1 pixel corresponding to 1.6 µm (Figure IV-13). The measured thicknesses (between two interfaces) were mathematically corrected considering the Al and Cu current collector incompressible with a steady thickness of 20 µm and 10 µm respectively but it should be noted that cathode or separator thickness measurement will exhibits poorer precision that anode thickness measurement due to the lower GSV contrast between the two adjacent materials. The objective of this data treatment was to improve the resolution of the line profile by averaging a large number of data without over-averaging to limit the loss of information. This image and data processing (Z-project and 100 px longitudinal line-profile) is done for each 3 sub-volumes, giving numerous measurements of each component thickness for one given SOC. One sub-volume contains an alternation of 5 Cu-collectors, 10 cathodes, 5

Al-collectors, 9 anodes and 9 separators). Thus, all following results are average values of multiple measurements with a precision of 1 pixel, i.e., 1.6 µm, and are presented along with the associated standard deviation. This is a way to overcome the relatively large voxel size (1.6 µm) compared to the layer's thicknesses (20-60 µm) and have a representative measurement of the components thicknesses in the overall volume.

Figure IV-13: Left) Example of longitudinal line-profile obtained from the yellow stripe (width: 100 px along with the 1 st order derivative curve used to determine the distance between two interfaces; right) Ortho slice obtained from a projection method (Z-project, average pixel intensity) applied on a sub-volume (stack of 325 ortho slices). The sub volume is extracted from a high-resolution scan of the 18650 cylindrical cell at SOC 0% (voxel size of 1.6 µm). The inset shows the position of the VOI selected for high resolution scan.

IV.2.3. Thickness changes during and after formation

As shown in the study of the hard casing rigidity (paragraph IV. 1.3), the jellyroll experiences first an increase of the maximum pressure during the 3 formation cycles with a most likely an irreversible increase of the components thickness as there is a necessary initial void in between the jelly roll and the steel case to enable their assembly. On a radius, this initial void is of 100 ± 20 µm as assembly is finely controlled as a function of the jellyroll diameter. Related to the 21 turns of the jellyroll, this corresponds to approximately 5 µm per anode. Internal components thickness variation was firstly measured by m-CT after the 3 cycles of formation at 0% SOC for comparison with the initial values measured before assembling using a micrometre (Table IV- 6). No thickness difference was spotted regarding the inner or outer position of the active layers for both anode and cathode. At the remaining pressure of 0.2 MPa when the cell is discharged, the anode exhibits an irreversible swelling of +6 µm (Figure IV-14). This expansion corresponds to an increase of 6.6% of the active layer thickness compared to the value measured during assembling.

Regarding the cathode, a contraction of 3 µm, i.e., 2.5% of active layer, is observed and no significant thickness change can be noted for the separator. So, the irreversible swelling of the anode is only partially compensated by the cathode contraction. The remaining pressure of 0.2 MPa observed at the end of formation in discharge state on Figure IV-6b indicates that this irreversible swelling is mainly compensated by filling the spaces between layers and the void between the jellyroll and steel case. However, this void does not seem to be enough for full compensation creating pressure that might have an impact on the porosity of the compressed components. Compared to the calendering step, this pressure is fairly low; however, it is continuously applied which mean that elastic compression can occur whereas only plastic deformation is estimated for the calendering step. This irreversible swelling of the anode during formation is 3 times smaller than the one observed for pouch cells under 0.1 MPa meaning that the varying pressure during a cycle has a great impact on the anode thickness change hence on its porosity.

Then the reversible swelling of the anode during a charge/discharge cycle, was measured by m-CT at 8 different SOC (4 in charge and 4 in discharge) and is depicted in only one of the 2 active layers of double side coated electrodes, as it will be compared with pouch cells results with single side coated ones, with respectively 48 and 57 µm for anode and cathode thicknesses measured at 0% SOC (Table IV -6). The total swelling corresponds to the sum of all three components thicknesses and should be close to 250 nm from pressure measurements as the overall swelling takes place in a constraint volume. The swelling is not as asymmetric between charge and discharge in 18650 cylindrical cell compared to the one observed for pouch cell swelling. More precisely, the anode shows a linear and reversible expansion/contraction process correlated with the lithiation/delithiation electrochemical process. A maximum amplitude of this expansion (+2.3 µm) is measured at 100% cell SOC, corresponding to +4.8% compared to the initial thickness measured at the end of the 3 formation cycles (0% SOC, Table IV-6). The absence of hysteresis between the lithiation and delithiation processes might have two explanations: either voxel size is too large to distinguish the hysteresis, or the constant rise of the pressure up to 4.2 MPa during lithiation leads to a different particle rearrangement process. The swelling amplitude is significantly lower in 18650 than in pouch cells for which a reversible swelling between 8 to 12% was observed during post-formation cycles in chapter III at various pressures between 0.1 and 6 MPa. It should be noted that the cathode contraction is included in the measured pouch cell swelling meaning that the real anode expansion is probably larger than those values. The different compression mode (constant pressure vs varying pressure during one cycle) probably explains this discrepancy between cylindrical and pouch cells and might impact the anode porosity variation.

In contrast, the cathode and the separator undergo a contraction of -1 µm and -0.8 µm at the end of the 3 formation cycles (-1.7% and -4% of the initial measured thickness), respectively. Their swelling profile is not as linear as the anode one, especially for the separator, showing a slight hysteresis in the process. Cathode contraction comes from both structural changes in the material lattice [START_REF] De Biasi | Between Scylla and Charybdis: Balancing Among Structural Stability and Energy Density of Layered NCM Cathode Materials for Advanced Lithium-Ion Batteries[END_REF] and mechanical elastic deformation, whereas the separator shrinkage is only a consequence of anode expansion but remains very low, contrary to what was reported for others separators 138,187 . The value measured here is slightly higher than the reversible contraction of 0.25 µm observed between 0.1 MPa and 6 MPa in the fatigue test. This difference might come from the relatively fast pressure change in the fatigue test (12 min for slow cycles, 2 min for fast cycles) compared to C/5 cycling where the pressure changes from 0.2 MPa to 4.2 MPa in 5 hours allowing the separator thickness to reach more stabilized so possibly lower values.

Finally, the sum of all variation shows a very low increase (Figure IV-14) which is in agreement with low casing deformation measured with strain gauges.

A more accurate thickness measurement could be achieved by optimising the data and image processing using thresholding or filters applied to the whole volume. However, the accuracy of the measurement will always be limited by the voxel size of 1.6 µm. Initial porosity of the components before assembling were of 40%, 32% and 39% for anode, cathode, and separator, respectively. When assembled in 18650 cylindrical hard casing, the filling of the necessary initial void between the jelly roll and the steel case explains the initial 44% anode porosity, while the cathode porosity slightly decreases from 32 to 31% which might be due to remaining pressure of 0.2 MPa in the cell at 0% SOC. This initial anode porosity value is lower than the 49.1% porosity obtained for pouch cell formed under 0.1 MPa. This highlight impact of the varying pressure during cycling. The separator has kept its initial porosity of 39%. Regarding porosity change during one cycle, the anode porosity is straightforward the most impacted, diminishing from 44% to 33%. The lower observed minimum porosity of 33% corresponds to what was observed in chapter III for a pouch cell cycled under 4 MPa. The variation amplitude is greater though, and the anode porosity in 18650 decreases almost linearly all along lithiation whereas anode porosity in pouch cell presents a strong decrease at the beginning of lithiation followed by a more stable region. This points out the impact of the varying pressure in 18650 cells. With an exponentially increasing pressure all along lithiation, the anode porosity is more and more impacted potentially reaching very low values. It is important to highlight that too low porosity in anode is detrimental to proper functioning of the electrode associated with an increase of the ionic resistance mainly due to tortuosity increasing 194 . Moreover, repeated cycles of high pressure such as 4.2 MPa and low porosity could have a significant impact on anode micro-structure. Particles will rearrange, exceeding the binder elasticity, which could lead to the appearance of cracks in the electrode. At lower scale level, material friction might lead to SEI pull-out. These phenomena could finally result in electrical isolation of particles due to thick SEI and in extreme cases pores closure, increasing the overall electrode resistance and leading to rapid fading of the performances 145,335,336 . Low anode porosity might lower ion mobility and increase charge transfer also impacting the cell performances. Additionally, anode expansion is not fully compensated by its porosity drop and affects cathode and separator porosity. Cathode porosity is the least impacted (less than 1% magnitude) as NMC contraction during delithiation already leads to electrode shrinkage. As for separator, a contraction of 2.6% is observed. This process is reversible during one cycle but repeated cycles of contraction/expansion could accelerate separator pores clogging and conductivity drop which will significantly impact the cell performances especially at high C-rate 329,330 .

IV.2.4. Induced porosity changes

Despite high pressure and great porosity changes, extended cycling of EXPANSION-A03 cell shows good performances with capacity retention of 90% and 80% after The peaks on the SOH 100 curves at ≈3.7 V in charge and at ≈3.6 V in discharge corresponds to redox transition of NMC622 [START_REF] Noh | Comparison of the structural and electrochemical properties of layered Li[END_REF] . For the negative electrode, Li (de)intercalation in graphite corresponds to the peaks observed at 3.55 V in charge and discharge 337 while silicon dealloying is observed at 3.15 V. A global attenuation of the peaks and smoothing of the curve is visible after 420 cycles, which is certainly linked to lithium loss and heterogeneity of the electrode. However, silicon is still active with low loss of active material after 420 cycles contrarily to graphite for which the peak intensity has drastically decreased. In addition, peaks shift to higher voltage indicates an increase of both electrode resistance, which is consistent with the increasing resistance measured for the full cell. It could indicate that SEI accumulation is no longer negligible after repeated cycles and that cathode resistance has significantly increased.

Figure IV-16: a) Normalised capacity (C/5, RT) and resistance (2C, 30s at 50% DOD) evolution upon cycling of 18650 cell EXPANSION-A03. C-rate during cycling is 1C with C/5 check-ups and resistance measurements every 20 cycles (full cycling protocol is detailed in Appendix B as "Cycling protocol B"); b) Differential capacity vs. voltage curves at 100% SOH and 80% SOH (cycle 2 and 420).

IV.3. Conclusion

The mechanical behaviour of cylindrical cells built with NMC622 cathode material and Si-C/G anode material was studied over formation and a few post-formation cycles in this chapter. The steel case hoop strain was measured using rosette gauge. The metal casing appears to be very stiff and is not accommodating the anode expansion with a maximum deformation of 0.06% or +10 µm on diameter. The jellyroll must swell in a constrained volume creating exponential pressure variation from 0.2 MPa to 4.2 MPa when the cell is fully charged during each cycle (post-formation) and linked to the active material state of lithiation as observed on swelling at constant pressure in the previous chapter. This maximum pressure increases during the first 3 formation cycles and appear to stabilize then.

In order to see the impact of such pressure at the electrode level, X-ray m-CT was used to determine anode, cathode and separator thicknesses evolution. The anode shows an irreversible swelling of 6.6% during formation followed by a reversible swelling with 4.8% amplitude during the following cycle. The irreversible swelling after formation is mainly due to SEI formation and particles rearrangement filling the void between the jellyroll in pristine state and the casing walls necessary for the assembly (around 200 µm on the diameter). This leads to an increase of the anode porosity from 40 % to 44%. After formation, the reversible lithiation/delithiation process of silicon and graphite is partly accommodated by the cathode and separator with a reversible shrinkage of 1.7% and 4%, respectively. However, this contraction is not enough to totally compensate the anode swelling in a constrained volume and its porosity acts as a buffer with a variation from 44 to 33%. The cathode and separator porosities are less impacted with a change of less than 2%. It should be noted that those value corresponds to the first post-formation cycle and different values could be reached during extended cycling. Compared to pouch cells under 0.1 to 6 MPa, the swelling of the anode is lower in cylindrical cells because of the limited volume available resulting in a larger anode porosity variation.

Finally, all these variations in components porosities could have a strong impact on cell performances by increasing anode resistance. However, 18650 cells still show very good performances with a capacity retention of 77% at low C-rate (C/5) after 480 cycles at 1C. However, it should be noted that the cell resistance linearly increases reflecting slow degradation processes which could be linked to SEI accumulation.

Chapter V -Cathode material influence V.1. Introduction

As stated in chapter I, cathode material plays a key role in Li-ion cells performances, and it is reported that degradation mechanisms are impacted by chemical crosstalk between anode and cathode. In chapter II, a discrepancy was observed in cycling life of cells with NMC622 or NMC811 as cathode. Moreover, the different crystallographic volume changes of LCO vs NMC led to different swelling of bi-layer pouch cells. That is why, a full study of the cathode material influence is proposed in this chapter: NMC622, NMC811 and LCO cathodes will be implemented in cells with the Si-C/G anode used in the previous chapters. A series corresponds to NMC622, B series to NMC811 and C series to LCO. Similar anode porosity and balancing were targeted for all cells to free the cathode comparison from other varying parameters.

Firstly, bi-layer pouch cells and cylindrical cells performances during long-term cycling will be presented. The implementation of a reference electrode (RE) will bring additional information about anode and cathode respective voltage during cycling. Secondly, the swelling of bi-layer pouch cells with the three different cathodes will be measured during formation and extended cycling. Finally, a post-mortem analysis at beginning of life and after cycling will be performed to understand the failure/working mechanisms associated to the Si-based anode and different cathode materials. This approach will be based on X-ray photoelectron spectroscopy (XPS), secondary-ion mass spectrometry (Tof-SIMS), inductively coupled plasma mass spectroscopy (ICP) and electrochemical impedance spectroscopy (EIS) analysis of both positive and negative electrodes.

Cylindrical cells and bi-layer pouch cells were assembled with NMC622, NMC811 or LCO as positive electrode material and Si-C/G blend for anode active material. For NMC cathodes, 92% of NMC622 or NMC811 was mixed with 2% of CB, 2% of VGCF and 4% of PVDF binder. The slurries were coated on a 20 µm aluminium foil current collector with a target loading of 16.5 mg and 14.3 mg of active material per cm² per side for NMC622 and NMC811, respectively, and calendered to a target porosity of 32%. For the LCO cathode, 96 % of LCO was mixed with 2 % of CB and 2 % of PVDF binder, coated on a 20 µm thick Al current collector with a target loading of 20.2 mg of active material per cm² per side and calendered to a target porosity of 30%. The negative electrode consists of 35% of Si-C CC1203 composite, 55% of graphite, 2% CB, 1% VGCF and 7% of Na-PAA. The slurry was coated on a 10 µm thick Cu foil with a target loading of 6.5 mg per cm² per side and calendered to a target porosity of 40%.

Celgard 2320 was used as separator in all cells. They were filled with 1M LiPF6 in EC/EMC/DEC (3/5/2) + 1% VC + 30% FEC as electrolyte and sealed in an Ar-filled glovebox.

More details on the cells manufacturing are given in Appendix A.

A list of all the cells studied in the chapter is available in Table V-1. 

Table V-1: List of all cells reference in this chapter and their respective type and purpose.

Cathode material

Cathode materials evaluation in half cell

Prior to the evaluation of full cells performances with an Si-based anode, the three presented cathodes were firstly assembled in half cell configuration. 14 mm diameter disks were punched, dried, and assembled in an Ar-filled glovebox. Three coin cells for each cathode were assembled with a 16 mm diameter lithium disk as counter electrode, 16.5 mm diameter disks of Celgard 2400 and Viledon as separator and 1M LiPF6 in EC:EMC:DEC (3/5/2) + 1%

VC + 30% FEC as electrolyte. The standard formation protocol and cycles at various C-rates (C/5, C/2, 1C, C/10) were applied (Table V-2) using a VMP3 test bench from Biologic. Note that the potential window is [2.5; 4.2] V vs Li + /Li. The potential profiles obtained during the 4 th cycle are plotted in 

V.2.2. Full cell's performances V.2.2.1. Tested cells and cycling protocols

Cells with NMC622, NMC811 and LCO as cathode were assembled with the same Si-C/G anode presented in chapter II. Two cell formats were compared as it has been seen in the previous chapters that pouch cell and cylindrical cells corresponds to two different compression modes. For pouch cells, a constant pressure of 0.1 MPa is applied during formation and cycling using two calibrated clips. For 18650 cylindrical cells, the jelly-roll expansion happening in a constrained volume creates varying pressure during cycles. The cells properties are presented in Table V-4. Pouch cells have low dispersion in terms of balancing with values between 1.06 and 1.13 whereas it is more dispersed for 18650 cells with values ranging from 1.00 to 1.15. Electrode's porosities are fairly similar. For both formats, higher discharged capacity for the 3 rd cycle is observed for LCO, then NMC622 and NMC811. All cells have end of formation cathode specific capacities close to the expected one with 159 mAh.g -1 for NMC622-based cells, ≈175 mAh.g -1 for NMC811-based cells, and 136 mAh.g -1 for LCO-based cells. The cell format does not impact the discharged capacity at this early stage of the cell life. Despite the different cathode specific capacities, similar electrode length is wounded in all 18650 cells.

The anode reversible specific capacity directly depends on the cell balancing. With a balancing of 1.10 to 1.12 compared to 1.05 to 1.07, the anode in cells from B series is less solicitated than the anode from C series; for A series, the 18650 cell has a very low balancing and therefore the cycled anode capacity is the highest with 474 mAh.g -1 which is close to the reversible capacity of 500 mAh.g -1 of the anode.

Regarding the first cycle ICL, it is higher in full cell than in half cells for all cathodes.

This comes from the significant Li consumption at the anode side during the first cycle to form the SEI. With around 12% of capacity loss during the first cycle, the Si-C/G anode is mainly responsible for the observed values, the cathode capacity loss playing a minor role. However, it can still be noted that the 1 st cycle ICL is higher for NMC811-based cells indicating a higher amount of Li loss during the first cycle in interfaces formation or trapped in disconnected AM particles. Interestingly, it appears that pouch cells lead to lower 1 st cycle ICL than 18650 cells for a similar cathode.

V.2.2.3. Ageing test results

Cells normalized discharge capacity at C/5 measured during extended cycling are plotted in Figure V-2. For cylindrical cells, a linear decrease of the discharge capacity is observed with a steeper slope for LCO, than NMC622, than NMC811. Finally, 77% of the initial capacity is retrieved after 520 cycles for NMC622 cells, 82% for NMC811 cells and only 66%

for LCO cells. In other words, 80% of the initial capacity is retrieved after 440, more than 520 and 280 cycles for NMC622, NMC811 and LCO based cells.

The capacity retentions are directly correlated to a resistance increase. For NMC cells, resistance decreases after 20 cycles, but then increases linearly with a lower slope for NMC811. For LCO cells, although the cells start with a higher resistance and a similar slope than NMC cells, a sudden increase is observed after 250 cycles. Note that the resistances are measured at 50% of SOC at which the pressure is relatively low in the cell and the cathode swelling has no impact yet. In all cases, the resistance measured with a pulse at 2C for 30s is associated to electrolyte conductivity and proportional to active surface, tortuosity, porosity, and electrolyte diffusion. Further details will be provided in this chapter.

Regarding pouch cells, they exhibit lower capacity retention compared to cylindrical cells for all cathodes. Nevertheless, the same trend is observed with better performances for NMC811 cells with 75% of the initial capacity recovered after 501 cycles, 69% for NMC622 cells and only 54% for LCO cells. It means that 80% of the initial capacity is retrieved after 220, 401 and 101 cycles for NMC622, NMC811 and LCO based cells. Unlike for 18650, the resistance appears to be more constant upon cycling especially for NMC811 or LCO.

The discrepancy between cylindrical and pouch cells has already been studied in the previous chapters and showed that in cells cycled with a pressure of 0.1 MPa the anode porosity continuously increases upon cycling which might lead to particle disconnection from electrical network. However, the pore volume is not affected in agreement with the constant resistance. On the contrary, in 18650 cells, the constant volume limits particles isolation in line with the better capacity retention, but the higher pressure might lead to more particles rearrangement and eventually pore volume/porosity decrease with the SEI accumulation upon cycling. With NMC622 contraction of 1.7%, NMC811 contraction of 2.2% and LCO expansion of 1.8% when lithiated, the pressure applied on the jellyroll will be higher for LCO based cells than NMC622 based cells and then NMC811 based cells. This can be directly linked to the higher observed internal resistance for LCO and to the varying performances. Cycling of pouch cells under greater pressure might confirm this assumption and swelling measurement of those cells give insights on the developed internal pressure in 18650 cells. 

V.2.2.4. Power test results

The charged capacity obtained during the power tests after 100, 200, 300, 400 and 500 cycles are plotted in Figure V-3. NMC based cylindrical cells appear to still properly charge even at 2C or 3C after 500 cycles (≈80% SOH) with around 50% of the initial capacity charged.

A global capacity decrease for all the cathodes is observed for all C-rates in line with the capacity retention (4% for NMC622 cells, 3% for NMC811 cells and 7% for LCO cells every 100 cycles). The poorer performances obtained for LCO cells are linked to the higher mean voltage of LCO and its stronger polarisation observed in Figure V-1 as the upper cut-off voltage is reached quicker than for NMC cells, resulting in a lower charged capacity. For pouch cells, none properly charge at 3C even in fresh state; acceptable charged capacity is obtained at 2C in fresh state but lower values between 40% and 50% of initial capacity are achieved from the 100 th cycle onward which is lower than the achieved capacity at 3C after 500 cycles in cylindrical cells. The low pressure of 0.1 MPa applied on the cells might play a role as higher pressure enhances anode cohesion and particleparticle contact. The continuous thickness increase previously observed for pouch cells under 0.1MPa keeping a high porosity might play a role and keep higher distance between the anode particles limiting the fast charge.

V.2.3. Characterisation of both electrodes' potentials evolution with in situ reference electrode

The interest of implementing a reference electrode (RE) in a Li-ion battery lies in the fact that anode and cathode contribution can be differentiated. Various electrochemical responses can then be evaluated.

In this part a LFP RE was inserted in the jellyroll turns during 18650 cells assembly in order to follow positive and negative electrode respective potential evolution upon cycling and give insights on the degradation mechanisms taking place in the cells. The RE integration and functionalisation method is described in Appendix C. A total of 5 cells were assembled following this procedure: 1 for A series with NMC622 as cathode, 2 for B series with NMC811 and 2 for C series with LCO (Table V-7). After standard formation protocol and RE functionalisation, the 18650 cells were cycled for 500 cycles with the same cycling protocol than before (Table V -5). The applied C-rate was of C/2 with characterisation cycles at C/20 and power tests every 100 cycles. Capacity check-ups at C/5 and resistance measurements (30 s, 2C at 50% DOD) were performed every 20 cycles. The cycling test was performed on an Arbin ® test bench. The 18650 cell was connected using a standard cell holder and the reference electrode potential was recorded using an auxiliary voltage channel. Details of the connexion and positive and negative electrodes potentials calculation are given in Appendix C.

Firstly, it is important to check that the implementation of the RE does not affect the cell performances. Formation and cycling results are given in Table V-8 andFigure V-4, respectively. The presence of the RE and new cell design have limited impact on the formation step for all cells with cell discharge capacity at the end of formation being at the same level than the one obtained for cells without RE in paragraph V.2.2.2. Only the NMC622 cell shows significantly lower cell capacity and cathode specific capacity (1.89 vs 1.92 Ah and 154 vs 159 mAh.g -1 ); the lower anode capacity used (447 vs 474 mAh.g -1 ) comes from both lower cell capacity and higher balancing. Regarding 1 st cycle ICL, lower values are observed than for cells without RE. However, cycling life is more dispersed with the RE implementation. With only 51% instead of 77% of the initial capacity obtained after 500 cycles, the NMC622 cell is the most impacted. For NMC811 cells, EXPANSION-B03 reaches a capacity retention of 67% which is lower than the 82% expected one. On the other hand, EXPANSION-B06 does not seem impacted with 83% of the initial capacity. LCO cells seem also less impacted with 57% and 61% of the initial capacity for EXPANSION-C04 and EXPANSION-C05 compared to the 66% obtained previously (paragraph V.2.2.3). One explanation could come from the order in which the experiments were carried out. EXPANSION-A10 and EXPANSION-B03 were the first cells assembled with properly sealed casing and functional RE. Different RE connexion with the test bench were tested and the cycling program was adjusted with those cells. The frequent stops in cycling and numerous manipulations might have cause this faster performances decay. This is confirmed by the rather erratic resistance measurement for those two cells. The other cells appear to reach similar performances (discharge capacity and resistance) than cells without RE. Unfortunately, an abnormal shift of the measured voltages is observed after 300 cycles indicating a delithiation of the RE material hence defunctionalisation of the reference electrode. This is due to the Arbin auxiliary channel for which a leakage current of 67 nA.V -1 was measured. Considering a mean potential deviation of 0.5 V when RE is connected versus the positive electrode of the cell, the leakage capacity is of 24 µAh per month, which is in the order of the total RE capacity. In this regard, only results in fresh state and after 100 and 200 cycles (before RE defunctionalisation) could be compared. The lower capacity observed every 100 cycles is probably due to loss of cyclable Li which is consistent with the positive electrode mean potential increase. This observation will be addressed in later in this chapter in a post mortem study. Power tests results in fresh state and after 200 cycles are plotted on Figure V-8. In this case too, the negative electrode voltage reaches negative values when C-rates higher than C/2 are applied. This feature is enhanced after 200 cycles where negative values are observed at C/5. This negative voltage observed at lower C-rates than for the NMC622 based cell could be linked to the cathode lower polarisation, especially after 200 cycles, allowing the negative electrode voltage to reach lower values. However, this cell shows the best performances and the appearance of lithium plating is not so obvious. Additionally, lower voltages are observed for the NMC811 cathode than for NMC622, even at high C-rates. Unfortunately, results from cells EXPANSION-B03, EXPANSION-B04 and EXPANSION-C05 were not usable (see Appendix C).

More experiments with the RE properly refunctionalised every 200 cycles could bring a more precise measure of the positive and negative electrodes potentials during extended cycling helping to understand the origin of the performance's degradation. Also, measurement of the positive and negative electrode impedances could give additional information.

V.2.4. Conclusion

NMC811 18650 cells have shown more than 500 cycles of 80% capacity retention compared to 440 and 280 cycles for NMC622 and LCO cells. Cell design analysis shows that NMC811 has lower reversible depth lithiation profile due to a combination of higher balancing and irreversible capacity loss. Lithium plating appears thermodynamically possible as negative potentials were obtained from 18650 cells with reference electrode, but the NMC811 cell present the lower potential while showing the best capacity retention; this lithium plating is unlikely to be responsible of different fading mechanism. However, LCO cathodes show voltages higher than NMC by 0.2 V vs Li + /Li because of the redox reactions involving Co maybe leading to a difference in the electrode interface.

V.3. Swelling of pouch cells with three different cathodes

In this part, the swelling of pouch cells with the three cathodes is measured during formation and extended cycling and the anode porosity variation extracted for cycles of interest as already presented in the previous chapters. Two pouch cells were assembled for each series (Table V-9). Similar anode porosity and balancing around 40% and 1.1 were targeted for all cells as it has been evidenced in chapter III that those two parameters will influence the measured swelling and calculated anode porosity. The formation protocol is the same than used before (detailed in Table V-1 

V.3.1. Formation

The swelling during formation is available for cells PC-Aquat-22, PC-B15 and PC-C10 Total, reversible, and irreversible swellings for each cycle are surmised in micrometre and percentage regarding the anode active layer thickness in Table V-10 along with the corresponding anode specific capacity. All cells have the typical swelling profile observed during formation in chapter III with a first cycle with large irreversible swelling associated with an irreversible capacity loss due to SEI formation. It should be noted that a higher 1 st cycle ICL is not correlated with a greater irreversible swelling. During the following cycles, this irreversible swelling diminishes but is still high, and the reversible swelling slightly increases. The characteristic flat and slanted regions of the curves due to graphite and silicon respective (de)lithiation and swelling are observed at the same anode SOL than in chapter III, for both charge and discharge. Irreversible swelling is close for all cells as it mainly comes from particles rearrangements in the anode at this pressure. The difference between the 3 cells is spotted on the total and reversible swellings.

NMC622 cell has a medium swelling amplitude with the anode expansion compensated by the cathode contraction at high SOL. With a stronger contraction, NMC811 leads to lower swelling amplitude and a flatter curve is observed during graphite delithiation in discharge between 500 mAh.g -1 and 250 mAh.g -1 . In contrary, LCO expansion brings the swelling amplitude to larger values with a steeper curve at high SOL in charge and discharge due to both anode and cathode expansion.

V.3.2. Extended cycling

The total swelling of 7.0 µm, NMC811 cell of 5.8 µm and LCO cell 7.9 µm. This comes from both cathode expansion/contraction profile and the maximum achieved anode capacity. With 413 mAh.g -1 , NMC811's anode achieves a lower SOL compared to NMC622 or LCO's anode with 433 mAh.g -1 and 445 mAh.g -1 , respectively. Moreover, at the end of lithiation, the swelling is steep hence mainly associated to silicon. The irreversible swelling is of around 2% for all cells. After 87 cycles, the cells swelling is different. Firstly, the swelling amplitude is diminished to 4.7 µm for PC-Aquat22, 4.3 µm for PC-B15 and 5.6 µm for PC-C10. This corresponds to a loss of 2.3 µm for NMC622 and LCO cells and of 1.5 µm for NMC811 cell that can be directly linked to the capacity loss observed after 87 cycles. With the best capacity retention of 88%, the NMC811 based cell has the less impacted swelling amplitude contrary to NMC622 and LCO based cells. Secondly, the swelling profile does not show the characteristics usually observed, especially the alternance of graphite and silicon lithiation during charge. Instead, a linear increase of the cell thickness is observed. The curves appear smoothed which usually indicates a non-homogeneous lithiation of the active material particle along the electrode thickness. This is typically observed at high C-rate and the cell polarisation leads to lower achieved capacities. Thirdly, the observed swelling is totally reversible for the three cells (less than 0.1%). The cell might have performed enough cycles to stabilise the electrodes structures in association to the capacity loss which reduces the swelling.

V.3.3. Porosity evolution

The anode porosity variation during one cycle is plotted in Figure V-13 for the first and last post-formation cycle (4 th and 87 th ) for each cell. Anode porosities were set at 37-38% during formation. At the beginning of the 4 th cycle, the anode porosity is close to 47% for the 3 cells because of the irreversible swelling observed during formation. All anodes have a similar evolution with a porosity decrease between 0 and 200 mAh.g -1 followed by a flatter region at higher anode SOL. The porosity variation amplitude is of around 5% (4.6% for PC-Aquat22 and of 5.2% for PC-B15 and PC-C10). This evolution is identical to the one observed in chapter III and is not impacted by the cathode nature. After 87 cycles, a global increase of the anode porosity is observed which is driven by the cell irreversible swelling: a greater irreversible swelling is associated to a higher anode porosity for a given SOL. A similar variation is observed during the cycle with an amplitude of 3.6% for PC-Aquat22, 5.1% for PC-B15 and 3.6% for PC-C10. The larger variation obtained for NMC811 based cell comes from the larger reversible capacity (de)inserted in the anode. Finally, it appears that the porosity range depends mostly on the retention capacity and not directly to the cathode chemistry. It should be noted that SEI continuous growth is not considered in the model and could impact the calculated porosity. 

V.3.4. Conclusion

In summary, during formation, the cathode material only impacts the total and reversible swellings because of the volume change of its own crystallographic unit cell. The irreversible swelling of around 10 µm after 3 cycles depends on other parameters such as the anode swelling and the pressure on the cell as seen in chapter III.

During extended cycling, a global thickness increase is observed for all cells with an irreversible swelling of 5.3 µm to 6.8 µm after 30 cycles and 7.2 µm to 8.6 µm after 87 cycles.

A stronger irreversible swelling is observed for LCO compared to NMC622 and then NMC811.

It could originate from the higher amount of lithium inserted in the anode or a more important amount of created SEI. This last point will be addressed in the last part of this chapter. The reversible swelling amplitude decreases linearly during cycling because of the lower amount of inserted lithium resulting from the cells capacity fade. It should be noted that if this thickness evolution took place in a constrained volume like in 18650 cells, the pressure applied on the jellyroll would be higher for LCO cells than NMC622 cells than NMC811 cells.

Regarding the anode porosity evolution, it increases from 37-38% to 46-47% at 0% SOL during formation and to 50-52% after 100 cycles. The porosity variation during one cycle is of 5 µm at the beginning of life and depends mostly on the amount of inserted lithium. In this case, with regulated pressure, the cathode material does not directly impact the anode porosity evolution. However, the SEI continuous growth is not accounted for in the swelling model used for porosity calculation and might play a key role in the anode porosity evolution.

It could be interesting to perform additional tests with higher pressure to measure the cell swelling and anode porosity evolution: in such conditions the lack of pressure that does not allow to recover initial thickness will be overcome and the SEI growth might be more visible. These conditions would be also closer to the one found in a cylindrical cell. Finally, a more complex model could provide more accurate estimation of the anode porosity variation.

V.4. Post-mortem analysis and interface's characterisation

The purpose of this last part is to study deeply the degradation mechanisms occurring at each electrode and the electrochemical crosstalk between anode and cathode. To this end, a post-mortem analysis is performed on pouch cells with NMC622, NMC811 and LCO as cathode after formation and 240 cycles as it should be enough to observe a significant evolution [START_REF] Louli | Operando Pressure Measurements Reveal Solid Electrolyte Interphase Growth to Rank Li-Ion Cell Performance[END_REF][START_REF] Fang | Anode-originated SEI migration contributes to formation of cathode-electrolyte interphase layer[END_REF]193,290 . The list of studied cells and their properties is depicted in Table V-12. The post-mortem analysis consists of the evaluation of the residual and reversible electrodes specific capacities, EIS analysis for interface's study, XPS analysis for electrode's surface characterisation, and ToF-SIMS and ICP analysis for evaluation of the transition metal (TM) migration. Those characterisations are performed on fresh cells for which only the formation is performed, and on cycled cells. Additionally, for each cell SOH, two states were studied: fully charged (100% SOC) and fully discharged (0 % SOC). 

V.4.1. Cell's preparation

All pouch cells were cycled under a constant pressure of 0.1 MPa imposed by two calibrated clips. After formation (protocol in Table V -5), one cycle at C/10 was applied for cells PC-A08, PC-B02 and PC-C04 before opening. In this state, the anode is fully delithiated and the cathode fully lithiated. For cells PC-A07, PC-B03 and PC-C03 only a charge at C/10 followed by floating up to C/100 was applied before dismantling. In this case, the anode is fully lithiated and the cathode fully delithiated. Those 6 cells will be referred as "fresh cells". 240 cycles of the cycling protocol presented in Table V-5 were applied to the other cells. PC-A12, PC-B05 and PC-C06 were directly dismantled after 240 cycles meaning the anode is delithiated and the cathode lithiated when the cells are opened. An additional charge at C/10 and floating up to C/100 was applied for cells PC-A10, PC-B06 and PC-C05 for which the anode is lithiated and the cathode delithiated when dismantled. The corresponding cells performances are plotted in 

V.4.2. Cells dismantling

Pouch cells were opened in an Ar-filled glovebox. Visual differences were observed for the negative electrode. For cells opened in a discharged state, the electrode was black in fresh state and more greyish when cycled. Anode from fresh cells opened in charged state had a homogeneous golden colour in the area facing the positive electrode which is characteristic of lithiated graphite. For cycled cells dismantled in charged state, a grey area facing the cathode was observed with more golden zone near the outside. Those charged electrode easily curled up on themself and a more inhomogeneous surface was observed for electrodes cycled vs LCO.

After dismantling, the electrodes were rinsed 3 x 30 s times in DMC to remove residual electrolyte and DMC was evaporated overnight. Afterwards, two disks of 14 mm diameter were punched in the centre part of each electrode (both anode and cathodes). Each disk was assembled in half cell with Li 0 as counter electrode, Celgard 24000 and Vildeon as separator and 1M LiPF6 in EC/EMC/DEC (3:5:2) +30% FEC + 1% VC as electrolyte. The protocol presented in Table V-14 was performed. The first step aim is to measure the residual capacity.

The second step consists of two cycles in order to know the reversible capacity and charge and discharge profile. This might give insight in the electrode degradation mechanisms. Finally, the last step is to bring the electrode to a convenient SOC for symmetrical EIS measurement. After residual and reversible capacity evaluation, the coin cells were dismantled, and similar electrodes (same original electrode) paired in a symmetrical configuration for EIS measurement. The coin cells were assembled with the same electrolyte than the pouch cells and two disks of Celgard 2400 and Viledon as separator.

The remaining part of the pouch cells electrodes were used for sample collection for XPS, Tof-SIMS and ICP measurements. The collected parts were carefully cut in the active area of the electrodes and moved from the glovebox to the characterisation chamber inside an airthigh vessels to avoid contamination. XPS was performed on both anode and cathode sample in order to observe any modification of the interfaces due to the electrochemical crosstalk. Tof-SIMS and ICP measurements were only carried out on anode samples because the aim was to measure the TM migration.

All cells reference, their respective SOH, SOC and anode SOL when dismantled and the performed characterisations are summarised in Table V-15. However, a significant amount of Li is trapped in the anode for the NMC811 based cell with 3.5% lowering the cell balancing. Also, a large standard deviation is observed for this cell maybe coming from heterogeneous (de)lithiation of the electrode when the cell was dismantled. After cycling, slightly lower amounts of reversible capacity are retrieved here with a loss of 7% for NMC622 based cells, 1% for NMC811 based cells and 8 % for LCO cells. So only few Li is trapped in the AM of the anode and the main fading mechanism is Li trapping in the SEI growing upon cycling. The potential profiles at C/10 obtained for one of the half coin cells assembled with the As a reminder, contact resistance and interfaces resistance such as the SEI resistance are observed at high frequency, charge transfer resistance is usually observed in medium frequency range, typically between 100 Hz to 1 Hz, and lithium diffusion is observed at low frequency (below 1 Hz) 301 . On all spectra, two main semi-circles can be observed, one at high frequency and one at medium frequency followed by a Warburg line associated to Li diffusion.

For the positive electrodes in fresh state, NMC622 has a lower impedance than LCO.

Especially, a larger charge transfer resistance is observed with 24.5 Ω for LCO vs 12.9 Ω for NMC622. After 240 cycles, a strong impedance increase is observed and it is reasonable suppose that similar trend would be observed for NMC811. The main contribution of this impedance rise comes from an increase of the charge transfer resistance, especially for LCO, with 67.7 Ω compared to 22.0 Ω and 17.1 Ω for NMC622 and NMC811, probably explaining the bad performances obtained during the power tests. Additionally, the LCO cathode present a significantly higher contribution at high frequency maybe indicating a different CEI. For the negative electrodes, similar impedance is obtained in fresh state when cycled versus NMC622 and LCO and surprisingly, a larger impedance is observed when cycled NMC811. However, it appears that this increase is only due to a larger charge transfer resistance as the SEI resistances are close with 2.5 Ω with NMC622, 4.0 Ω with NMC811 and 3.0 Ω with LCO. After 240 cycles, the measured impedance is lower than in fresh state corresponding to an increase of the SEI resistance and a diminution of the charge transfer resistance. This observation could be related to a thickening of the SEI. The accumulated SEI do not impede the charge transfer and the swelling of the cell may contribute to tortuosity or active surface improvement. To conclude, it appears that the cathode is mainly responsible for the overall cell impedance rise during cycling due to increased charge transfer resistance. LCO cathode 's cell shows clearly higher initial charge transfer (24.5 Ω vs 13 Ω) and strong increase after cycling (+43 Ω. vs +9 Ω) corroborating the higher cell resistance and faster resistance increase observed earlier. Additionally, the high frequency contribution is also significantly increased after cycling for LCO cathodes maybe indicating a different CEI in nature or thickness. For the anode side, the global impedance is reduced after cycling with increasing of the SEI resistance but improvement of the charge transfer which might be associated to the electrode thickness increase.

V.4.5. Transition metal migration quantification by Tof-SIMS and ICP

Tof-SIMS and ICP analyses were performed on samples extracted from anodes of all cells in order to track traces of elements coming from the positive electrodes, i.e., Mn, Ni and Co.

Samples were transferred from the glove box to the Tof-SIMS preparation chamber in the same airtight vessel used to introduce samples in the XPS spectrometer. After a pressure of 10 -6 mbar is reached, the vessel is opened, and the sample holder placed in the analysis chamber. The vacuum during the experiment was below 10 -8 mbar. Tof-SIMS analyses were performed with a Tof-SIMS 5 instrument from ION-TOF, using a 30 keV Bi + incident ion beam with an incidence angle if 45°. Analysis current was of ≈1.3 pA for all measurements. Positive mode (interlaced) was used to track Mn + , Ni + and Co + positive ions. Images of 500x500 µm² were recorded with a raster size of 256x256 pixels (10 shots/pixel) and in a sawtooth mode.

An example of the obtained Mn + , Ni + and Co + mapping for anode retrieved from PC-A07 is given in Figure V-17 along with the total image that corresponds to the sum of all analysed positive ions. It should be noted that this mapping does not correspond to a profile concentration as no sputtering was done. First, a pristine electrode was studied and no traces of Mn, Ni or Co were detected ensuring that all TM detected further will originate from the cathode material. shows TM amount 40 times lower than with NMC622 which can be linked to the material structure as coating on the NMC particles can limit the TM dissolution [START_REF] Fang | Anode-originated SEI migration contributes to formation of cathode-electrolyte interphase layer[END_REF] . Anode formed vs LCO present similar Co amount than vs NMC622 and no traces of Mn or Ni. After 240 cycles, the amount of detected TM has increased for all electrodes to a cumulated ratio of 1.3 x10 -3 for NMC based cell at 0% SOC in comparison to 0.7 x10 -3 for LCO based cell (Table V -19). For NMC cells, the detected amount of TM is directly proportional to the material composition: Ni ratio is the highest so higher Ni amount is observed when cycled vs NMC811 than NMC622; lower amounts of Mn and Co are detected for NMC811 cell than NMC622 cell, but Mn amount still remains higher than Co which could be due to preferential Mn dissolution as generally reported. The Co traces observed for the anode cycled in an LCO based cell are the highest but the total amount of detected TM is lower for this anode (Table V -19). For lithiated anodes, the TM ratio presented in Figure V-18b has the same evolution than for delithiated anode only with globally lower ratios. It should be reminded that the performed analysis was only a surface analysis and this lower amount of TM observed in lithiated state could be correlated to the breathing of the SEI observed in chapter II. The thicker organic part of the SEI might screen the intensity of the detected TM indicating that they are part of an underlaying SEI as proposed by Joshi et al. [START_REF] Joshi | Effects of dissolved transition metals on the electrochemical performance and SEI growth in lithium-ion batteries[END_REF] . A profile concentration could help locating the TM. XPS analysis of those same electrodes might also help to answer those questions.

A second estimation of the amount of TM was obtained by inductively coupled plasma mass spectroscopy measurement. To do so, a piece of around 2 cm² of electrode is immersed in 10 mL of 10% HCl solution and stirred for a few hours to dissolve the active layer. The solution is then transferred to a volume flask of 25 mL and the remaining volume adjusted with deionised water and ICP measurement performed. The ICP lower detection limit is of 0. Unfortunately, results for anode harvested from LCO based cells are not available. In fresh state, only Mn is detected for anode cycled with NMC622 or NMC811 cathode because of the very low detection limit for this element. After cycling, a higher content of TM is observed for all electrodes with a factor between 3 and 5. The amount of detected Ni is similar for both cathodes, but a lower Mn/Ni ratio is again observed for the electrode cycled vs NMC811.

Contrarily to what was observed with Tof-SIMS analysis, the amount of TM detected in lithiated anode presented in Figure V-19b is higher than in delithiated anodes, especially for Ni up to +50%. It should be noted that the whole electrode (surface and bulk) is analysed in ICP contrary to Tof-SIMS where only the surface of the sample was analysed. This higher amount in lithiated state could indicate a deposition of TM during lithiation and re-dissolution during delithiation in a process similar to the breathing of the SEI. Such process would be screened by the thicker organic part of the SEI during the Tof-SIMS surface analysis of the lithiated anode. A slightly lower amount is observed after cycling for anode cycled vs NMC811 probably confirming the presence of a protective layer. In summary, a significant amount of TM is detected after formation through Tof-SIMS analysis indicating that TM dissolution from the cathode AM, migration, and deposition on the anode surface take place from the first cycles. After cycling, an increase of the detected amount of TM is observed on both Tof-SIMS and ICP analyses by a factor 3 to 6 indicating a continuous TM migration from cathode to anode. For NMC based cells, the amount of Ni, Mn and Co detected is related to the initial composition of the NMC and is of the same order of magnitude for both NMC. Only Co is detected on the anode cycled in LCO based cells and the total amount of detected TM is 1.5 time lower than for NMC based cells after cycling. As this amount was only measured from Tof-SIMS analysis, this lower value could be either linked to a lower migration or a thicker SEI screening the underlaying TM. XPS analysis of the electrodes surface could bring insight on the origin of this difference.

V.4.6. Surface analysis by XPS

XPS analysis was performed on all electrodes to track the surface evolution of anode and cathode depending on the cathode nature. Samples were transferred from the Ar-filled glovebox to the XPS analysis chamber using an airtight vessel. Like in chapter II, XPS analyses were carried out on a Physical Electronics Versaprobe II spectrometer using focused monochromatised Al Kα radiation (ℎ𝜈 = 1486.6 eV) at a detection angle of 45° with respect to the sample surface. The pass energy was set at 23.5 eV for high-resolution spectra and 117.4 eV for survey spectra. Charge effects were neutralised using a combination of a low-energy Ar + ion beam and of a low energy electron beam. The analysed area was set to ~200x200 µm².

Data were analysed with Multipak® software. A Shirley background was used, and curve fits were achieved with Gaussian/Lorentzian peak shapes. Quantification was performed on the basis of Scofield's relative sensitivity factors 313 corrected with the transmission function of the spectrometer already implemented in Multipak software.

For each electrode, survey spectra were collected to control the surface chemistry. In fresh state, the cathode materials seem to impact the amount of organic SEI formed on the anode. The contribution of the C-O and COx peak is stronger on the C 1s spectra for electrodes formed vs NMC811 indicating a thicker organic part of the SEI. This is confirmed by the higher intensity of the organic SEI peak in O 1s spectra. With weaker peaks for both contributions, the negative electrodes formed vs NMC622 and LCO seems to have a thinner organic part of the SEI with the thinner one observed for NMC622 based cells. For all three electrodes, LiF is the main contribution in the F 1s spectra.

After 240 cycles, for the electrode cycled vs NMC622, the peak intensity on O 1s spectra corresponding to organic compounds has increased. This indicates a thickening of the SEI by decomposition of organic products that screens LiOx or Li-C photoelectrons emitted in a deeper area of the sample. This is confirmed by a reduction of the Li-C and C-O and COx peaks intensity on the C 1s spectra. For the anode cycled vs NMC811 a different trend is observed: both peaks on the O 1s spectra have now similar intensities indicating a thinning of the organic part. This is confirmed by the increased Li-C contribution in the C 1s spectrum. For the anode cycled vs LCO this effect is even more pronounced. The F 1s spectra is similar with a noisy signal indicating a small amount of F with a main contribution at 685 eV indicating the presence of LiF.

The atomic concentrations determined from XPS data are presented in Figure V-10. Some trends can be underlined. For example, after cycling, the global amount of Li detected is slightly higher than for fresh electrode corresponding to the irreversibly trapped litihium observed earlier. The low amounts of Na, Si and P comes from the Na-PAA binder, Si active material and decomposition of the LiPF6 salt, respectively. The lower amount of detected Na after cycling could be related to a thicker SEI screening the photoelectrons emitted in the electrode. Firstly, the evaluation of residual and reversible capacities before and after ageing clearly indicates that the main fading mechanism is due to Li trapped at the anode due to SEI thickening. In fresh state, a thicker SEI is formed on electrodes cycled vs LCO, then NMC811 and the thinner SEI is observed vs NMC622. After cycling, the amount of residual capacity and irreversibly lost capacity are directly correlated to the cell capacity retention with worse performances achieved when the losses are more pronounced.

Secondly, EIS measurements highlighted that the cathode is mainly responsible for the overall cell resistance increase during cycling due to increased charge transfer resistance, in particular for LCO with a factor 3 compared to NMC cathodes. The high frequency contribution for LCO cathodes is also significantly increased after cycling maybe indicating a different CEI in nature or thickness. For the anodes, the SEI resistance increases after 240 cycles indicating a thickening of the SEI despite a global impedance decrease. This thickening is confirmed by the high residual capacity measured from the cathodes after 240 cycles.

Thirdly, the transition metal migration from positive to negative electrode was observed after formation using Tof-SIMS and ICP analysis. Almost no amount of TM was detected on anodes cycled vs NMC811 probably because of a specific material design such as a protective A thinner CEI is observed on LCO cathode compared to NMC. After cycling, a thicker CEI is observed for all cathodes.

V.5. Conclusion

This chapter was dedicated to comparison of three cathode materials: NMC622, NMC811 and LCO. A complete study of their electrochemical behaviour and swelling when implemented in a full cell with the Si-C/G anode was carried out along with post-mortem analysis of both electrodes. The main results obtained in this chapter are summarised in Table V-23. Regarding the swelling of pouch cells, during formation the irreversible swelling only came from particles rearrangement occurring in the negative electrode and was not impacted by the nature of the positive electrode. As for reversible swelling, it was dependent on the cathode unit cell volume variation: LCO expansion lead to the largest cell swelling while NMC811 strong contraction resulted in the lower cell swelling. This difference in reversible swelling amplitude was also observed during extended cycling. However, an irreversible cell thickness rise was observed with a fast increase during 20 cycles and a linear steeper increase for further cycles. The fast increase is probably related to morphological changes of the anode and surprisingly depends on the cathode material. The following linear increase can be attributed to SEI growth. Regarding the anode porosity, an increase correlated to the cell irreversible swelling was observed. It should be noted that if this thickness evolution took place in a constrained volume like in 18650 cells, the pressure applied on the jellyroll would be higher for LCO cells than NMC622 cells than NMC811 cells. It may explain the second part of the capacity retention for LCO cell.

Finally, post-mortem analyses of the residual capacity retrieved from anodes and cathodes after formation highlighted the fact that SEI formed in LCO based cells is thicker than the one formed in NMC811 cells and the one in NMC622 cells. Additionally, TM were detected on anode formed vs NMC622 and LCO based cells indicating that this process takes place from the beginning of electrochemical cycling. Surprisingly, almost no TM migration was observed for the NMC811 based cell maybe because of a coating on the NMC811 particles.

In XPS analyses, all cathodes appeared to have similar CEI composition with a thicker layer on NMC than LCO. After cycling, a significant amount of Li was irreversibly trapped in the negative electrode but a limited amount of AM isolated indicating a SEI growth. This was confirmed by the increased resistance of the SEI measured by EIS and corroborates the continuous thickness increase observed for pouch cells. The TM migration was found to take place during the whole cycling with a significant amount of TM detected after 240 cycles, even for anodes cycled vs NMC811 indicating that in this case, the migration was only delayed and not suppressed. Additionally, a thicker CEI was observed on the cathodes surface by XPS.

Surprisingly, the thinner one was observed on LCO. Indeed, higher potentials were measured for the LCO cathode with reference electrodes compared to NMC which might originate from more decomposition products and thicker CEI. Additionally, a significantly higher contribution was observed by EIS and a thicker CEI could have explain the lower amount of observed TM on the anode facing LCO. ICP measurement and Tof-SIMS profile of the anodes harvested from the LCO vs Si-C/G cells would have shed light on this issue.

Eventually, the fading mechanisms observed from the post-mortem study consist of Li loss due to SEI thickening while the reversible capacity of the anode is not impacted indicating low AM loss in isolated particles. EIS measurement highlighted that anode charge transfer is not impacted by the SEI thickening as it is significantly improved after ageing. In the end, it appears that the full cell resistance rise is due to cathode charge transfer resistance increase.

With the strongest lost and highest impedance observed for LCO, it appears logical that fast charge is almost not possible for this type of cells.

lithiation of active material particles along the anode thickness due to polarisation of the electrode. Moreover, an irreversible expansion of the cell is observed and cannot be reversed even when the full capacity is extracted because of irreversible particle rearrangements. When higher pressure is applied (0.1 to 6 MPa), it both limits the anode expansion during lithiation and help its contraction during delithiation, leading to lower reversible and irreversible swellings of the cell. The value of 1 MPa was identified to achieve an almost totally reversible swelling at C/5 directly after formation. Additionally, the anode porosity acts as a buffer to active material swelling, so limited expansion due to higher external pressure results in both lower achieved This pressure range is higher than the one usually used for pouch cells cycling and the maximum reached value corresponds to low anode porosity. However, the compression mode is different with varying pressure during one cycle instead of constant applied pressure. The impact of this pressure on the cell internal components thicknesses was evaluated by in situ X-ray micro computed tomography. During formation, the anode irreversibly expands by 6.6% because of particles rearrangements resulting in a porosity increase like in bi-layer pouch cells.

This expansion is accommodated by the void between the jellyroll and the casing walls necessary for assembling and by a cathode contraction to a lesser extent. During a postformation cycle, the anode shows a reversible swelling with an amplitude of 4.8% compensated by cathode and separator shrinkage, and mainly by its porosity reduction from 44 to 33% between 0% and 100% of cell's SOC. The resulting pressure allows totally reversible swelling without evident hysteresis.

Fourthly, the impact of the nature of the positive electrode was studied with comparison of NMC622, NMC811 and LCO.

Regarding electrochemical performances, NMC811 based cells have the best capacity retention followed by NMC622 based cells and then LCO based cells for which a higher internal resistance iss spotted. The swelling measurement of pouch cells with three different cathodes show that a strong thickness increase due to particle rearrangement is observed during 20 cycles followed by a linear increase due to SEI continuous growth. This results in a cell thickness and anode porosity increase with the largest increase being observed for LCO based cells, followed by NMC622 and then NMC811 cells. It should be noted that if this thickness evolution took place in a constrained volume like in 18650 cells, the pressure applied on the jellyroll would be higher for LCO cells than NMC622 cells than NMC811 cells, maybe explaining the observed capacity retention due to reduced anode porosity.

A post-mortem study was performed on anodes and cathodes harvested from NMC622, NMC811 and LCO based cells after formation and after 240 cycles. Residual and trapped capacity were measured before symmetric EIS measurements and characterisation of electrodes surface carried out by XPS. Additionally, the migration and deposition of transition metal (Ni, Mn, Co) on the anode surface was studied by Tof-SIMS and ICP. It was highlighted that a thicker SEI is formed in LCO cells followed by NMC811 and then NMC622 based cells.

However, its composition appears similar in all cells, with an inorganic inner part and an organic outer part. Regarding the CEI, similar composition is observed at the surface of all cathodes, with the thickest one observed for NMC811 based cells. Interestingly, various compounds such as semi-carbonates can be found at both positive and negative electrode surface. After 

Cycling protocol B: Slow characterisation cycles, high-rate characterisation cycles and resistance measurements

Cycling protocol B presented in Figure 24 and Table 26, consists of 500 cycles at C or C/2 with three types of characterisation cycles. One characterisation at very low C-rate (C/20) is performed every 100 cycles in order to measure the full accessible capacity with no conduction limitations due to high current rate. This cycle is followed by power tests with charge at high C-rate (C/2, C, 2C and 3C) and discharge at iso current rate of C/5. The aim is to measure the cell capacity at high C-rates that are representative of C-rates used in power type applications.

The third characterisation test consists, like before, of 2 cycles at C/5: the first one allowing measuring the cell discharge capacity, the second one in order to measure cells internal resistance at 50% SOC during discharge step. The resistance measurement consists of a current peak at 2C for 30 seconds. When implementing a RE in a cell the two main parameters to consider are the RE material and the RE geometry 338 . The requirements for a good RE material are a stable equilibrium potential and a good compatibility with Li-ion batteries chemistries. Polarisation curves of the most studied materials is depicted in Figure 27. Li metal is the most commonly employed material for RE and can be either implemented directly as a Li foil [339][340][341][342][343] , plated on a wire 340,344 or integrated in a Ni foam 345 for example. In any case, Li metal is far from ideal as RE material due its irreversible reaction and the dependence of the passivation layer formed on Li 0 on the type of used electrolyte 346,347 . Ag or Pt use as RE is not conclusive due to constant potential drift 340 . That is why various alloy materials such as Li-Sn 348 , Li-Bi 349 or Li-Au 301,350 have been investigated. They exhibit stables potentials for acceptable amount of time but require additional lithiation process if stable potential wants to be maintained for longer periods (in the order of month). Finally, intercalation compounds such as LTO 351 of LFP 352 have been reported to be good alternative as RE materials. The flat plateau region observed for both materials due to the two-phases Li (de)insertion mechanisms offers a buffer effect toward little changes in the chemical composition of the RE material maintaining a very stable potential.

The main drawback of those materials come from the fact that they need a functionalisation step in order to obtain the desired phases located in the middle of the flat plateau region.

Additionally, potential, working electrode and counter electrode material should be carefully selected to avoid poisoning of the RE material 353 . The RE geometry and location also play a key role in preventing measurement artefacts, especially on impedance spectrum. The RE can either be a wire, a mesh, a foil or a disk and be inserted either next to the jellyroll or directly inside it, between the positive and negative electrode. It has been reported that the best results can be achieved with a an electrode coated on a mesh that should be as thin and sparse as possible for a LTO RE inserted between the electrodes 345 . In this configuration, an excellent ionic contact between the three electrode is obtained, no artefacts are present on impedance spectra and the cell operation is not too disturbed. In addition to the RE geometry and position, a significant modification of the cell design is required for RE integration. The easiest way is to insert the RE during the cell manufacturing because it can be performed outside a glovebox and allows to place the RE in between the positive and negative electrode. When the RE is inserted after assembling and formation, a special care must be taken during the cell opening and the RE will be placed next to the jelly roll or stack of electrode most of the time. In the particular case of cylindrical cells, the RE can be inserted inside the cell's core. These techniques have the advantage to avoid chemical or mechanical alteration of the jellyroll. Another challenging point concerns the cell sealing after the RE insertion: despite the use of various sealants the cell is cycled inside a glove box in most cases. Pouch cell format allows easier modification because of the soft packaging and easier sealing method.

For LCO positive electrode cycled vs graphite anode, the cathode was found to be responsible for the overall cell impedance rise with a continuous increase of its area-specific resistance, and is also the principal cause of the energy and power degradation 342 . The same feature is observed for NMC vs graphite cells. Only a small resistance increase was observed for the negative electrode 343 . The opposite is observed for NCA cathode with a higher change in impedance and voltage for the anode than the cathode 341 . Using RE can also be useful tool to observe anode voltage, especially during fast charge, in order to determine the highest C-rate possible with Li-plating being avoided 339 .

LFP reference electrode integration in cylindrical cells

A previous study performed on NMC622 vs Si-C/G pouch cells assembled with the same electrodes than the one used for 18650 demonstrated that LFP coated on an Al-mesh was the most suitable RE technology to implement in cylindrical cell. It showed low dispersion of the positive and negative electrode voltage curve profile during cycling even at high C-rate such as C, good reproducibility for impedance measurements, and no significant drift of the measured voltages were observed after 3 months of calendar ageing at 45°C and 50% SOC of the cell. The reference electrode consists of a self-standing LFP-based film compressed on an Al-mesh serving as current collector during the RE functionalisation. The active area measures approximately 9 mm² with a thickness of ≈50 µm and is wrapped in separator fixed by Kapton tape. The device is then inserted in the jelly roll and the Al-mesh is welded to an insulated metallic wire with sufficient length to sling through a hole pierced at the bottom of the 18650 cell housing and sealed with glue. All steps of the cell assembly are presented in Figure 28.

The choice has been made to insert the reference electrode inside the jellyroll because the aim was to measure the potential profile of positive and negative electrodes during extended cycling. Indeed, it has been showed that good ionic contact between the three electrodes and contact pressure with the jelly roll are necessary to obtain stable and repeatable electrode potential profiles 340 . In this configuration, the RE faces both the anode and cathode contrary to a RE inserted in the jellyroll core for example, and the separator layers keeps the electrodes bathed in electrolyte maintaining ionic contact. 

LFP RE functionalisation

The LFP RE electrode cannot be used as a reference electrode in its pristine state LiFePO4 and must be activated to reach the plateau region. The reference functionalisation consists of a full delithiation/lithiation cycle versus the Si-C/G anode between 2 V and 3.8 V at around C/10 followed by a charge (delithiation) up to 30 % SOC and a long OCV step to ensure that the electrode has reached a stable potential. This cycling was performed on a VMP3 test bench from Biologic with the reference electrode connected as the WE and the negative electrode of the 18650 cell as the counter electrode. With a cell capacity of 2 Ah, the few µAh capacity inserted irreversibly in the anode will not impact the overall cell capacity or the local areal capacity of 3.0 mAh.cm -2 . The C-rate was set at approximately C/10 to avoid polarisation.

Finally, the LFP RE delithiation was stopped at 30% of SOC to create a buffer for potential reference defunctionalisation. The RE functionalisation was performed after formation with the cell at 100% SOC. It means that the negative electrode potential is closed to 0 V vs Li + /Li. An example of the charge/discharge profile obtained for one of the references is plotted in Figure 29. 

Positive and negative potential calculation

After standard formation protocol and RE functionalisation, the 18650 cells were cycled on an Arbin ® test bench. The 18650 cell was connected using a standard cell holder and the reference electrode potential was recorded using an auxiliary voltage channel with the positive pole connected to the 18650 cell positive electrode and the negative pole to the RE as presented in Figure 30. This type of connexion was found to be more stable in time. Positive and negative electrodes respective potential vs Li + /Li can then be calculated as follow:

• Upos = Uaux + ULFP • Uneg = Upos -Ucell

Cells results

The results from cells EXPANSION-B03, EXPANSION-B04 and EXPANSION-C05 not shown in the manuscript are plotted in Figure 31 to Figure 35.

For cell EXPANSION-B03, the potential of the LFP RE at the end of functionalisation was not stable and following the positive and negative electrodes potentials was not possible despite several attempt to refunctionalise the RE. The plotted cycles (fresh state and after 500 cycles) were performed right after refunctionalisation. Like for cells EXPANSION-B06, the lower capacity after cycling seems to come from Li loss as the positive electrode potential is higher. However, strange results are obtained for power tests and no conclusions can be drawn from this cell. For cell EXPANSION-B04, auxiliary voltage signal shifted after a few cycles probably because of the RE material defunctionalisation. The RE was refunctionalised after 240 cycles.

It seems that like for other cells, the cell capacity decrease can be attributed to a loss of cyclable Li as the positive electrode potential is shifted to higher values (Figure 12). Power test results in fresh state and after 340 cycles are plotted in Figure 13. Note that the RE was refunctionalised after 240 cycles. Here again the negative electrode voltage reaches and stays at negative values and this feature is more pronounced at high C-rate meaning that the probability of Li plating is enhanced. For cell EXPANSION-C05 the RE connexion was fragile resulting in a very noisy and not usable signal. A notre époque où les besoins en énergie sont en constante augmentation, les énergies fossiles restent la première source de production d'énergie. Malheureusement, ces combustibles fossiles sont également la principale source d'émission anthropique de dioxyde de carbone. La décision prise au niveau mondial lors des accords de Paris en 2015 de limiter le réchauffement climatique à 1,5°C d'ici 2050 impose donc une transition vers des sources de production d'énergie renouvelables mais intermittentes et une électrification du parc automobile. Les batteries Li-ion du fait de leurs densités d'énergie et de puissance intéressantes, de leur entretien quasiment nul et de leur faible coût sont une réponse adaptée à ce besoin de stockage d'énergie, que ce soit pour le stockage de grandes quantités d'énergie ou pour des applications nomades et de transport. Ainsi, 30 ans après leur commercialisation par Sony en 1991, les batteries Li-ion sont présentes partout, et les quantités produites augmentent de façon spectaculaire chaque année. Aujourd'hui, et en particulier pour les applications automobiles, l'augmentation de la densité d'énergie et de la durée de vie est l'un des principaux objectifs de la recherche dans le domaine. À cet égard, le silicium et les matériaux NMC (LiNi1-x-yMnxCoyO2) à haute teneur en Ni sont développés comme nouveaux matériaux d'électrodes négatives et positives en raison de leurs capacités supérieures à celles du graphite et du LCO (LiCoO2) couramment utilisés. Cependant, l'intégration de tels matériaux dans les batteries soulève de nouveaux challenges. A l'anode, la lithiation du silicium induit une expansion volumique pouvant atteindre 280% et la question de sa gestion à l'échelle de la cellule se pose. De plus, les interphases formées à la surface des électrodes lors du premier cycle (SEI (Solid Electrolyte Interphase) à l'anode et CEI (Cathode Electrolyte Interphase) à la cathode) jouent un rôle essentiel dans le fonctionnement et le vieillissement de la cellule. Des études récentes ont montré l'existence d'une interdépendance SEI-CEI influencée par la nature de l'électrode positive. Les travaux présentés ici visent donc à comprendre le rôle des contraintes mécaniques et de la nature de l'électrode positive sur la cyclabilité d'une cellule Li-ion contenant une électrode négative à base de silicium. Pour cela, un composite Si-C haute performance mélangé à du graphite dans une électrode négative Si-C/G a été étudié en cellule complète avec une électrode positive à base de NMC622, NMC811 ou LCO.

Dans une première partie, le comportement électrochimique et mécanique de l'électrode Si-C/G a été évalué.

Cette électrode contient 6,5 wt.% de silicium et du Na-PAA comme liant pour s'affranchir de la présence de lithium dans le liant pour les futures analyses de surface. L'électrode présente une capacité réversible de 500 mAh.g -1 et un processus de lithiation/délithiation non symétrique avec la lithiation simultanée des deux matériaux (silicium et graphite) et la délithiation d'abord du graphite, suivie de celle du silicium (Figure 16a). En d'autres termes, à un potentiel donné, les états de lithiation du graphite et du silicium au sein de l'électrode Si-C/G sont différents à la fois entre eux mais aussi différents de l'état de lithiation global de l'électrode Si-C/G (Figure 16b). Au cours d'un cycle de lithiation/délithiation, cette hystérésis entraîne un profil d'expansion/contraction de l'anode non symétrique qui est directement lié à la quantité de lithium insérée dans le silicium et le graphite, respectivement. Un modèle de gonflement simple de l'électrode Si-C/G a été proposé pour l'électrode seule et lorsqu'elle est implémentée dans une cellule complète (Figure 17a). Le modèle est basé sur les états de lithiation expérimentaux des matériaux actifs au sein des électrodes et leur gonflement théorique issu de la littérature (amplitude de 10% et non linéaire pour le graphite vs amplitude de 280% et linéaire pour le silicium). Il considère un volume de pores constant et tient compte de la nature de la SEI formée à 45°C vs une électrode positive à base de NMC622 : une SEI dont l'épaisseur totale varie de 12 à 17 nm au cours d'un cycle et composée d'une couche interne dense et inorganique proche de l'électrode et une couche externe plutôt poreuse et organique proche de l'électrolyte. En charge, un mélange des signatures du graphite et du silicium est observé car les deux se lithient simultanément. En décharge, deux zones peuvent être distinguées : d'abord une zone avec pente faible qui correspond à la délithiation du graphite suivie d'une pente plus forte à partir de 200 mAh.g -1 qui correspond à la délithiation du silicium. Un montage de compression de haute précision (< 0,1 μm) avec enregistrement simultané de la pression et de l'épaisseur ainsi qu'une régulation dynamique de la pression développé au CEA a été utilisé pour les mesures de gonflement de cellule souple. La comparaison des gonflements expérimentaux de trois cellules souples avec de la NMC622, de la NMC811 et du LCO comme électrode positive montre une bonne corrélation avec le modèle proposé (Figure 17b-d) ; il est supposé que la différence observée provient de la variation de la porosité de l'anode. Par conséquent, ce modèle est utilisé pour déduire l'évolution de la porosité de l'anode en comparant l'expansion expérimentale et modélisée. Dans une deuxième partie, le gonflement de cellules souples bicouches Si-C/G vs NMC622 a été mesuré pendant la formation et quelques cycles post-formation avec l'étude de l'impact de quatre paramètres : le régime de courant, la pression externe, l'équilibrage des cellules et la porosité initiale de l'anode. La comparaison des gonflements expérimentaux et modélisés permet également d'extraire l'évolution de la porosité de l'anode.

Pendant la formation sous une pression faible de 0,1 MPa, un fort gonflement irréversible est observé qui provient de changements morphologiques et du réarrangement des particules au sein de l'anode (Figure 18a). Ceci conduit à une augmentation globale de la porosité de l'anode de 41% lors de l'assemblage à 49% après la formation à l'état déchargé (Figure 18c). Lors des cycles post-formation, le profil de gonflement présente une expansion simultanée du graphite et du silicium en charge et la contraction du graphite suivie de celle du silicium à partir de 200 mAh.g -1 en décharge (Figure 18b). L'expansion du silicium durant sa lithiation est en partie compensée par une diminution de la porosité de l'anode mais seulement jusqu'à mi-charge. La variation de la porosité de l'anode est estimée à -5% entre les états déchargé et chargé (Figure 18c). L'augmentation du régime de courant conduit à un profil de gonflement lissé probablement à cause de la lithiation non homogène des particules de matière active le long de l'épaisseur de l'anode due à la polarisation de l'électrode. De plus, une expansion irréversible de la cellule est observée et l'épaisseur initiale ne peut être retrouvée même lorsque la totalité de la capacité est extraite en raison des réarrangements irréversibles des particules.

L'augmentation de la pression extérieure (0,1 à 6 MPa) limite à la fois l'expansion de l'anode pendant la lithiation et accompagne sa contraction pendant la délithiation, ce qui conduit à des gonflements réversible et irréversible plus faible de la cellule (Figure 19a). Ainsi, la porosité de l'anode agit comme un tampon contre le gonflement de la matière active, de sorte qu'une expansion limitée due à une pression externe plus élevée entraîne à la fois une porosité de l'anode plus faible et une plus grande variation de la porosité au cours d'un cycle. La valeur de 1 MPa a été identifiée pour obtenir un gonflement réversible à C/5 lors du premier cycle post-formation. En outre, une pression de 0,1 MPa pendant la formation combinée à une pression de 1 MPa pendant le cyclage conduit à la meilleure rétention de capacité pour des cellules NMC622 vs Si-C/G avec 80% SOH après 357 cycles (Figure 19b). D'abord, la déformation du godet en acier pendant la formation et trois cycles postformation a été mesurée à l'aide de jauges rosette. Avec une déformation maximale mesurée de 0,06% correspondant à une variation de diamètre de la cellule de 10 µm, le gonflement du bobinot est limité par le godet rigide contrairement à ce qui se passe dans les cellules souples. La pression générée par le gonflement du bobinot dans un volume limité varie pendant le premier cycle post-formation de 0,2 MPa à l'état déchargé à 4,2 MPa à l'état chargé (Figure 20). Cette gamme de pression est plus élevée que celle habituellement utilisée pour le cyclage des cellules souples mais le mode de compression est différent avec une pression variable pendant un cycle au lieu d'une pression constante. Ensuite, l'impact de cette pression sur l'épaisseur des composants internes de la cellule a été évalué par micro tomographie à rayons X in situ. L'analyse est effectuée sur un volume de 1,6 mm de côté situé au coeur de l'enroulement pour s'affranchir des effets de bord et pouvoir comparer les mesures à celles réalisées sur des cellules souples. Pendant la formation, l'anode se dilate irréversiblement de 6,6 % en raison des réarrangements de particules, ce qui entraîne une augmentation de la porosité comme pour les cellules souples. Cette expansion est possible du fait du jeu entre le bobinot et les parois du godet nécessaire à l'assemblage, et dans une moindre mesure à une contraction de la cathode. Lors d'un cycle post-formation, l'anode présente un gonflement ayant une amplitude de 4,8% compensé principalement par la réduction de sa porosité de 44 à 33% entre les états déchargés et chargés et aussi par la contraction de la cathode et du séparateur. La pression résultante permet un gonflement totalement réversible sans hystérésis évidente. Dans une quatrième partie, trois matériaux de cathode ont été comparés : NMC622, NMC811 et LCO.

Concernant les performances électrochimiques, les cellules à base de NMC811 présentent la meilleure rétention de capacité, suivies des cellules à base de NMC622, puis des cellules à base de LCO pour lesquelles une résistance interne plus élevée est observée (Figure 22). De plus, de bonnes performances ont été obtenues lors des tests en charge rapide avec plus de 50 % de la capacité initiale chargée à 3C après 500 cycles pour les cellules à base de NMC, alors que les cellules à base de LCO ne fonctionnent plus en charge rapide après 200 cycles. Malgré des résultats similaires pendant la formation, les cellules souples ont une durée de vie plus courte que les cellules cylindriques, probablement à cause de la faible pression appliquée de 0,1 MPa par rapport aux 0,2 MPa à 4,2 MPa mesurés pour les 18650. Cette pression plus élevée pourrait améliorer la cohésion de l'anode et maintenir les particules de matière active connectées pendant sa contraction en décharge. Une électrode de référence implémentée dans les cellules 18650 a montré que les anodes atteignent des potentiels négatifs jusqu'à -0.2 V vs Li + /Li pour les cellules NMC811 lorsqu'elles sont chargées à 3C mais sans impact nuisible apparent tel qu'un dépôt de lithium. La mesure du gonflement des cellules souples avec les trois cathodes a mis en évidence une amplitude de gonflement différente en fonction de la cathode : l'expansion du LCO (+2% entre les états déchargé et chargé) conduit à une amplitude plus grande tandis que la contraction plus forte de la NMC811 par rapport à la NMC622 (-2,1% et -1,7% entre les états déchargé et chargé) conduit à une amplitude plus faible (Figure 23b). Au cours du cyclage, une forte augmentation irréversible de l'épaisseur due au réarrangement des particules est observée pendant 20 cycles, suivie d'une augmentation linéaire due à la croissance continue de la SEI (Figure 23a). Il en résulte une augmentation globale de l'épaisseur de toutes les cellules et de la porosité de l'anode, la plus forte étant observée pour les cellules à base de LCO suivies des cellules à base de NMC622 puis de NMC811. Il faut noter qu'une plus mauvaise rétention de capacité était aussi observée pour les cellules à base de LCO suivie de celles à base de NMC622 puis de NMC811 et on peut donc se demander s'il existe une relation entre le gonflement et la rétention de capacité d'une cellule. Une étude post-mortem a ensuite été réalisée sur les anodes et les cathodes prélevées dans des cellules souple après leur formation et après 240 cycles. Les capacités résiduelles et piégées ont été mesurées puis des mesures de spectroscopie d'impédance électrochimique (EIS) en configuration symétrique ont été réalisées, suivies de la caractérisation de la surface des électrodes par spectroscopie photoélectronique à rayons X (XPS). De plus, la migration et le dépôt de métaux de transition (Ni, Mn, Co) de la cathode jusqu'à la surface de l'anode ont été étudiés par spectrométrie de masse à ions secondaires à temps de vol (Tof-SIMS) et spectroscopie de masse à plasma inductif (ICP). La mesure des capacités résiduelles et piégées à mis en évidence une perte importante de lithium cyclable à l'anode après 240 cycles mais une perte faible de matière active indiquant le piégeage de ce lithium dans la formation continue de SEI. Il a ainsi été mis en évidence qu'une SEI plus épaisse est formé dans les cellules à base de LCO, suivi par les cellules à base de NMC811 puis de NMC622. Cependant, sa composition semble similaire dans toutes les cellules, avec une partie interne dense et inorganique et une partie externe poreuse et organique. En ce qui concerne la CEI, une composition similaire est observée à la surface de toutes les cathodes, la plus épaisse étant observée dans les cellules NMC811. Après la formation, une migration des métaux de transitions (MT) est observée pour NMC622 et LCO mais pas pour NMC811, peut-être due à une SEI épaisse ou plus probablement à un revêtement protecteur à la surface des particules. Pendant le cyclage, la SEI et la CEI s'épaississent avec une croissance limitée dans le cas des cellules à base de NMC811. Cette observation est confirmée par l'augmentation linéaire de l'épaisseur observée pour les cellules souple. De plus, une migration continue des MT est observée avec des quantités plus élevées dans le cas des cellules à base de NMC que pour les cellules à base de LCO. L'augmentation significative de la contribution à haute fréquence sur le spectre EIS du LCO après 240 cycles et la tension moyenne plus élevée mesurée avec l'électrode de référence dans la cellule 18650 indique la formation d'une CEI plus épaisse sur le LCO, ce qui pourrait corroborer la quantité plus faible de MT observée. Cependant, ceci n'a pas pu être confirmé par l'analyse XPS et ICP, et il faut noter que la plus faible quantité de métaux de transition observée par Tof-SIMS pourrait être liée à une SEI plus épaisse sur l'anode filtrant leur signal.

Pour conclure, un modèle de gonflement de l'électrode Si-C/G a été réalisé que ce soit pour l'électrode seule ou une fois implémentée dans une cellule complète. Ce modèle peut être adapté à différent cas de figure en faisant varier la quantité de silicium dans l'anode, le matériau de cathode, ou les propriétés des électrodes comme leur porosité ou leur épaisseur. Ce modèle peut aussi être utilisé pour calculer la variation de porosité d'une anode lorsque sa variation d'épaisseur expérimentale est connue. L'effet de plusieurs paramètres a ensuite pu être étudié sur le gonflement. Il est apparu que pour les cellules souples, la pression extérieure est un paramètre de premier ordre qui va directement influencer les performances, le gonflement de l'anode et la variation de sa porosité. Par ailleurs si on compare une cellule souple testée sous une faible pression (0,1 MPa) et une cellule cylindrique rigide, on observe une variation d'épaisseur de l'anode 3 fois plus faible dans les cellules cylindriques accompagnée d'une réduction significative de sa porosité. Malgré cela et la pression interne importante mesurée, les cellules cylindriques présentent une meilleure rétention de capacité que les cellules souples. Enfin, trois matériaux de cathodes ont été comparés : NMC622, NMC811 et LCO. En termes de performances, la meilleure rétention de capacité est obtenue avec la NMC811 et la moins bonne avec le LCO. En termes de gonflement, un épaississement irréversible global de toutes les cellules a été observé au cours du cyclage avec le plus important dans le cas des cellules avec du LCO et le plus faible pour les cellules à base de NMC811. Lors de l'étude post-mortem, la perte de lithium cyclable dans la croissance continue de la SEI a été identifié comme le principal mécanisme de dégradation. Finalement une corrélation entre performances, gonflement et évolution des interfaces est toujours en cours de débat.

Des expériences supplémentaires pourraient apporter des informations complémentaires. Par exemple, la mesure de la déformation du godet et l'évaluation de la pression sur des cellules cylindriques à base de NMC811 et de LCO pourraient confirmer que l'augmentation de l'épaisseur plus faible/plus forte observée dans les cellules souples pendant le cyclage entraîne une pression plus faible/plus forte au sein des cellules cylindriques. Cet impact de la pression sur la porosité de l'anode pourrait également être étudié par micro tomographie à rayons X in situ. Également, l'élaboration d'un modèle plus complexe considérant la croissance et l'évolution structurale de la SEI ou des particules sphériques pourrait conduire à une estimation plus précise de la porosité de l'anode et pourquoi pas de sa tortuosité. En ce qui concerne l'évolution des interfaces, une étude par XPS et Tof-SIMS des interfaces formées incluant des mesures de profils pourrait apporter des informations sur la localisation des métaux de transition dans la SEI et leur impact réel sur la formation et l'évolution de la SEI pendant le cyclage. Finalement, les différentes approches utilisées dans ce travail pourraient facilement être appliquées pour développer d'autres composites Si-C ou d'autres formulations d'anodes avec un gonflement limité, afin d'optimiser la conception et l'intégration de cette nouvelle génération de cellules, ce qui conduira finalement à des batteries Li-ion ayant des densités d'énergie améliorée. Titre : Effet de l'électrode positive et des contraintes mécaniques sur la cyclabilité d'une cellule Li-ion contenant une électrode négative à base de silicium Mots-clés : Batteries Li-ion, anode à base de silicium, matériaux de cathode, mesure du gonflement, contraintes mécaniques, SEI, porosité d'électrode, micro tomographie RX, XPS, Tof-SIMS, EIS, électrode de référence.

Résumé : L'essor du silicium et des oxydes lamellaires à base de nickel manganèse cobalt (NMC) comme nouveaux matériaux d'électrodes négatives et positives pour les batteries Li-ion pose la question de leur intégration dans des cellules complètes. En effet, la lithiation du silicium induit une forte expansion du matériau, ce qui entraîne un gonflement important et des contraintes mécaniques au niveau de l'anode et de la cellule. De plus, les interphases formées à la surface des électrodes lors du premier cycle (SEI et CEI) jouent un rôle essentiel dans le fonctionnement et le vieillissement de la cellule. Des études récentes ont montré l'apparition d'un échange SEI-CEI affecté par la nature de l'électrode positive. Cette étude vise ainsi à comprendre le rôle des contraintes mécaniques et de la nature de l'électrode positive sur la cyclabilité d'une électrode négative composite silicium-carbonegraphite (Si-C/G) haute performance dans une cellule Li-ion. Dans le cas des cellules 18650 cylindriques, des jauges de déformation ont confirmé la rigidité du godet et permis de mesurer une pression maximale de 4,3 MPa ; en outre, la variation d'épaisseur des composants internes de la cellule a été observée à 8 états de charge (SOC) différents au cours d'un cycle par micro tomographie à rayons X in situ (taille de voxel 1,6μm) combinée à un traitement d'image spécifique. Pour les cellules en sachet souple, le gonflement a été mesuré operando grâce à un montage de déformation de haute précision (< 0,1μm) avec enregistrement simultané de la pression et de l'épaisseur ainsi qu'un système de régulation dynamique de la pression. En combinant ces techniques expérimentales uniques et la modélisation du gonflement du matériau actif Si-C/G en fonction du SOC, nous avons pu obtenir des informations sur les changements de porosité des anodes pour les deux formats de cellules. Ensuite, deux matériaux de cathode de type NMC (NMC622, NMC811) ont été comparés à un matériau d'électrode référence de type oxyde de cobalt lithié (LCO) conduisant à une meilleure rétention de capacité avec la NMC811 puis la NMC622 et enfin le LCO. La NMC811 contribue tout d'abord à minimiser le gonflement maximal, contrairement aux cellules à base de LCO. Des analyses post-mortem des électrodes positives et négatives de cellules en sachet souple ont été réalisées en combinant la spectroscopie d'impédance électrochimique (EIS), la spectroscopie photoélectronique à rayons X (XPS), la spectrométrie de masse à ions secondaires à temps de vol (Tof-SIMS) et la spectroscopie de masse à plasma inductif (ICP). Les mêmes mécanismes de dégradation se produisent pour tous les types de cellules. Une croissance continue du SEI a été mise en évidence du côté de l'anode, piégeant les ions lithium mais sans augmentation du transfert de charge. A la cathode, une augmentation du transfert de charge a été observée pour toutes les cellules, lié l'épaississement de la CEI lors du cyclage. La meilleure rétention de la capacité des cellules NMC811 est liée à une plus faible quantité de SEI formée lors du cyclage. Par ailleurs, la dégradation plus rapide des cellules LCO provient d'un épaississement plus important de la CEI et de la SEI. Les différentes approches utilisées au cours de ce travail pourraient facilement être appliquées pour développer d'autres composites Si-C ou d'autre formulations d'électrodes ayant un gonflement limité, pour optimiser la conception de cellules et leur intégration, qui conduira finalement une augmentation de la densité énergétique de la batterie Li-ion. L'étude des contraintes mécaniques au niveau des particules pourrait également permettre de comprendre et limiter le gonflement au niveau des électrodes. Une corrélation directe entre les contraintes mécaniques et l'évolution de la SEI est encore en débat. Title: Effect of the positive electrode and of mechanical stresses on the cyclability of a Li-ion cell containing a silicon-based negative electrode Keywords: Li-ion battery, silicon-based anode, cathode materials, swelling measurement, mechanical stresses, SEI, electrode porosity, strain gauges, X-ray micro computed tomography, XPS, Tof-SIMS, EIS, reference electrode.

Abstract:

The rise of silicon and nickel manganese cobalt layered oxides (NMC) as new negative and positive electrode materials for Li-ion batteries appear the question of their integration in full cells. Indeed, silicon lithiation induces a high material expansion, which leads to significant swelling and mechanical stresses at the anode and cell level. Additionally, interphases formed at the surface of the electrodes during the first cycle (SEI and CEI) play an essential role in the operation and ageing of the cell. Recent studies showed the occurrence of a SEI-CEI crosstalk influenced by the nature of the positive electrode. Thus, this study aims at understanding the role of mechanical constraints and nature of the positive electrode on the capacity retention of a high performance silicon carbon graphite composite electrode (Si-C/G) in a Li-ion cell. In case of cylindrical 18650 cells, strain gauges confirmed the rigidity of the casing and measured a maximum pressure of 4.2 MPa; in addition, internal cell components thickness change was captured at 8 different states of charge (SOC) during a cycle by in situ 3D imaging with X-Ray micro computed tomography (voxel size 1.6μm) combined with a specific image treatment. For bi-layer pouch cells, operando swelling was measured using an in-house high precision (< 0.1μm) compression set-up with simultaneous pressure and thickness recording as well as dynamic pressure regulation system. Combining these unique experimental techniques and the modelling of Si-C/G active material swelling as a function of the SOC we were able to provide insights in porosity changes of anodes for the two cell formats. Then three cathode materials were compared (NMC622, NMC811 and LCO) leading to a better capacity retention with NMC811 and then NMC622. NMC811 contributes firstly to minimize the maximum swelling in contrary to LCO. Post-mortem analyses of positive and negative electrodes harvested from pouch cells were carried out by combining Electrochemical Impedance Spectroscopy (EIS), X-ray Photoelectron Spectroscopy (XPS), Time of Flight Secondary-Ion Mass Spectrometry (Tof-SIMS) and Inductively Coupled Plasma (ICP) mass spectroscopy. For all type of cells, the same fading mechanism occurs. A continuous growth of the SEI has been highlighted at the anode side, trapping lithium ion but without charge transfer increase. At the cathode side, an increase of the charge transfer was observed for all cells correlated to CEI thickening upon cycling. The better capacity retention in NMC811 cells was found to be related to a lower amount of SEI formed upon cycling. On the other hand, faster degradation of LCO cells originates from a more significant thickening of both the CEI and SEI. Various approaches used in this work could easily be applied to develop other Si-C composite or anode formulation with limited swelling, to optimize cell design and the integration of this new generation of cells which will finally promote higher energy density of Li-ion battery. The study of the mechanical stresses at particle level might also provide significant insight to understand and limit the swelling at electrode level. A direct correlation between the mechanical stress and the SEI evolution is still under debate.

  LIST OF ABBREVIATIONS .......................................................................................................................... -x-yMnxCoyO2 (NMC111: LiNi0.33Mn0.33Co0.33O2; NMC532: LiNi0.5Mn0.3Co0.2O2; NMC622: LiNi0.6Mn0.2Co0.2O2; NM811: LiNi0.8Mn0.1Co0.

Figure 2 :

 2 Figure 2: CO2 emission from fuel combustion between 1990 and 2018, worldwide 2 .

Figure 3 :

 3 Figure 3: a) Change in average discharge pressure versus cycle number for various type of cells; This highlights the impact of silicon swelling and the resulting constraints measured at the cell level (copied from ref 14). b) Illustration of SEI growth due to transition metal species present in the electrolyte (copied from 15). c) Illustration of CEI formation via migration of SEI compounds (copied from ref 12).

I. 1 .

 1 Overview on Li-ion batteries I.1.1. Operating principle Rechargeable Li-ion batteries (LiBs) are electrochemical storage systems reversibly converting electrochemical energy into electricity. The secondary battery invention was patented by Yoshino et al. in 1987 16 and LiBs commercialized for the first time by Sony in 1991 4 . LiBs actual general structure and working principle are still very similar to the first ones with a positive and a negative electrode separated by a porous electronic insulator all bathed in a liquid electrolyte, as shown in Figure I-1.

Figure I- 1 :

 1 Figure I-1: Schematic representation of a li-ion battery with commercially available components (copied from ref 17).

  Figure I-2 Cells are generally in cylindrical or prismatic format. Electrodes and separators are wounded together into a jellyroll (with or without mandrel) or stacked. Electrons are collected through nickel or aluminium tabs welded to the current collector. Tabs number and position can vary depending on the chosen cell design. The jellyroll or stack of electrodes is then inserted in a hard metallic housing made of stainless steel or aluminium, or in a soft packaging made of layers of aluminium and polymer. A bi-layer pouch cell is a simple cell only containing a single side coated cathode/separator/anode stack. Higher capacities and energy densities can be achieved by stacking several layers.

Figure I- 2 :

 2 Figure I-2: Cell packaging representation (copied from ref 23).

  Figure I-3: Approximate experimental range of average discharge potentials and specific capacity of the most common a) anode materials and b) intercalation-type cathode materials (copied from ref 30).

  Figure I-4: a) Phase diagram of the ternary system between LCO, LNO and LMO with some representative compositions of NMC (copied from ref 60)b) A map of relationship between discharge capacity, thermal stability and capacity retention of Li/Li[NixCoyMnz]O2 (copied from ref 7).

Figure I- 5 :

 5 Figure I-5: Degradation mechanisms in Li-ion cell (copied from ref 10).

(

  Li≈0.22C6), dilute stage 2L (Li≈0.33C6), stage 2 (Li0,5C6) and finally the concentrated stage 1 (LiC6) at 0.05 V vs Li + /Li as shown on Figure I-6. The "L" indicates a not ordered positioning of the Li + cations. Each slope corresponds to a stage whereas two stages coexist on every voltage plateau.

Figure I- 6 :

 6 Figure I-6: Illustration of the staging mechanism for electrochemical de-/intercalation of lithium cations (purple spheres) into graphite. The given representative potential profile refers to the 2nd discharge/charge cycle in half cell configuration, i.e., vs metallic lithium as counter electrode. Copied from ref 9.

Figure I- 7 :

 7 Figure I-7: Fractional volume change of graphite during charge. Copied from ref 103.

Figure I- 8

 8 Figure I-8: a) Crystal structure of silicon during lithiation (copied from ref 105).

Figure I- 9 :

 9 Figure I-9: Voltage curve of a crystalline silicon electrode cycled in a way to illustrate the electrochemical conversion of crystalline silicon to amorphous silicon, amorphous silicon to crystalline Li15Si4 and Li15Si4 back to amorphous silicon (copied from ref 8).

Figure I- 10 :

 10 Figure I-10: De-/lithiation mechanisms of silicon from AES study 106 . Delithiation mechanisms after cr-Li15Si4 are extracted from ref 107.

  Figure I-11b highlights the anisotropic expansion of nano-Si particles.

Figure I- 11

 11 Figure I-11: a) Volume change of an a-Si tower during cycling measured by AFM (copied from ref 116); b)TEM image of an isolated Si nanoparticle during the first lithiation (copied from ref 46).

Figure I- 12

 12 Figure I-12: a) Cell voltage as a function of x in LixCoO2 for the first charge and discharge. Three plateaus like features labelled a, b and c are indicated by the arrows. b) Derivative -dx/dV as a function of cell voltage for the charge and discharge. The three plateaus a, b and c now appear as peaks. c) Unit cell volume as a function of x in LixCoO2 and d) global phase diagram for LixCoO2 (copied from ref 61).

  as shown in Figure I-14. These different values are correlated to considerably lesser lithiation-induced dilatation for c) graphite than silicon. The compressive stresses are relaxed during delithiation traduced by the measurement of tensile stresses.

Figure I- 14 :

 14 Figure I-14: Stress generated by lithiation/delithiation in left) silicon and right) graphite thin film electrode calculated from substrate curvature measurement. Si thin film initial thickness was 250 nm and current rate C/8. Graphite thin film initial thickness was 180 nm and current rate C/5. Copied from ref 135 and 136.

Figure I- 15 :

 15 Figure I-15: AFM surface topograph of silicon island in (a) initial, (b) fully lithiated (0.05 V), and (c) fully delithiated (1.5 V) states. Because of lateral sliding in the shear lag zone, the SEI is subjected to tensile strains which leads to cracking of SEI layer (as seen in b). Panel (d) shows a higher resolution AFM scan of the top right corner of the island at fully lithiated state along with height profiles at corner and edge cracks. Panel (e) shows SEM micrograph of an island in delithiated state where cracking of SEI in the shear lag zone is clearly visible. Copied from ref 149.

  plane direction on Figure I-16a. In particular, Vanpeene et al. highlighted the larger and more irreversible expansion of Si particles in the "bottom zone" in Figure I-16b and Figure I-16c, which are particles close to current collector. Moreover, the heterogeneity of particle lithiation along the electrode thickness is believed to enhance crack appearance upon cycling (Figure I-16d). They also observed the formation of gas due to electrolyte reduction attributed to SEI formation during the first cycle and the SEI thickening after 300 cycles 160,161 . Those degradation mechanisms are believed to be responsible for electrode performance fading and are exacerbated by Li-concentration gradient in the electrode.

Figure I- 16 :

 16 Figure I-16: Relative change with cycling of Si-C electrode a) dimensions and b) volume for different zones along its thickness represented in c) from cross-section image of the electrode in its initial state; d) XRCT images acquired at the top, middle and bottom parts of the Si/C electrode in fully delithiated state (1V). Adapted from ref 160.

  strain and stress measurement I.2.3.1. Cells with hard housing: cylindrical or prismatic design First, it is possible to monitor the hard casing deformation with a deformation gauge 153-155 and a strainmeter 168 . This deformation can be used to estimate the change in diameter of a cylindrical and the internal pressure 169 . Willenberg et al. demonstrated that the diameter change is SOC dependent and not symmetrical during charge and discharge 165 . Generally, diameter increase is spotted in charge and decrease in discharge with three areas (Figure I-17a): a minimum at high SOC, an area with constant slope at medium SOC and a flatter part at low SOC. Two differences can be highlighted between charge and discharge: during charge, the change in diameters starts directly at SOC 0%; the range up to 10% is rather flat during discharge and the area with constant gradient between 40 and 60% SOC is more pronounced during charge. They attributed the effect at low SOC to the anode and the little volume change between 40 and 60% SOC to the 2L-2 graphite transition. The overall diameter change is reversible. During ageing until a remaining capacity of 80% (Figure I-17b),

Figure I- 17

 17 Figure I-17: a) Diameter change of a cylindrical cell (Samsung 35E) during a) charge and discharge for the first check-up between 2.65 and 4.2 V at 0.1C and 25°C; b) during discharge for all check-ups. The battery was aged at mean SOC of 50% and a cycle depth of 50% with 0.5C. (Copied from ref 165).

Figure I- 18 :

 18 Figure I-18: Schematic representation of the negative hoop strain on the steel case (copied from ref 168).

Figure I- 19 :

 19 Figure I-19: Axial CT scans at mid height for cells a) without and b) with pin centre after high-rate cycling; c) SEM images of the cross-sections prepared from cells after high-rate cycling. Adapted from ref 173.

  .The anode expansion leads to inner deformation and corrugation of the jellyroll during formation. Compressing the prismatic cell reduces inner deformation and enhance performances but they are still slightly lower lifespan compared with the pouch cell because of non-uniform stress distribution 184 .

Figure I- 20 :

 20 Figure I-20: Left) expansion and potential versus capacity during discharge at various C-rate for a NMC/graphite prismatic cell with negligible compression (adapted from ref 182); Right) total swelling of NMC/Si-C pouch cell and prismatic cell under comparable compression of 0.08 MPa and 0.1 MPa, respectively, and uncompressed prismatic cell (adapted from ref 184).

  Figure I-21: a) pressure set-up designed byBerckmans et al. 188 ; b) schematic representation and the operando pressure measurement apparatus used by Louli et al.14,103 . 

Figure I- 22

 22 Figure I-22: a) Calculated change of volume for each electrode component during charge and discharge; b) Measured volume, pressure and thickness data for NCA/SiO-graphite cell with a reversible specific capacity of 260 mAh. Copied from ref 103.

  When considering the pressure measurement over several cycles, two characteristic pressure behaviours can be spotted in addition to the reversible pouch cell expansion as shown in Figure I-23. A decrease in the mean pressure is observed during the first six cycles and an irreversible growth during extended cycling. The irreversible pressure growth was shown by Louli et al.[START_REF] Louli | Operando Pressure Measurements Reveal Solid Electrolyte Interphase Growth to Rank Li-Ion Cell Performance[END_REF] to be inversely proportional to cell performance for a variety of different electrode chemistries (NMC, LCO, NCA as cathode material vs graphite, SiO-graphite and Si-C as anode materials). They attributed this correlation to continuous negative electrode SEI growth, which causes an irreversible pressure increase and a capacity fade due to lithium inventory loss. Si-based electrode exhibited the worst performances and the larger irreversible pressure growth than graphite-based electrode because the larger expansion of silicon leads to less stable electrodes.

Figure I- 23 :

 23 Figure I-23: Characteristic pressure behaviour over multiple electrochemical cycles of a NMC622/Si-alloygraphite cell. Three characteristic behaviours can be observed: 1) an irreversible mechanical relaxation, 2) a reversible pressure variation as presented in Figure I-22 and 3) an irreversible pressure growth. The initial compressive load is 7.5 kg. Copied from ref 191.

  recently, Müller et al. have been studying the effect of flexible compression on a pouch cell. The flexible compression is realised by springs holding the pressure constant during cycling and allows thickness change measurement using displacement sensors contrary to fixed compression set-up where only pressure measurement is possible. The set-up is presented in Figure I-24a.

Figure I- 24 :

 24 Figure I-24: Pouch cell test set-up used in ref177,194 : a) flexible compression at constant pressure that enable expansion measurement; b) fixed compression with volumetrically constrained expansion.

Figure I- 25 :

 25 Figure I-25: Schematic representation of the effect of applying external pressure of a cell. RCT is the change transfer resistance; Rp the ionic pore resistance; Rel the electrical contact resistance between active materials particles and toward the current collector; Rsol the ionic resistance of the electrolyte in the separator.

Figure I- 26 :

 26 Figure I-26: Left) discharge capacity after 100 cycles and right) total swelling after 100 cycles of uncompressed and compressed cells. The average 1 st cycle discharge capacity is 181.2 mAh.(gAM) -1 . For cycling, cells were charged at C/3 with CV until C/20 and discharge at 1C between 2.7 V and 4.2 V. Copied from ref 177.

Figure I- 27 :

 27 Figure I-27: Individual components (anode, cathode, separator, foam packaging) and overall cell expansion/compression as a function of the state of charge 212 .

Figure I- 28

 28 Figure I-28: a) Potential and expected capacities based on full extraction of some lithium storage materials for LiBs. b) Differences between electron energy levels associated with electrode redox and the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) levels of the electrolyte. Shaded areas represent the potential ranges for electrolyte reduction and oxidation. Copied from ref 20.

Figure I- 29 :

 29 Figure I-29: Various models proposed for the morphology of the solid-electrolyte interphase (SEI): a) mosaic model, b) supercapacitor model, c) multilayer model and d) 3D model. Copied from ref 252.

  Figure I-30 shows the reactions proposed by Schroder et al. for EC and DEC solvents 259 . As additives, FEC and VC also undergo reduction reactions leading to the precipitation of various products as summarised in Figure I-31 by Michan et al. along with the possible reactions' schemes. FEC and VC reduction leads to the formation of similar products with different relative quantities of, Li2C2O4, HCO2Li and poly(VC). FEC reduction is believed to form LiF and VC which is subsequently reduced. The resulting SEI is mainly composed of LiF and smaller quantities of other compounds. In the case of VC reduction, higher quantities of Li2CO3, Li2C2O4 and HCO2Li are observed. LiPF6 decomposition leads to the formation of LiF, according to the following reaction: LiPF6 → LiF + PF5 219,260 . Traces of water in the electrolyte can react with LiPF6 to form HF which is considered to be the origin of an important degradation cause is LiBs 214 . Besides, PF5 can react with various SEI components such as Li2CO3, RCO2Li and ROCO2Li resulting in an increased LiF content in the SEI and gas generation.

Figure I- 30

 30 Figure I-30: a) Ethylene carbonates (EC) and b) diethyl carbonate (DEC) reduction reactions and resulting SEI and solution products according to Schroder et al. 259 .

Figure I- 31

 31 Figure I-31: a) VC and FEC reductions products; a possible structure for a crosslinking site of poly(VC) is indicated. b) Possible reaction schemes according to Michan et al. 240 .

  by XPS that the composition of the SEI on a graphite electrode differed between the lithiated and delithiated states after 3 cycles: the SEI is thicker on lithiated than on delithiated graphite. After 50 cycles, more Li2CO3 and carbonates are observed in delithiated state 217 . Zhuo et al. observed a similar behaviour sometimes called "breathing of the SEI" on a model electrode (Cu) by coupling soft XAS and ToF-SIMS analyses 265 . They observed the decomposition of carbonates in the SEI during delithiation resulting in a thinner SEI in the delithiated state. In 2017, Cao et al. observed a growth of the inorganic part of the SEI upon lithiation and its shrinking upon delithiation on silicon anodes. From this observation, they speculated that the observed SEI growth upon cycling is probably from the organic part of the SEI 267 . Veith et al. observed an increase of LiF content in the SEI during the first lithiation and an increase of polymeric species upon delithiation. However, a thinning on the SEI was observed during lithiation and a thickening during delithiation contrary to what was observed by other groups. In another study, Philippe et al. observed only small variations in the composition and thickness 263 .

Figure I- 32 :

 32 Figure I-32: Model of CEI formed on a a) LiMN2O4 and b) LiNi0.8Co0.2O2 electrode according to Edström et al. 273 .

  shown in FigureI-33. 

Figure I- 33 :

 33 Figure I-33: Resistance of the CEI for Li1-xMn2O4, Li1-xCoO2 and Li1-xNiO2 composite electrodes after a few cycles to ≈4 V vs Li + /Li with different salts and solvents: EC/DMC (1:1) for Li1-xMn2O4 and Li1-xNiO2 and EC:DMC (1:3) for Li1-xCoO2. Copied from ref 20.

Figure I- 34 :

 34 Figure I-34: Schematics of a negative electrode and electrolyte interface showing the growth of the SEI layer due to TM species. Copied from ref 15.

  Figure I-35: illustration of a) the CEI formation via migration of SEI originated species and b) impact of an Al2O3 coating on the electrochemical process. Copied from ref 12.

  Figure I-36 presents an overview of the ageing mechanisms regarding electrode and material degradation and the related analysis methods. They can be combined with each other to bring complementary information which can be surface or bulk-related. All those techniques can be performed after cell disassembly, in a post-mortem analysis. Few of them can be achieved in situ or operando at the present time (e.g., NMR).

Figure I- 36 :

 36 Figure I-36: Overview of ageing mechanisms regarding electrode and material degradation with analysis methods to observe the respective phenomena. Methods with limited access to an ageing mechanism are in brackets. It should be noted that the electrode degradation mechanisms could happen on either electrode side although shown only for one specific electrode in this illustration.

Figure I- 37 :

 37 Figure I-37: Elemental content data as a function of sputter depth in fresh, formed, and aged graphite anodes. The X axis shows sputtering time in seconds, and the Y axis shows counts per second. An increase of TM detected is observed at the surface of the anode after ageing (4V, 55°C for 38 weeks). Copied from ref 296.

Figure I- 38 :

 38 Figure I-38: Equivalent circuit model of an electrode in half cell configuration and corresponding Nyquist plot. Copied from ref 300.

  The electrochemical behaviour of the composite and identification of the carbon, graphite and silicon contributions were evaluated in half cell configuration. To this end, electrodes containing Si-C CC1203, graphite, or silicon were coated on a Cu current collector with a standard AM:CA:binder (80:10:10) ratio for material evaluation. Their respective compositions and properties are presented in Table II-2. 14 mm diameter disks were punched, pressed to a target porosity of 35 % and dried before assembling in an Ar-filled glovebox.Three coin cells with Li 0 as counter electrode and 1M LiPF6 in EC:DEC (1:1) + 2% VC + 10% FEC as electrolyte were assembled for each material. It should be noted that the silicon material used in the Si negative electrode F18-NP05 might not have the exact same morphology (thus properties) as the silicon embedded in the Si-C composite integrated in electrode F18-NP02.

  Figure II-1c, FEC and VC additive decomposition takes place at around 1.2 V vs Li + /Li, before alkyl carbonate solvent decomposition at around 0.8 V vs Li + /Li, resulting in the SEI formation for the three electrodes[START_REF]Climate change[END_REF][2][START_REF] Masson-Delmotte | Global Warming of 1.5°C[END_REF][START_REF] Li | 30 Years of Lithium-Ion Batteries[END_REF][START_REF] Doublet | Ref : TIP053WEB -'Physique Chimie[END_REF] . From the FEC peak intensity, it is possible to compare the active surface in contact with the electrolyte, with significantly lower surface of the composite in comparison to the nano silicon electrode. Electrochemical behaviour of the materials is plotted as a voltage curve in Figure II-1b and corresponding incremental capacity curve in Figure II-1d for the 4 th cycle to avoid considerations of silicon irreversible amorphization during first cycle.During lithiation, silicon voltage curve shows two pseudo-plateaus corresponding to broad peaks on the dQ/dV curve at 0.25 and 0.1 V vs Li + /Li, attributed to the formation of various amorphous LixSi phases. In delithiation, a first broad peak appears at 0.28 V, followed by a sharp peak at 0.45 V vs Li + /Li. The latter peak is characteristic of cr-Li15Si4 or a low value of x in amorphous LixSi delithiation and is more intense for the cells with cut-off voltage at 10 mV than 50 mV vs Li + /Li. This is consistent with the formation of the Li15Si4 crystalline phase during lithiation only when cells are cycled beyond 0.05 V vs Li + /Li. This phenomenon is also visible on the voltage delithiation curve (Figure II-1b) with a long and flat plateau at 0.45 V for cells cycled up to 10 mV, whereas two pseudo-plateaus are visible at 0.45 V and 0.28 V vs Li + /Li for the cells cycled up to 50 mV vs Li + /Li

Figure II- 1 :

 1 Figure II-1: Voltage curves during a) 1 st and b) 4 th cycle; c) Peaks on incremental capacity curves associated to SEI formation during the first cycle; d) Incremental capacity dQ/dV curve during 4 th cycle for Si-C composite (red), graphite (blue) and silicon (green) electrodes.

  C/10 C/5 C/2 C Performances plotted on Figure II-2 shows very similar results. Both electrodes have reversible specific capacities close to theoretical values with a mean of 510 mAh.g -1 for Li-PAA-based cells and 506 mAh.g -1 for Na-PAA-based cells and similar irreversible capacity loss for the first cycle of 11.4% and 11.7%, respectively. Considering a content of 6.5% of Si and 83% of C/G in the electrode and the given reversible capacities of graphite, silicon, and Si-C/G electrodes, it is possible to calculate that silicon account for 40% of the AM capacity and C/G account for 60% in the Si-C/G electrode. As previously shown on graphite, Si-C and silicon electrodes, SEI formation occurs between 1.2 V and 0.8 V vs Li + /Li (see zoom on Figure II-1a). As expected, differential capacity curves for the 4 th cycle plotted on Figure II-2a shows a mixed behaviour between graphite and silicon. The peak at 0.45 V vs Li + /Li is less intense than the one observed for the Si-C composite on Figure II-1d because of the lower content of silicon in the Si-C/G electrode. Regarding lithiation at various C-rates (Figure II-2b and Figure II-2c), both electrodes show an increasing polarisation with increasing C-rate. Finally, both electrodes exhibit similar stability upon cycling.

Figure II- 2 :

 2 Figure II-2: Performance's evaluation of Li-PAA and Na-PAA based electrodes in half cells: a) differential capacity for the 4th cycle and zoom of the SEI formation during the 1st cycle; b) and c) discharge voltage at increasing C-rates; d) capacity retention for 20 cycles.

Figure

  Figure II-3: top) SEM images of pristine electrode's surface and bottom) corresponding EDX mapping (left: Li-PAA; right: Na-PAA).

  . The extended cycling is performed at C/2 for 500 cycles with two types of characterisation cycles. One characterisation at very low C-rate (C/20) is performed every 100 cycles in order to measure the full accessible capacity with no kinetic limitations due to high current rate. The other one consists of 2 cycles at C/5: the first one allowing measuring the cell discharge capacity, the second one measuring cell internal resistance at 50% SOC during discharge step. The resistance measurement consists of a current peak at 2C for 30 seconds which will spot the electrolyte conductivity.

Figure II- 4 :

 4 Figure II-4: Normalized capacity (top) at C/5 and internal resistance (bottom) for NMC622 (left) and NMC811 (right) pouch cells.

4 )

 4 Figure II-5: Schematic representation of the active material volume change traduced in term of thickness change for the specific example of a Si-C/G electrode.

  Li-ion cell considering a balancing of 1.10 and an ICL at the first cycle of 13%. This is the reason why the reversible anode specific capacity considered is of 442 mAh.g -1 . Calculated SOL for graphite and silicon in the Si-C/G electrode and the corresponding potential profile fit are plotted on Figure II-6.

Figure II- 6 :

 6 Figure II-6: Left) Components lithiation state vs Si-C/G composite electrode capacity in full cell configuration. Arrows shows lithiation/delithiation cycle; right) Corresponding Si-C/G electrode potential profile fit.

Figure II- 7 :

 7 Figure II-7: Swelling profiles of a) graphite and b) silicon adapted from ref 103.

  swelling model. XPS has proven to be a powerful technique to study both composition 230 and thickness 257 of the SEI and was thus chosen in this study. II.2.1.2.1. Cell's preparation and cycling NMC622 vs Si-C/G anode pouch cells were assembled following the same protocol presented before and summarized in Appendix A, with a balancing of 1.13 for each cell. The standard formation protocol was performed (Appendix B), then the cells were charged at C/10 up to 4.2V and discharged at C/10 to various potentials corresponding to various SOC (i.e., state of lithiation of both electrodes) presented in TableII-9. A floating step was applied at the chosen voltage up to C/100 in order to study an electrochemically stable state.

  + /Li) In Figure II-8, the approximated anode voltages are represented on the Si-C/G voltage curve, in half cell configuration, for better visualisation of the anode SOL selection.

Figure II- 8 :

 8 Figure II-8: Chosen voltage for XPS analysis identification on the differential capacity of the Si-C/G electrode when cycled in half cell configuration.

Figure

  FigureII-9: XPS spectra (C 1s, O 1s and F 1s) collected on the surface of Si-C/G electrode at a) SOL 78%, b) SOL 49%, c) SOL 31%, d) SOL 26%, e) SOL 11% and f) SOL 0%.

  10 for all the elements present in the SEI and in Figure II-10 for the most abundant.

Figure

  FigureII-11: Sketch of the photoemission experiment and representation of the analysed depth inspired by references315,316 . 

Figure II- 12 :

 12 Figure II-12: Calculated relative thickness changes of the Si-C/G composite electrode during one cycle at C/5, post-formation and at 25°C.

  /G electrode state of lithiation(%) range lies in between 50 N to 10 000 N corresponding to a pressure of ≈ 0.05 MPa to ≈ 10 MPa which is enough to simulate a rigid packaging as well as a soft one. The set-up can either maintain a constant force or run a specific mechanical test (compression test for example).Electrodes are typically 50 to 100 µm thick and the swelling amplitude for one single layer of electrodes is a few µm. Thus, an accuracy of 100 nm at least is needed to reach a satisfactory resolution. It is achieved by using 3 Linear Variable Differential Transformer (LVDT) displacement sensors combined with a careful mechanical design and by placing the set-up in a compartment where the temperature is stable (±1°C). A temperature sensor is used to monitor any temperature change. Two version of this set-up were created: the first version (V1) only gives the thickness variation compared to the initial value given by the LVDT sensors whereas the updated version (V2) also gives an absolute value of the pouch cell thickness.The pouch cell is connected to VMP3 test bench from Biologic for electrochemical cycling. This resulting in an operando swelling measurement easily coupled with electrochemical cycling data.

Figure

  FigureII-13: In-house set-up designed for swelling measurement of pouch cells with an active area of 10 cm². Pressure range lies in the 50 N to 10 000 N interval and each LVDT sensor has a precision of 50 nm.

  Three bi-layer pouch cells were assembled for experimental data acquisition with NMC622, NMC811 and LCO based cathodes. NMCs and Si-C/G electrodes are the ones presented in paragraph II.1.1 and paragraph II.1.1, respectively. For LCO cathode, 96 % of LCO (Umicore) was mixed with 2 % of CB and 2 % of PVDF binder (Solvay), coated on a 20 µm thick Al current collector with a loading of 20.2 mg of active material per cm² and calendered to a porosity of around 30%. Each pouch properties are presented in TableII-13. 

  mechanical behaviour must be considered. Many XRD studies allowed calculation of the crystallographic unit cell volume change during insertion/disinsertion of lithium. Swelling profiles for each cathode were adapted from other works 61 , 89 (Figure II-14). Profiles in lithiation and delithiation are considered identical.

Figure II- 14 :

 14 Figure II-14: Crystallographic unit cell volume change upon delithiation for a) LCO and b) NMC materials adapted from ref 61 and ref 89, respectively. The vertical lines indicate the 4.2 V cut-off.

15 )

 15 ∆𝑑 𝑝𝑜𝑢𝑐ℎ-𝑐𝑒𝑙𝑙 = ∆𝑑 𝐺 + ∆𝑑 𝑆𝑖 + ∆𝑑 𝑆𝐸𝐼 + ∆𝑑 𝑁𝑀𝐶/𝐿𝐶𝑂 II.2.2.4. Modelled and experimental pouch cell swelling comparison The experimental and calculated relative thickness evolution of the Si-C/G electrode and full cells with NMC622, NMC811 and LCO are presented on Figure II-15. All calculations are based on experimental electrochemical values presented in Figure II-6. Swelling is plotted as a function of Si-C/G electrode capacity. The Si-C/G anode modelled swelling is similar for all cells. Only the initial cell thickness and the highest achieved SOL differs because of the balancing deviation. Here, Si-C/G electrode achieve a SOL of 87%, 81% and 88%, corresponding to a relative thickness change of +7.05 µm, +6.69 µm and +6.95 µm in NMC622, NMC811 and LCO-based cells, respectively.

Figure

  Figure II-15: Relative modelled swelling of the Si-C/G electrode and the pouch cell along with relative experimental swelling for cells with a) NMC622, b) Mc811 and c) LCO as cathode. The plotted experimental curves correspond to one cycle at C/5 post-formation under 0.1MPa and at RT.
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 1721 Figure III-1a with an initial porosity of 39%. The PP layer is used for its good mechanical properties and chemical stability which maintains the separator integrity. PE has a low melting point and is intended to shut down the cell if an over-temperature condition is reached[START_REF] Arora | Battery Separators[END_REF] .Through thickness compression test (Figure III-1b) reveals a yield point around 20 MPa at 25°C[326][327][328] . Past the yield point, the separator enters a phase of irrecoverable strain, and the stress is growing exponentially until almost full densification. Moreover, during electrochemical cycling, it is observed that the separator tortuosity and the pore closure increase rapidly when its porosity decreases leading to a rise of the overall cell impedance187,329 . Whether due to

  pouch bag compression measured earlier. The use of stacked separators leads to better repeatability 326 . The test consists of successive rest period at 0.1 MPa, 1 MPa and 6 MPa with recording every 2 minutes. This constant pressure corresponds to what happens in pouch cell tested under dynamically regulated constant pressure. The maximum pressure value is far below the yield point measured in the literature. The measured thickness changes are presented in Figure III-2a and reported in Table III-5. A compression is observed for pouch bag and separators, particularly when dry, for each pressure increase. A plateau is reached rapidly within 30 minutes, with a low contraction under 0.1 MPa and more significant one under 1 MPa. Under 6 MPa, 2 h are needed for the pouch bag to reach a steady value and both separators would need more than 8 hours. The final thickness changes reached for 2 pouch bags and one separator as assembled in a pouch cell is 0.54 µm, 3.15 µm and 5.94 µm under 0.1 MPa, 1 MPa and 6 MPa.

Figure

  Figure III-2: a) Relative thickness change of one layer of pouch bag, dry and wet separator during constant pressure compression test and b) associated porosity change of dry and wet separator.

  ), for formation and post-formation cycles at C-rates between C/10 and C, in Figure III-3. It should be noted that cycles are performed in the following order: C/5, C/2, C and lastly C/10 (Table

  . The term total swelling refers to the difference between maximum and minimum observed values in one cycle. The term irreversible swelling refers to the difference of measured swelling at beginning and the end of one cycle. The term reversible swelling or swelling amplitude refers to the difference between total and irreversible swelling. Firstly, the formation cycles (Figure III-3a) are very different from the following ones (Figure III-3b to f).

  thickness variation during post-formation cycles seems strongly dependent on the C-rate (Figure III-3b to f). At C/5 (Figure III-3b) a clear alternance betweengraphite and silicon lithiation is observed in charge, and graphite followed by silicon delithiation is observed in discharge. All three cycles have similar swelling amplitude of 5.7 µm or 11.5%, while an irreversible swelling of +0.7, +0.5 and +0.4 µm is observed for the 4 th , 5 th , and 6 th cycles, respectively. This irreversible phenomenon seems to take place below 100 to 150 mAh.g -1 as curves above these values are very similar with only a translation to higher thickness values due to the irreversible swelling. As no significant capacity loss is observed, it is reasonable to attribute this expansion to particles rearrangement in the electrode along with porosity accommodation: during lithiation, silicon and graphite particles expand in the existing porosity at low SOL before reaching a critical value where expansion in the perpendicular direction to the current collector becomes more important. During delithiation, the applied pressure of 0.1 MPa is not high enough to force the particles back in their original stacked state. The cathode reversible capacity is of 165 mAh.g -1 of active material during those three cycles corresponding to a Si-C/G electrode reversible capacity of 442 mAh.g -1 .

Figure III- 3 :

 3 Figure III-3: Relative swelling in µm for pouch cell PC-Abis17, during a) the 3 cycles of formation and the following post-formation cycles at b) C/5, c) C/2, d) C and e) C/10; Dynamically regulated constant external pressure of 0.1 MPa was applied during the whole test. The swelling is also presented in % regarding the anode active layer thickness.

Figure

  Figure III-4: a) Pouch cell swelling under 0.1 MPa during formation and C-rates between C/10 and C (15 cycles); b) Swelling during the 3 rd cycle for each tested C-rates.

Figure

  Figure III-4b represents relative swelling during the 3 rd cycle at each C-rate as a function of the achieved reversible capacity. The third cycle was chosen in order to free this representation from varying C-rate effects on the first cycle. As mentioned before, higher C-rate (> C/2) leads to lower achieved capacity with 440 mAh.g -1 at C/10 and C/5, 417 mAh.g -1 at C/2

Figure III- 5 :

 5 Figure III-5: Anode porosity variation under 0.1 MPa during post-formation cycles at C/5, C/2, C and C/10. The represented cycle is the 3 rd cycle at each C-rate (cycles 6, 9, 12 and 15).

III. 3 .

 3 Influence of pressure, balancing and initial anode porosity on NMC622 vs Si-C/G pouch cell swelling and anode porosity evolution III.3.1. Influence of external pressure on pouch cell swelling, anode porosity and performances In this part, the impact of external pressure is studied during formation and 3 post-formation cycles at C/5 in the compression set-up recording the pouch cell swelling and extended cycling at 0.1 MPa and 1 MPa but without swelling recording.III.3.1.1. Identical pressure during formation and post-formation cyclesFirstly, the impact of external pressure on the swelling is studied at 3 different pressures of 0.1 MPa, 0.5 MPa and 1 MPa. The corresponding measured swelling of PC-Abis17, PC-A72 and PC-A63 which have very similar properties (TableIII-2) is presented in Figure III-6. Total, reversible, and irreversible swelling are summarised in Table III-7.

Figure III- 6 :

 6 Figure III-6: Relative swelling of pouch cells a)b) PC-Abis17, c)d) PC-A72 and e)f) PC-A63 during the 3 cycles of formation and 2 or 3 following cycles at C/5 and RT. g) Comparison of the 3 cell's swelling during the formation and 2 cycles at C/5. h) Comparison of the 3 cell's relative swelling during the 4 th cycle. Dynamically regulated external pressure of 0.1 MPa, 0.5 MPa and 1 MPa was applied. The swelling is presented in µm and in % regarding the anode active layer thickness. Total capacity is presented for formation cycles and reversible capacity for post-formation cycles.

Figure III- 7 :

 7 Figure III-7: Anode porosity variation during the last post-formation cycle at C/5 for cells PC-Abis17, PC-A72 and PC-A63. Formation and post-formation cycles were performed under dynamically regulated pressure of 0.1 MPa, 0.5 MPa and 1 MPa, respectively.

Figure III- 8 :

 8 Figure III-8: left) Discharge capacity at C/5 normalized to first post-formation cycle at C/5 and right) internal resistance (2C, 30sec at 50% SOC) of pouch cells cycled under various external pressure conditions.

Figure III- 9 :

 9 Figure III-9: Thickness of pouch cell PC-Abis17 during the entire electrochemical test: 3 cycles of formation under 0.1 MPa followed by 3 cycles at C/5, C/2, C and C/10 under 0.1 MPa, 1 MPa, 2 MPa, 4 MPa, and 6 MPa, successively.

Figure III- 10 :

 10 Figure III-10: Thickness and relative swelling of pouch cell PC-Abis17 during the 3 cycles at C/5 and RT under a regulated constant pressure of a) 0.1 MPa, b) 1 MPa, c) 2 MPa, d) 4 MPa and e) 6 MPa. The presented cycles correspond to the 3 first cycles after pressure change. The relative swelling presented in % is calculated regarding the anode active layer thickness; g) Comparison of relative swelling during the third cycle at C/5 under 0.1, 1, 2, 4 and 6 MPa.

  ) is shown in Figure III-11 and main values are summarised in Table III-8. The anode porosity calculation take into account the separator and pouch bag contraction during the rest period.

Figure III- 11 :

 11 Figure III-11: Anode porosity change in pouch cell PC-Abis17 during cycles at C/5 and RT under pressure of 0.1 MPa, 1 MPa, 2 MPa, 4 MPa and 6 MPa. The presented cycles correspond to the 3 rd cycles after pressure change.

Figure III- 12 :

 12 Figure III-12: Swelling for pouch cells with balancing of a)b) 1.04 (PC-Aquat21) and c)d) 1.11 (PC-A72) during the 3 cycles of formation and 2 or 3 following cycles at C/5 and RT; e) Comparison of the swelling during 5 th cycle at C/5 and RT and f) corresponding differential capacity curves. Dynamically regulated constant external pressure of 0.5 MPa was applied during the whole test. The swelling is presented in % regarding the anode active layer thickness. Total capacity is presented for formation cycles and reversible capacity for post-formation cycles.

Figure III- 13 :

 13 FigureIII-13: Anode porosity variation under 0.5 MPa during the 2 nd post-formation cycle at C/5 in pouch cells PC-Aquat21 and PC-A72 with balancing of1.04 and 1.11, respectively. 

  . Anodes with 40%, 34% and 28% porosities are compared with respective thickness of 48 µm, 43 µm and 41µm.Results from PC-A72, PC-A74 and PC-Ater20 are presented in Figure III-14 for the 3 formation cycles and 2 or 3 following cycles at C/5 and total, reversible and irreversible swellings are summarised in TableIII-10. 

Figure III- 14 :

 14 Figure III-14: Swelling for pouch cells with an initial anode porosity of a)b) 40% (PC-A72), c)d) 34% (PC-A74) and e)f) 28% (PC-Ater20) during the 3 cycles of formation and 3 following cycles at C/5 and RT. Swelling comparison during the g) 1 st and h) 5 th cycle. Dynamically regulated constant external pressure of 0.5 MPa was applied. The swelling plotted in % is calculated regarding the anode active layer thickness. Total capacity is presented for formation cycles and reversible capacity for post-formation cycles.

Figure III- 15 :

 15 Figure III-15: Anode porosity variation during the 2 nd post-formation cycle at C/5 in pouch cells PC-A72, PAC-A74 and PC-Ater20 with initial anode porosity of 40%, 34% and 28%, respectively. Dynamically regulated constant external pressure of 0.5 MPa was applied during the whole test.

  Figure IV-1. It should be noted that the radial stress 𝜎 𝑟 in the perpendicular direction to the casing wall is very small and therefore negligible compared to 𝜎 𝑙𝑜𝑛𝑔 and 𝜎 ℎ𝑜𝑜𝑝 .

Figure IV- 1 :

 1 Figure IV-1: Schematic representation of the longitudinal stress 𝜎 𝑙𝑜𝑛𝑔 and hoop stress 𝜎 ℎ𝑜𝑜𝑝 generated in the casing wall when the cell is subjected to an internal pressure.

Figure

  Figure IV-2: a) Schematic illustration and b) positioning of a 45°-rectangular rosette gauge on the 18650 cells.

  dilatation. Results for cells EXPANSION-A04 and EXPANSION-A05 are presented in Figure IV-4. As expected, a temperature dependence is observed with a strain variation for each temperature plateau on Figure IV-4a and Figure IV-4d. Temperature rise results in an increase of the measured strains due to the metallic hard casing and internal materials thermal dilatation whereas temperature reduction results in a decrease of the measured strains due to thermal contraction (Figure IV-4b and Figure IV-4e). Each strain reaches a steady value during the temperature plateaus. Moreover, this value varies only slightly between the three plateaus at 25°C indicating the good reproducibility of the measurement. Cell was at OCV so strain variations can be exclusively attributed to the steel case and internal materials dilatation/contraction during temperature cycles with a strain variation of around 2 µm/m/°C.

A

  Figure IV-4f is applied to further measurements in order to only consider strain variations due to electrochemical processes.

Figure IV- 4

 4 Figure IV-4: a) Raw strains 𝜀 1 , 𝜀 2 , 𝜀 3 from gauges J1, J2 and J3 during temperature test for cell a) EXPANSION-A04 and b) EXPANSION-A05; corresponding c)-d) r=f(d) strain diagram and e)-f) calibration curves. 18650 cells were at OCV during the temperature test.

3 IV. 1 . 3 .

 313 Principal strains, stresses, and induced pressure Cells EXPANSION-A04 and EXPANSION-A05 were cycled with the protocol presented in TableIV-2 while measuring deformation of the steel casing. The first three cycles are part of the standard formation protocol applied on 18650 with a first cycle at 45°C and relatively low C-rate. The 4 th , 5 th and 6 th cycles are done at the same C-rate of C/10 between 2.5 and 4.2V

  Figure IV-5 along with the calculated principal strains 𝐸 𝑝 and 𝐸 𝑞 and the corresponding stresses 𝜎 𝑝 and 𝜎 𝑞 for cells EXPANSION-A04 and EXPANSION-A05. The thermal dilatation of the cell during the first cycle at 45°C is corrected.

Figure IV- 5

 5 Figure IV-5:a) and b) Measured strains 𝜀 1 , 𝜀 2 , and 𝜀 3 for gauge J1, J2 and J3 with temperature correction; c) and d) corresponding principal strains 𝐸 𝑝 and 𝐸 𝑞 and e) and f) principal stresses 𝜎 𝑝 and 𝜎 𝑞 for cells EXPANSION-A04 and EXPANSION-A05.

  the negative electrode capacity on Figure IV-6. This representation allows direct visualisation of the correlation between pressure change and anode swelling.

Figure

  Figure IV-6: a) Radial pressure variation in cylindrical cell EXPANSION-A04 during a) formation and 3 post-formation cycles at C/10, and b) radial pressure variation during the 4 th cycle.

Fatigue

  tests results for pouch bag and separator are presented in Figure IV-7a for slow cycles and Figure IV-7b for fast cycles. Thickness change is given for only one layer.

Figure IV- 7 :

 7 Figure IV-7: Relative thickness change of pouch bag and separator during a) slow and b) fast fatigue compression test; c) associated separator porosity change. Thickness change is given in µm for one layer. Tests were performed at RT.

  Figure IV-8: left) X-ray micro-tomography system (microXCT-400, Zeiss) and right) specifically designed sample holder to host 18650 cylindrical cells.

Figure

  Figure IV-9: a) Reconstructed volume of the whole cylindrical cell and position/size of the VOI selected for high-resolution scans (SOC 0; voxel size of 42.42 µm); b) One slice extracted from the LFOV scan (SOC 0; voxel size of 42.42 µm). Resolution is too low to distinguish the jellyroll layers. Position/size of the VOI selected for highresolution scans is indicated.

Figure IV- 10 :

 10 Figure IV-10: Theoretical SOCs for X-ray m-CT analysis based on the swelling measurement of a NMC622 vs Si-C/G bi-layer pouch cell during one cycle post-formation at C/10.

  Figure IV-11a perfectly superimpose but with grey values divided by a factor 100. Then some slices with reconstruction artefacts were deleted (Figure IV-11b). Those came from the reconstruction step of a small VOI in such a large object surrounded by a dense metal casing. The alignment of all 2D slices along z-axis testifying the 18650 did not tilt during the data acquisition was confirmed using the orthogonal views tool. No filter was applied to not alter the data.

Figure IV- 11

 11 Figure IV-11: a) Line-profile (1 pixel width) for 16-bits and 8-bits type images; b) Suppressed slice because of reconstruction artefact.

Figure IV- 12 :

 12 Figure IV-12: Effect of averaging on the profile and histogram: 3D view of the division of the VOI; histogram comparison of 1 slice vs average on 325 slices; bottom left) 1 slice xy 1px + line profile of 1 px width and bottom right) average of 325 slice + line profile of 100 px width and corresponding histograms.

Figure IV- 14 .

 14 Figure IV-14. For anode and cathode, the plotted thickness change is reported considering

Figure IV- 14 :

 14 Figure IV-14: Thickness variation of cylindrical cell internal components measured from m-CT scans (voxel size: 1.6x1.6x1.6 µm 3 ) upon one cycle at C/10 after formation. Swelling of one active layer is plotted for anode and cathode. Total swelling is obtained by summing swelling of each component (anode, cathode, current collector and separator).

  Bearing in mind the modelled thickness variations of the anode and cathode developed in chapter II, if totally free from constraints and considering constant pores volume, the anode should expand up to 23.4% and the cathode should shrink by 1.6% during charge. Both electrodes swelling is in fact very different from those values with an expansion of only 4.8% of the anode and a contraction of 4% of the cathode (Figure IV-14). Simple subtraction between the experimental swelling and the theoretical swelling calculated in chapter II allows an estimation of the anode pores volume and porosity presented in Figure IV-15. Keep in mind that the model considers only a reversible process linked to (de)lithiation, an active material swelling and an almost negligible SEI breathing, but do not consider side product accumulation upon cycling or SEI structure change. It should be noted that the voxel size of 1.6 µm corresponds to a porosity variation of around 2% in the anode porosity.

Figure

  Figure IV-15: left) Calculated porosity variation of internal components of cell EXPANSION-A01 during the 4 th cycle at C/10. Right) Porosity variation calculated in chapter III of a NMC622 vs Si-C/G bi-layer pouch cell during cycles at C/5 and RT under a regulated constant pressure of 0.1 MPa, 1 MPa, 2 MPa, 4 MPa and 6 MPa.

  220 and 420 respectively on Figure IV-16a. Regarding resistance, a constant increase is observed probably due to irreversible porosity drop over repeated swelling cycles and degradation mechanisms. Differential capacity vs. voltage curve of the full cell at 100% and 80% SOH are plotted on Figure IV-16b in order to give some insight on the origin of the capacity fade.

  Figure V-1a along with differential capacity curves in Figure V-1b. Both NMC have almost similar potential curves with a higher achieved capacity for NMC811. The peaks between 3.6 V and 3.8 V vs Li + /Li on the differential capacity curves are characteristics of Ni redox reactions with a shift toward lower voltages for NMC811 120-123 . The small bump observed at 3.9 -4.0 V vs Li + /Li for NMC811 corresponds to a multiple phase transition in the crystal structure frequently observed for NMC with high Ni content 124 . The LCO voltage curve has a higher mean voltage than NMC due to the redox reaction involving cobalt. A sharp peak can be observed around 3.95 V vs Li + /Li with a shoulder that extend to 4.2 V vs Li + /Li corresponding to various LixCoO2 phases formation 118 . The charge/discharge discrepancy comes from the polarised signal due to internal resistance of the cell 61 . Regarding charge at various C-rates (Figure V-1c to e), all electrodes show an increasing polarisation with increasing C-rate. This effect is slightly more pronounced for NMC811 electrode than NMC622.

Figure V- 1 :

 1 Figure V-1: Performance's evaluation of NMC622, NMC811 and LCO based electrodes in half cells: a) voltage curves and b) differential capacity curves for the 4 th cycle; c)e) charge voltage at increasing C-rates.

Figure V- 2

 2 Figure V-2: a) Normalised discharge capacity (C/5, RT) and b) specific resistance from cathode surface (2C, 30s at 50% DOD) evolution upon cycling of 18650 cells and pouch cells from series A, B and C. Presented values are mean values from two identical cells i.e., with the same format and cathode.

Figure V- 3 :

 3 Figure V-3: Charge capacity achieved at C/2, 2C and 3C during power test check-ups for a) NMC622 cells, b) NMC811 cells and c) LCO cells. Check-ups were performed every 100 cycles. Comparison of the charged capacity (C/2, 2C and 3C) at 100% SOH and 80% SOH for d) 18650 cells and e) pouch cells.

Figure V- 4

 4 Figure V-4: a) Normalised discharge capacity obtained during 500 cycles and b) corresponding internal resistance (pulse at 2C for 30s at 50% DOD) of 18650 with RE.

Figure V- 5 :

 5 Figure V-5: Potential profiles during low cycle at C/20 and its evolution during extended cycling for a) the cell, b) the positive electrode and c) the negative electrode for cell EXPANSION-A10 (NMC622 vs Si-C/G).

Figure V- 6 :

 6 Figure V-6: Potential profile of the cell, the positive electrode, and the negative electrode for cell EXPANSION-A10 (NMC622 vs Si-C/G) during power tests performed in a fresh state and after 200 cycles.

Figure V- 7 :

 7 Figure V-7: Potential profiles during low cycle at C/20 and its evolution during extended cycling for a) the cell, b) the positive electrode and c) the negative electrode for cell EXPANSION-B06 (NMC811 vs Si-C/G).

Figure V- 8 :

 8 Figure V-8: Potential profile of the cell, the positive electrode, and the negative electrode for cell EXPANSION-B06 (NMC811 vs Si-C/G) during power tests performed in a fresh state and after 200 cycles.

Figure V- 9 :

 9 Figure V-9: Potential profiles during low cycle at C/20 and its evolution during extended cycling for a) the cell, b) the positive electrode and c) the negative electrode for cell EXPANSION-C04 (LCO vs Si-C/G).

Figure V- 10 :

 10 Figure V-10: Potential profile of the cell, the positive electrode, and the negative electrode for cell EXPANSION-C04 (LCO vs Si-C/G) during power tests performed in a fresh state and after 500 cycles.

  ), with C-rate increasing from C/20 to C/10 and C/5 for the first, second and third cycle, respectively. Cells PC-A01, PC-B01 and PC-C08 were formed on an Arbin test bench using standard pouch holder with two clips applying a constant pressure of 0.1 MPa. The first cycle was performed at 45°C in a climate chamber and the two following ones at room temperature. After formation, cells were installed in the set-up for cycling and a pressure of 0.1 MPa applied. Cells PC-Aquat22, PC-B15 and PC-C10 were directly formed in the swelling set-up at RT and under 0.1 MPa. Post-formation cycling is performed at C/2 (TableV-10) for all cells. Two characterisation cycles at C/5 are done at the beginning and end of the cycling. Cells PC-A01, PC-B01 and PC-C08 were stopped after 100 post-formation cycles and cells PC-Aquat22, PC-B15 and PC-C10 after 88 post-formation cycles.

  only and is plotted in FigureV-11. 

Figure V- 11 :

 11 Figure V-11: Relative swelling during formation of a) PC-Aquat22, b) PC-B15 and c) PC-C10 with NMC622, NMC811 and LCO as cathode material, respectively. Dynamically regulated constant external pressure of 0.1 MPa was applied. Numerical values of the total, reversible and irreversible swelling are presented in Table V-11.

  swelling of cells PC-Aquat22, PC-B15 and PC-C10 during extended cycling is plotted in Figure V-12a. The irreversible swelling observed during formation was deducted from the presented data. The irreversible and reversible swellings, and normalised discharged capacity are shown in Figure V-12c. A continuous thickness increase is observed with first a rapid increase of the cell thickness during ≈30 cycles of 5.3 µm to 6.8 µm (compared to the ≈10 µm observed for the first 3 cycles), followed by a linear increase for the following cycles up to 7.2 µm to 8.6 µm. The pressure of 0.1 MPa applied during the test is definitely too low to stabilize the cell thickness with this anode containing 6 wt.% of silicon. Contrarily to what was observed during formation, the cathode chemistry affects the irreversible swelling amplitude with higher values for LCO and lower for NMC811 in association to reversible swelling. After 87 cycles, the maximum swelling is of 11.2 µm for NMC811 pouch cell in comparison to 12.4 µm and more than 14.0 µm for NMC622 and LCO, respectively. This linear increase was also observed by Louli et al. and attributed to continuous SEI growth 14 . The reversible thickness is more associated to cell capacity with a good correlation for both curves in Figure V-12c. When looking at the capacity retention (Figure V-12c), close values are observed forall cells during the first 20 cycles where the main morphological changes happen resulting in an important cell thickness increase. After those 20 cycles, i.e., during the linear increase of the cell thickness, more or less linear capacity retention decrease is observed for both NMC cells with a steeper decrease for NMC622. However, a different shape is observed for LCO cell with first a faster drop followed by a flatter part. Finally, a discharge capacity at C/5 of 83% of the initial capacity is obtained for NMC622 cell, 88% for NMC811 cell and 81% for LCO cell after 87 cycles, which is in line with the previously reported performances.

Figure V- 12

 12 Figure V-12: a) Swelling of the three pouch cells PC-Aquat22, PC-B15 and PC-C10 during 87 cycles; b) swelling profile measured during the 4 th cycle (1 st post-formation cycle) and the 87 th cycle (last cycle) performed at C/5; c) normalized discharge capacity and swelling evolution upon cycling. Pouch cells PC-A01, PC-B01, PC-C08 show the same behaviour (see Appendix D).

Figure V- 13 :

 13 Figure V-13: Anode porosity variation during the first and last post-formation cycles (4 th and 87 th ) at C/5 and under 0.1 MPa for cells PC-Aquat22, PC-B15 and PC-C10.

  Figure V-14 and summarised inTableV-13. Here again, LCO cells exhibit a greater capacity around 27 mAh for the 3 rd formation cycle at C/5 followed by NMC622 cells with 24 mAh and NMC811 cells with 23 mAh.These capacities are correlated to the higher electrode loading. Additionally, NMC based cells show a higher ICL for the first cycle than LCO-based cells. Fresh cells exhibit a capacity at C/10 close to the one at the end of formation or even better as C-rate is lower. After 240 cycles, NMC622-based cells PC-A07 and PC-A08 show a charged capacity of 124 mAh.g -1 at C/10 and discharged capacity of 104 mAh.g -1 at C/2 corresponding to a retention capacity of 78% and 65% mostly impacted by the different C-rates. In view of the curves in Figure V-14, it is reasonable to assume that both cells have close SOH and would give similar capacities if discharged (or charged) at the same C-rate. The same feature is observed for all cathodes, so after 240 cycles, NMC622 based cells have reach 78% of SOH, NMC811 cells 82% of SOH and LCO 69% of SOH. This results match with the one presented in paragraph V.2.2.3. 

Figure V- 14 :

 14 Figure V-14: Normalised discharge capacity (C/5, RT) obtained during cycling before dismantling of NMC622 based (PC-A10, PC-A12), NMC811-based cells (PC-B05, PC-B06), and LCO-based cells (PC-C05, PC-C06).

  negative electrode from cells PC-A08, PC-A12, PC-B02, PC-B04, PC-C04 and PC-06 are plotted in Figure V-15 in order to identify the material (graphite or silicon) impacted by the low active material loss. Finally, both materials appear to contribute to the Li loss with graphite (de)lithiation plateaus and silicon contribution at 0.4 V vs Li + /Li being impacted. No further information could be drawn from differential capacity curves.

Figure V- 15 :

 15 Figure V-15: Potential profile during a charge/discharge cycle at C/10 of the negative electrodes retrieved from NMC622 based cells, NMC811 based cells and LCO cells opened in fresh sate and after 240 cycles.

Figure V- 16 :

 16 Figure V-16: EIS spectra obtained in symmetrical cells for a) positive and b) negative electrodes retrieved from cells PC-A08, PC-A12, PC-B02, PC-B04, PC-C04 and PC-06.

Figure V- 17 :

 17 Figure V-17: Example of total, Mn + , Ni + and Co + mapping obtained for the anode retrieved from cell PC-A07.

Figure V- 18 :

 18 Figure V-18: Transition metal ratio obtained from Tof-SIMS measurements carried out on anodes retrieved from a) PC-A08, PC-B02, PCC04, PC-A12, PC-B05, and PC-C06 and b) PC-A07, PC-B03, PC-C03, PC-A10, PC-B06 and PC-C05. Anodes in a) were delithiated when cells were dismantled and anodes in b) were lithiated. "0 cycle" correspond to the fresh cells and "240 cycles" to cycled cells.

  2 µg for Ni, 0.01 µg for Mn and 0.1 µg for Co. The obtained TM contents for NMC based cells are presented in Figure V-19 and the total amount of TM is summarised in Table V-20.

Figure V- 19 :

 19 Figure V-19: Amount of transition metal detected by ICP on negative electrodes retrieved from b) PC-A08, PC-B02, PC-A12, and PC-B05 and c) PC-A07, PC-B03, PC-A10, and PC-B06. Anodes in a) were delithiated when cells were dismantled and anodes in b) were lithiated. "0 cycle" correspond to the fresh cells and "240 cycles" to cycled cells. Bars are in white colour when the amount of TM is below detection limit.

Figure

  Figure V-20: XPS spectra (C 1s, O 1s and F 1s) collected from the surface of Si-C/G electrodes harvested from cells a) in fresh state (PC-A08, PC-B02 and PC-C04) and b) after cycling (PC-A12, PC-B05 and PC-C06).

Figure V- 21 :

 21 Figure V-21: XPS spectra (C 1s, O 1s and F 1s) collected from the surface of positive electrodes retrieved from cells a) in fresh state (PC-A07, PC-A08, PC-B02, PC-B03, PC-C03 and PC-C04) and b) after cycling (PC-A10, PC-A12, PC-B05, PC-B06, PC-C05 and PC-C06).

  coating. After cycling, an increase of the detected amount of TM is observed indicating a continuous TM migration during cycling. For NMC based cells, the amount of Ni, Mn and Co detected is related to the initial composition of the NMC. For LCO based cells, the amount of detected Co is 3 times lower than the total TM amount of detected in NMC based cells.Finally, SEI and CEI composition were studied by XPS. The SEI is composed of an inner inorganic part and an outer organic part. This organic part of the SEI appears to be thicker on anodes formed vs NMC811 than NMC622 or LCO which is in line with the amount of TM detected by Tof-SIMS. During cycling, a thickening of this organic part of the SEI is observed for the anode cycled vs NMC622 whereas a thinning is observed for anodes cycled vs NMC811 and LCO. It should be noted that a thinning of the organic part of the SEI is not necessarily correlated to a thinning of the global SEI. All cathodes have similar CEI composition with semi-carbonates, LiF and LixPFyOz compounds resulting from the electrolyte decomposition.

  anode porosity and larger porosity variation during one cycle. Pressure of 0.1 MPa during formation combined to 1 MPa during extended post-formation cycling was found to give the best capacity retention for NMC622 vs Si-C/G cells. Other parameters such as cell balancing and anode initial porosity have an impact on the cell swelling. With a deeper use of the anode capacity, a lower balancing leads to larger irreversible and reversible swellings and a lower anode initial porosity results in a lower swelling. In the end, it was shown that measuring the swelling profile or at least the cell thickness evolution is a powerful tool to understand the electrochemical processes taking place in the cell. Similar studies performed on pouch cell with NMC811 or LCO as positive electrodes could bring valuable information to further identify the best cell design. Additionally, following a cell swelling during its cycle life could help evaluate its state of health.Thirdly, the mechanical behaviour of a NMC622 vs Si-C/G cylindrical cell was studied for comparison with the pouch cell format. The steel case strain during electrochemical cycling was measured using rosette gauges. With a maximum measured deformation of 0.06%, the jellyroll swelling is not accommodated by the housing, contrarily to what happens in pouch cells. The created pressure exhibits an exponential variation with measured values ranging from 0.1 MPa in discharged state to 4.2 MPa in charged state for the first post-formation cycle.

Figure 24 :

 24 Figure 24: Cycling protocol B with characterisation cycles, resistance measurement and power tests.

Figure 26 :

 26 Figure 26: Example of the cycling protocol applied to a Si-C/G vs Li 0 coin cell.

Figure 27 :

 27 Figure 27: Comparison of typical polarization curves for various RE materials tests in LiBs. Copied from ref 338.

Figure 28 :

 28 Figure 28: a) LFP reference electrode; b) position of the LFP reference regarding the positive and negative electrode; c) RE insertion in the jellyroll during wounding; d) Pristine jellyroll with the positive tab on the left (top of the jellyroll) and negative and RE tabs on the right (bottom of the jellyroll).

Figure 29 :

 29 Figure 29: Charge/discharge profile obtained during LFP RE functionalisation of cell EXPANSION-B06.

Figure 30 :

 30 Figure 30: 18650 cell and reference connexion.

Figure 31 :

 31 Figure 31: Potential profiles during low cycle at C/20 and its evolution during extended cycling for a) the cell, b) the positive electrode and c) the negative electrode for cell EXPANSION-B03 (NMC811 vs Si-C/G).

Figure 11 :

 11 Figure 11: Potential profile of the cell, the positive electrode, and the negative electrode for cell EXPANSION-B03 (NMC811 vs Si-C/G) during power tests performed in a fresh state and after 500 cycles.

Figure 12 :

 12 Figure 12: Potential profiles during low cycle at C/20 and its evolution during extended cycling for a) the cell, b) the positive electrode and c) the negative electrode for cell EXPANSION-B04 (NMC811 vs Si-C/G).

Figure 13 :

 13 Figure 13: Potential profile of the cell, the positive electrode, and the negative electrode for cell EXPANSION-B04 (NMC811 vs Si-C/G) during power tests performed in a fresh state and after 500 cycles.

Figure 35 :

 35 Figure 35: Potential profiles during low cycle at C/20 and its evolution during extended cycling for a) the cell, b) the positive electrode and c) the negative electrode for cell EXPANSION-C05 (LCO vs Si-C/G).

Figure 16

 16 Figure 16: a) Capacité incrémentale en fonction du potentiel pour des électrodes de graphite, silicium et Si-C/G en demi-cellule (vs Li 0 ) ; b) Etats de lithiation du graphite et du silicium en fonction de la capacité de l'électrode Si-C/G dans le cas d'une cellule complète (l'anode n'atteint pas 100% de sa capacité). Les flèches indiquent le sens de lithiation/délithiation.

Figure 17 :

 17 Figure 17: a) Modèle de gonflement de l'électrode Si-C/G seule ou intégrée en cellule complète avec une cathode NMC622 ; Comparaison des gonflement expérimentaux et modélisés pour une cathode b) NMC622, c) NMC811 et d) LCO.

Figure 18 :

 18 Figure 18 : Profil de gonflement d'une cellule souple NMC622 vs Si-C/G pendant a) la formation (3 cycles) et b) 3 cycles post-formation à C/5 et sous une pression extérieure régulée dynamiquement de 0,1 MPa ; c) évolution de la porosité de l'anode pendant le 4 ème cycle.

Figure 19

 19 Figure 19 : a) Comparaison du gonflement relatif au cours d'un cycle post-formation à C/5 sous une pression de 0,1, 1, 2, 4 et 6 MPa ; b) Capacité déchargée normalisée (C/5, TA) par rapport au premier cycle à C/5 sous différentes conditions de pression.D'autres paramètres tels que l'équilibrage des cellules et la porosité initiale de l'anode ont un impact sur le gonflement des cellules. Avec une utilisation plus profonde de la capacité de l'anode, un équilibrage plus faible conduit à un gonflement irréversible et réversible d'autant plus important que le silicium contribue majoritairement tandis qu'une porosité initiale de l'anode plus faible entraîne un gonflement plus faible. Finalement, il a été démontré que la mesure du profil de gonflement d'une cellule est un outil puissant pour comprendre les processus électrochimiques qui ont lieu dans la cellule. Des études similaires réalisées sur des cellules souples avec NMC811 ou LCO comme électrodes positives ou encore l'étude d'autre paramètres pourraient apporter des informations précieuses pour optimiser la conception de cellules.

Figure 20 :

 20 Figure 20 : Variation de la pression radiale dans une cellule cylindrique de type 18650 pendant le 1 er cycle post-formation (C/10). La pression a été calculée à partir des mesures de déformation du godet réalisée avec des jauges rosette.

Figure 21

 21 Figure 21 : a) Variation de l'épaisseur des composants internes d'une cellule cylindrique 18650 mesurée à partir d'images de micro tomographie à rayons X (taille du voxel : 1,6x1,6x1,6 µm 3 ) lors d'un cycle post-formation à C/10. Le gonflement d'une seule couche active est représenté pour l'anode et la cathode. Le gonflement total est obtenu en additionnant le gonflement de chaque composant (anode, cathode et séparateur). b) Variation de la porosité calculée des composants internes de la cellule pendant le même cycle.

Figure 22 :

 22 Figure 22 : a) Capacité déchargée normalisée (C/5, TA) par rapport au premier cycle à C/5 et b) évolution de la résistance spécifique rapportée à surface de la cathode (2C, 30s à 50% de DOD) lors du cyclage de cellules 18650 et de cellules souples avec des cathode en NMC622, NMC811 et LCO. Les valeurs présentées sont les valeurs moyennes d'au moins deux cellules identiques, c'est-à-dire avec le même format et la même cathode.

Figure 23 :

 23 Figure 23 : a) Gonflement des trois cellules souples à base de NMC622, NMC811 ou LCO pendant 87 cycles ; b) Profil de gonflement mesuré pendant le 4 ème cycle (1 er cycle post-formation) et le 87 ème cycle (dernier cycle post-formation) à C/5.

  

  

  

  

  

  

  

Table I - 1 :

 I1 Properties of commonly studied anode materials30 . 

	Material	Lithiation potentials (V)	Delithiation potentials (V)	Volume change
	Graphite	0.07, 0.1, 0.19	0.1, 0.14, 0.23	10%
	Li4Ti5O12 (LTO) 1.55	1.58	0.2%
	Si	0.05,0.21	0.31, 0.47	280%
	Ge	0.2, 0.3, 0.5	0.5, 0.78	240%
	Sn	0.4, 0.57, 0.69	0.58, 0.7, 0.78	255%

Table I - 2 :

 I2 Components of the SEI as reported in the literature according toVerma et al. 218 .

	conditions (C-rate, potential cut-offs, temperature, etc..) during the first cycles called the
	formation protocol and extended cycling 249 . Secondly, most of the experimental
	characterisations are carried out ex situ and therefore require the battery dismantling and
	ex situ handling of the electrodes that are highly reactive. The SEI is considered as a porous
	Component layer filled with electrolyte but is studied dried ex situ and its porosity may be modified during Present Not present Notes Being a two electrons reduction product of
	(CH2OCO2Li)2 the drying step. Even when opening the cell in a glovebox and using an airtight vessel for air-219-223 ethylene carbonate (EC); it is found mostly
	in the SEI of the EC based electrolytes. They are present in the outer layer of the protected transfer, the SEI can be exposed to traces of oxygen and/or water. For example, it
	SEI and are missing near Li 226 . They occur has been shown that exposure of a lithiated graphite electrode to air (4 min) leads to the
	ROCO2Li formation of LiOH in the deep layer of the SEI. Similarly, ROCO2Li and ROLi compounds react 219,220,222,224,225 in most propylene carbonate (PC) containing electrolytes, especially when the
	concentration of PC in the electrolyte is high. with CO2 to form lithium carbonate. Alkyl carbonates can decompose to LiOH and Li2CO3 in
	Not always present 232 . Normally present in the presence of water; also, lithium in the lithiated graphite can be oxidised to Li2O, Li2O2 and
	Li2CO3 LiO2 in the presence of O2 250 . Thirdly, the various opening and analysis protocols used in the 219,225-227 228-231 the SEI formed in EC or PC based electrolytes. It may also appear as a
	reaction product of semi-carbonates with reported studies can influence the obtained results. Indeed, the SEI structure and chemistry
	HF or water or CO2. Most commonly found in the SEI formed in can be modified by the sample preparation (e.g., sample drying step before ex situ XPS,
				ether electrolytes like tetrahydrofuran
	ROLi	220,228,231,233-236		(THF), but may also appear as dimethyl carbonate (DMC) or ethyl methyl carbonate
				(EMC) reduction product 237 . It is soluble and
				may thus undergo further reactions 238 .
				Mostly found in electrolytes comprising of
				fluorinated salts like LiAsF6, LiPF6, LiBF4.It
				is a major salt reduction product. HF
	LiF	226,229,230		contaminant also reacts with semi-carbonates to give LiF by-product.
				Amount of LiF increases during storage 239 .
				The use of additives such as FEC leads to
				higher amount of LiF 240 .
				It may be a degradation product of Li2CO3
	Li2O	230,241,242	229,232,243	during Ar + sputtering in the XPS
				experiment.
				Present in the outermost layer of the SEI,
	Polycarbonates 229,244		closer to the electrolyte phase. This part
				imparts flexibility to the SEI.
				It is mainly formed due to water
	LiOH	223,245,246	229,241	contamination 247,248 . It may also result from
				reaction of Li2O with water or with ageing 231 .
				It is found to be present in 18650 cells
				assembled in Argonne National Labs
	Li2C2O4	231,236		containing 1.2 M LiPF6 in EC:EMC (3:7)
				electrolyte. Li carboxylate and Li methoxide
				were also found in their SEI 231 .
	HCOLi	224		It is present when methyl formate is used as co-solvent or additive.
	Several explanations to these discrepancies can be given. Firstly, it appears that the
	chemical composition of the SEI depends closely on the electrode material (chemical nature,
	surface conditions, etc..), on the electrolyte (composition, purity, etc..) and on the cycling

  .

	During an XPS measurement, atoms in the sample are ionised by incident X-ray and
	photoelectrons are emitted. Their kinetic energy is measured, allowing determining the atom it
	comes from. In the energy range considered ([0-h(K)] eV), the chemical shift in the binding
	energy rises information about the chemical environment of the element and C-C, C-O or
	C=O bond can be separated in the C 1s signal for example. XPS is thus a useful tool for the
	study of SEI or CEI chemical composition. It is a surface sensitive technique because of the
	small mean free path (a few nm) of the emitted photoelectrons in the sample. Depth analysis
	can be achieved by combining analysis to sputtering of the surface with Ar + beam. XPS has
	been widely used for SEI and CEI characterisation during formation and upon ageing.
	However, with a detection limit of 0.1 to 0.05 %at, species in very low amounts cannot be
	detected and its use for TM migration is limited. A summary of peak assignments
	Assignments corresponding to species found in electrode-electrode interphases or bulk materials is Binding energy (eV) C 1s O 1s F 1s Li 1s Si 2p TM
	graphite Lithiated proposed in Table I-3. ≈282		
	Carbon black	284.4		
	Hydrocarbon	285		
	-(CH2CH2O)𝑛-	286.5	533	
	Li2CO3	290	532		55.5-56
	R-CH2OCO2Li	288	534	
	R-CH2OCO2Li	290-291	532.5	
	R-CH2OLi	288	532	
	R-CF2-R	291-292		688.2
	LiF			685	56
	LiPF6			688	56.9
	LiOPF		≈535	687-688
	Li2O		528.5		54
	LiOH			
	Si				99.4
	Li4SiO4		530.1		100.7
	Li2SiO3		531.6		102.1
	Li2Si2O5		532.1		102.7
	SiO2		533		103.5
	PVDF	290.5		689.0
	LiMO2 (M=Ni, Mn, Co)		≈531		641-643 (Mn) 780-782 (Co) 854-856 (Ni)
	MF2 (M=Ni, Mn, Co)		685.5 -686		655 (Mn) 784 (Co) 857.8 (Ni)

Table II -

 II 1: Si-C CC1203 composite physico-chemical and electrochemical properties.

		Chemical properties		
	Element	Si	C	O	Other
	wt. %	16.4%	80%	2.2%	1.4%
		Physical properties		
	BET surface	D10	D50	D90
	2.5 m² g -1	3.7 µm	9.4 µm	34.5 µm
		Electrochemical properties		
	Reversible capacity	Si + SiOx Reversible capacity	1 st cycle coulombic efficiency
	800 mAh g -1		2830 mAh g -1	88.8%	

Table II -

 II 2: Electrode's compositions and properties. 

	Electrode	Active material	Conductive additive	Binder	Porosity	Loading
	F18-NP01 F18-NP02 F18-NP05	Graphite SCMG-XT2H Composite Umicore CC1203 Silicon Umicore UM-02	Super P C65 from Timcal	Na-CMC 250 kg.mol -1 from Aldrich	33% 35% 40%	6.0 mg.cm -2 6.1 mg.cm -2 0.5 mg.cm -2

Table II -

 II 

		Qlithiation (mAh.g -1 )	Qdelithiation (mAh.g -1 )	1 st cycle irreversible capacity
	Graphite	422	366	13%
	Si-C	941	782	17%
	Silicon (50 mV)	3774	3186	16%
	Silicon (10 mV)	4260	3604	15%

3: First cycle performances of Si-C, graphite, and silicon. Half cells were cycled at C/20, between [0.01 ;1] V or [0.05 ;1] V vs Li + /Li at 20°C.

Table II -

 II 4: Electrode's composition and properties. 

	Electrode	Active material	Conductive additive	Binder	Porosity
	F18-058 F18-059	Graphite SCMG-XT2H + Composite Umicore CC1203	Super P C65 + VGCF	Li-PAA Na-PAA	34% 34%

Table II -

 II 5: Cycling protocol for Li-PAA vs Na-PAA based Si-C/G negative electrodes evaluated in half cells between 1 and 0.05 V vs Li + /Li and at room temperature.

		Formation	Discharge C-rate			Charge C-rate	
	Cycle number	1	2, 3, 4	5, 6	7, 8	9, 10	11, 12	13, 14	15, 16	17, 18	19, 20	21, 22

Table II -

 II 6: Bi-layer pouch cells properties.

	Series Cathode	Anode AM	Balancing Electrolyte
	A B	NMC622 (16.5 mg.cm -2 , 32% porosity) NMC811 (14.3 mg.cm -2 , 32% porosity)	Si-C/G (6.5 mg.cm -2 , 40% porosity)	1.11 1.10	1M LiPF6 in EC/EMC/DEC (3/5/2) + 1% VC + 30% FEC

Table II -

 II 

			Formation			Cycling (500 cycles)	
	Cycle		1	2	3	x1	x 20	x100
	Temperature		45°C			25°C		
		Cut-off potential				4.2V		
	Charge	C-rate	C/20	C/10	C/5	C/2	C/5	C/20
		Floating			Yes, until I ≤ C/50		No
	Discharge	Cut-off potential C-rate	C/20	C/10	C/5	2.5V C/2	C/5	C/20

7: Standard formation and cycling protocol for NMC vs Si-C/G cells.

Table II -

 II 

		Parameters		1 st cycle	Formation
	Series	1 st cycle temperature (°C)	Cut-off voltage (V)	Qreversible (mAh.g -1 )	Irreversible capacity (%)	Qreversible (mAh.g -1 )	Irreversible capacity (%)
	A1	45	4.2	170.5	13.5%	159.0	19.1%
	A2	45	4.35	192.0	12.4%	177.0	19.5%
	A3	RT	4.2	174.0	12.7%	166.5	16.5%
	B1	45	4.2	173.0	13.6%	154.0	22.9%
	B2	45	4.35	184.5	12.7%	171.5	18.9%
	B3	RT	4.2	167.5	14.7%	157.0	20.1%

8: Reversible irreversible capacities for series A and B with various formation conditions. Values presented here are the average values of at least two pouch cells tested with the same conditions.

Table II -

 II 9: Bi-layer pouch cells for SEI thickness calculation characteristics: full cell state of charge, corresponding anode state of lithiation, chosen cut-off voltage during discharge and corresponding anode voltage (vs Li + /Li).

	Cell	Cell SOC	Anode SOL	Full cell voltage	Theoretical anode voltage
	PC-A07	100%	78%	4.2 V	0.05 (V vs Li + /Li)
	PC-A02	62%	49%	3.74 V	0.15 (V vs Li + /Li)
	PC-A03	42%	31%	3.52 V	0.21 (V vs Li + /Li)
	PC-A04	33%	26%	3.47 V	0.24 (V vs Li

+ /Li) PC-A06 14% 11% 2.95 V 0.43 (V vs Li + /Li) PC-A08 0% 0% 2.82 V 0.68 (V vs Li

Table II -

 II 10: Atomic concentration determined by XPS.

	SOL	"Organic" Li% "Inorganic" Li% C%	O%	F%	Na%	Si%	P%
	78%	42.6	23.4	19.9	12.8	0.2	0.5	0.3	0.4
	49%	34.8	26.4	19.0	16.4	2.7	0.3	0.2	0.3
	31%	45.5	19.3	14.4	17.2	2.0	0.9	0.3	0.5
	26%	31.6	20.0	24.0	20.6	2.2	0.9	0.3	0.3
	11%	28.5	16.6	24.2	28.1	1.9	0.3	0.1	0.2
	0%	6.8	37.1	35.1	18.8	0.9	0.7	0.3	0.3

Figure II-10: Atomic concentration evolution during delithiation determined by XPS.

Table II -

 II 11: List and values of parameters. a Inelastic mean free path (IMFP) values were extracted from QUASES-IMFP-TPP2M software. b Relative sensitivity factor (RSF) were extracted from Multipak® software. Corrected values were used in order to take into account the spectrometer transmission function.

	𝑑 𝑜𝑟𝑔𝑎	Thickness of the organic SEI	Desired value
	𝑑 𝐿𝑖𝑂𝑥	Thickness of the inorganic SEI	Desired value
	𝑑 𝑆𝐸𝐼	SEI thickness	Desired value
	𝑘	Intrinsic spectrometer constant	N/A	
	𝑅𝑆𝐹(𝑂)	Relative sensitivity factor of a O 1s photoelectron	14.544 b	
	𝑅𝑆𝐹(𝐶)	Relative sensitivity factor of a C 1s photoelectron	5.892 b	
	𝐷 𝑂 𝑜𝑟𝑔𝑎	Oxygen density in RO-CO2-Li compounds	0.2	
	𝐷 𝑂 𝐿𝑖𝑂𝑥	Oxygen density in LiOx	0.333	
	𝐷 𝐶	Carbon density in the electrode	Related to x in LixC6
	𝜆 𝑂 𝑜𝑟𝑔𝑎	IMFP of a photoelectron emitted in the organic SEI through herself	32.97 Å a
	𝜆 𝐿𝑖𝑂𝑥 𝑜𝑟𝑔𝑎	IMFP of a photoelectron emitted in the inorganic SEI through the organic SEI	33.08 Å a
	𝜆 𝐿𝑖𝑂𝑥 𝐿𝑖𝑂𝑥	IMFP of a photoelectron emitted in the inorganic SEI through itself	24.04 Å a
	Symbol 𝑜𝑟𝑔𝑎 𝜆 𝐶	Parameter IMFP of a photoelectron emitted in the electrode through the organic SEI	39.65 Å a	Value
	𝑆 𝜆 𝐶 𝐿𝑖𝑂𝑥	Fadley's approach IMFP of a photoelectron emitted in the electrode Substrate through the inorganic SEI	N/A 28.75 Å a	
	𝑒 𝐼 𝑠 𝜃 𝑑 𝑝 𝑜𝑟𝑔𝑎 𝐼 𝑒 𝑑 𝑝	Thin, finite and uniform overlayer Angle between the analyser and the sample surface Intensity of the substrate 𝑆 originated Probing depth in the organic SEI photoemission peak photoemission peak Intensity of the overlayer 𝑒 originated	N/A 45° N/A 70 Å N/A	
	𝑘	Intrinsic spectrometer constant	N/A	
	𝑑 𝑒	Thickness of the overlayer 𝑒	N/A	
	𝐷 𝑠 𝐷 𝑒	Substrate 𝑆 density Overlayer 𝑒 density -𝑑 𝑒 𝜆 𝑠 𝑒 .sin 𝜃 ).	N/A N/A	
	𝑅𝑆𝐹(𝑆)	Relative sensitivity factor of a photoelectron emitted in the substrate	N/A	
	𝑅𝑆𝐹(𝑒)	Relative sensitivity factor of a photoelectron emitted in the overlayer 𝑒	N/A	
	𝜆 𝑠 𝑒	Inelastic free mean path (IMFP) of a photoelectron emitted in the substrate 𝑆 through the overlayer 𝑒	N/A	
	𝜆 𝑒 𝑒	IMFP of a photoelectron emitted in the overlayer 𝑒 through the overlayer itself	N/A	
	𝜃	Angle between the analyser and the sample surface	45°	
	𝑑 𝑝	Probing depth	N/A	
		Si-C/G electrode system		
	𝐼 𝑜𝑟𝑔𝑎	Intensity of the RO-CO2-Li related peak on O 1s spectra	Function of the SOC
	𝐼 𝐿𝑖𝑂𝑥	Intensity of the LiOx related peak on O 1s spectra	Function of the SOC
	𝐼 𝑐	Intensity of the C-Li related peak on C 1s spectra	Function of the SOC

𝐿𝑖𝑂𝑥

Probing depth in the inorganic SEI 61 Å In Fadley's approach, the intensity of the substrate originated photoemission peak 𝐼 𝑠 from a semi-infinite substrate 𝑆 with a thin, finite, and uniform overlayer 𝑒 is:

6) 𝐼 𝑠 = 𝑘. 𝐷 𝑠 . 𝑅𝑆𝐹(𝑆). 𝜆 𝑠 𝑒 . 𝑒𝑥𝑝 (

  𝑑 𝑆𝐸𝐼 = 𝑑 𝐿𝑖𝑂𝑥 + 𝑑 𝑜𝑟𝑔𝑎 𝑑 𝐿𝑖𝑂𝑥 and 𝑑 𝑜𝑟𝑔𝑎 were extracted by comparison of experimental and theoretical Raw calculated and corrected 𝑑 𝐿𝑖𝑂𝑥 and 𝑑 𝑜𝑟𝑔𝑎 are shown in Table II-12 along with the deduced 𝑑 𝑆𝐸𝐼 . Raw data from the calculation needed to be corrected in two cases. Firstly, if a

	8) 𝐼 𝑜𝑟𝑔𝑎 = 𝑘. 𝐷 𝑂 𝑜𝑟𝑔𝑎 . 𝑅𝑆𝐹(𝑂). 𝜆 𝑂 𝑜𝑟𝑔𝑎 . [1 -𝑒𝑥𝑝 (	-𝑑 𝑜𝑟𝑔𝑎 𝜆 𝑂 𝑜𝑟𝑔𝑎 .𝑠𝑖𝑛 𝜃	)]
	9) 𝐼 𝐿𝑖𝑂𝑥 = 𝑘. 𝐷 𝑂 𝐿𝑖𝑂𝑥 . 𝑅𝑆𝐹(𝑂). 𝜆 𝐿𝑖𝑂𝑥 𝑜𝑟𝑔𝑎 . 𝑒𝑥𝑝 (	-𝑑 𝑜𝑟𝑔𝑎 𝜆 𝐿𝑖𝑂𝑥 𝑜𝑟𝑔𝑎 .sin 𝜃	) . 𝜆 𝐿𝑖𝑂𝑥 𝐿𝑖𝑂𝑥 . [1 -𝑒𝑥𝑝 (	-𝑑 𝐿𝑖𝑂𝑥 𝜆 𝐿𝑖𝑂𝑥 𝐿𝑖𝑂𝑥 .sin 𝜃	)]
	10) 𝐼 𝑐 = 𝑘. 𝐷 𝑐 . 𝑅𝑆𝐹(𝐶). 𝜆 𝑐 𝐿𝑖𝑂𝑥 . 𝑒𝑥𝑝 (	-𝑑 𝐿𝑖𝑂𝑥 𝜆 𝐶 𝐿𝑖𝑂𝑥 .𝑠𝑖𝑛 𝜃	) . 𝜆 𝑐 𝑜𝑟𝑔𝑎 . 𝑒𝑥𝑝 (	-𝑑 𝑜𝑟𝑔𝑎 𝜆 𝐶 𝑜𝑟𝑔𝑎 .sin 𝜃	)
	Finally, the SEI thickness can be expressed as:
	11) 𝐼 𝐿𝑖𝑂𝑥 𝐼 𝐶	and
	𝐼 𝑜𝑟𝑔𝑎				
	𝐼 𝐿𝑖𝑂𝑥				
		-𝑑 𝐿𝑖𝑂𝑥 𝜆 𝐶 𝐿𝑖𝑂𝑥 .𝑠𝑖𝑛 𝜃	) for the inorganic part, and . 𝜆 𝑐 𝑜𝑟𝑔𝑎 . 𝑒𝑥 𝑝 (	-𝑑 𝑜𝑟𝑔𝑎 𝜆 𝐶 𝑜𝑟𝑔𝑎 .𝑠𝑖𝑛 𝜃
						-𝑑 𝑜𝑟𝑔𝑎 𝜆 𝐿𝑖𝑂𝑥 𝑜𝑟𝑔𝑎 .sin 𝜃	), and one factor due
	to photoelectrons emitted in the inorganic part of SEI 𝜆 𝐿𝑖𝑂𝑥 𝐿𝑖𝑂𝑥 . [1 -𝑒𝑥𝑝 (	-𝑑 𝐿𝑖𝑂𝑥 𝜆 𝐿𝑖𝑂𝑥 𝐿𝑖𝑂𝑥 .sin 𝜃	)]. Finally, the
	organic layer related peak intensity 𝐼 𝑜𝑟𝑔𝑎 is only composed of a factor related to photoelectrons
	emitted in the organic part of the SEI 𝜆 𝑂 𝑜𝑟𝑔𝑎 . [1 -𝑒𝑥𝑝 (	-𝑑 𝑜𝑟𝑔𝑎 𝜆 𝑂 𝑜𝑟𝑔𝑎 .𝑠𝑖𝑛 𝜃	)].

ratio. IMFP values were estimated by using QUASES-IMFP-TPP2M software. As no semi carbonate compounds was referenced, the organic layer IMFP was calculated based on polyethylene material as commonly reported in the literature. Also, 𝐷 𝑂 𝑜𝑟𝑔𝑎 was arbitrary fixed at 0.2 (RO-CO2-Li), whereas 𝐷 𝑂 𝐿𝑖𝑂𝑥 was of 0.33 (Li2O) and 𝐷 𝐶 was directly related to the LixC compounds deduced from the electrode SOL. RSF were extracted from Multipak® software.

Corrected values were used in order to take into account the spectrometer transmission function. The model does not take SEI porosity or the electrode surface roughness into account.

The electrode related peak intensity 𝐼 𝐶 is composed of two attenuation factors, one for each part of the SEI, 𝜆 𝑐 𝐿𝑖𝑂𝑥 . 𝑒𝑥𝑝 ( ) for the organic one. The inorganic layer related peak intensity 𝐼 𝐿𝑖𝑂𝑥 is composed of one attenuation factor linked to the above organic layer 𝜆 𝐿𝑖𝑂𝑥 𝑜𝑟𝑔𝑎 . 𝑒𝑥𝑝 ( layer is no longer detected, it does not mean its thickness is null. It means that the overlayer is too thick and photoelectrons cannot go through. Secondly, calculated thicknesses cannot be higher than the probing depth (emission depth including 95% of the emitted photoelectron)

Table II -

 II 12: SEI thickness estimation at different state of lithiation extracted from XPS measurement.

	SOL	Raw values 𝑑 𝑜𝑟𝑔𝑎 (Å)	𝑑 𝐿𝑖𝑂𝑥 (Å)	Corrected values 𝑑 𝑜𝑟𝑔𝑎 (Å)	𝑑 𝐿𝑖𝑂𝑥 (Å)	𝑑 𝑆𝐸𝐼 (Å)
	78%	280	0	>70	60	>130
	49%	202	0	>70	60	>130
	31%	174	0	>70	60	>130
	26%	121	60	>70	60	>130
	11%	68	69	68	>61	>129
	0%	57	59	57	59	116

Table II -

 II 13: Bi-layer pouch cell properties for swelling measurements.

	Cell	Cathode	Anode	Balancing Electrolyte
	PC-Abis17	NMC622 (16.7 mg.cm -2 , 32% porosity)	Si-C/G (6.4 mg.cm -2 , 41% porosity)	1.10	
	PC-B15	NMC811 (14.5 mg.cm -2 , 31% porosity)	Si-C/G (6.4 mg.cm -2 , 37% porosity)	1.10	1M LiPF6 in EC/EMC/DEC (3/5/2) + 1% VC + 30% FEC
	PC-C10	LCO (19.6 mg.cm -2 , 33% porosity)	Si-C/G (6.4 mg.cm -2 , 38% porosity)	1.10	

  -1. Standard test conditions are 40% anode porosity, 1.1 balancing and 0.1 MPa external pressure.

Table III - 1 :

 III1 Range of the studied parameters and measured response.

	Tested parameters			Measured response	
	Parameter	Range	Value	Swelling during formation	Swelling post-formation	Long-term cycling
		Low	0.1	x	x	x
	External	Medium	0.5	x	x	
	pressure (MPa)	High	1	x	x	x
		Very high	2 -4 -6		x	
	Anode porosity	Low	27	x	x	
	(%)	Medium	35 -40	x	x	
	Balancing	Low Medium	1.04 1.11	x x	x x	
	III.1.2. Experimental data acquisition		

All cells in this chapter are bilayer pouch cells assembled with the electrodes presented in chapter II. Properties of the tested pouch cells and applied pressures are summarised in Table III-2 in order of appearance.

Table III -

 III 

		Anode porosity (%)			Pressure
	Cell reference	and thickness (µm	Balancing	Step	applied
		of active layer)			(MPa)
				Formation + C-rates test	0.1
					1
	PC-Abis17	41% -50 µm	1.10	C-rates test	2 4
					6
	PC-A72 PC-A63	40% -48 µm	1.11	Formation + 2 x C/5 Formation + 2 x C/5	0.5 1
	PC-A42 PC-A43	40% -50 µm 34% -46 µm		Formation + 500 cycles	0.1
	PC-A49 PC-A50 PC-A55	36% -47 µm 39% -47 µm 41% -48 µm	1.15	Formation + 500 cycles Formation 500 cycles	1 0.1 1
	PC-A62	39% -48 µm		Formation 500 cycles	0.1 1
	PC-Aquat21 PC-A74	40% -48 µm 34% -43 µm	1.04 1.11	Formation + 2 x C/5	0.5
	PC-Ater20	28% -41 µm	1.12	Formation + 3 x C/5	

2: List of all the cells references, properties and performed tests in this chapter. Anode thickness is given without the current collector (Cu 10 µm).

Table III -

 III 

			Formation			Cycling under constant pressure
	Cycle	1	2	3	x 2-3	x 2-3	x 2-3	x 2-3 (optional)
	C-rate	C/20	C/10	C/5	C/5	C/2	C	C/10
	the cell's discharge capacity, the second one allowing measurement of the cell's internal
	resistance at 50% SOC during discharge step. The resistance measurement consists of a
	current peak at 2C for 30 seconds that should spot the electrolyte conductivity.

3: Formation and cycling protocol for NMC622 vs Si-C/G pouch cells in compression set-up.

Floating

In charge until I ≤ C/50

For electrochemical cycling under constant pressure but without thickness measurement, two calibrated clips applying 100 N on the 10 cm² surface of cathode were used to impose 0.1 MPa whereas a calibrated spring with a lever arm effect was used to apply 1 MPa. Those tools exhibit a theoretical force variation of 0.3% for a maximum expansion of 30% of the anode, holding the pressure constant during electrochemical testing. The usual formation protocol is performed, and cycling is done at C/2 for 500 cycles with two types of check-ups (see Table

III-4

). One check-up at very low C-rate (C/20) is performed every 100 cycles in order to measure the full accessible capacity with no kinetic limitations due to high current rate. The other one consists of 2 cycles at C/5: the first one allowing measurement of

Table III -

 III 4: Formation protocol and cycling for NMC622 vs Si-C/G pouch cells under constant pressure of 0.1 MPa and 1 MPa (detailed protocols are presented in Appendix B).

				Formation		Cycling (500 cycles)
	Cycle		1	2	3	x500	every 20	every 100
	Temperature		45°C			25°C		
		Cut-off potential				4.2V		
	Charge	C-rate	C/20	C/10	C/5	C/2	C/5	C/20
		Floating		Yes, until I ≤ C/50		No
	Discharge	Cut-off potential C-rate	C/20	C/10	C/5	2.5V C/2	C/5	C/20

Table III - 5 :

 III5 Relative thickness and porosity change of one layer of pouch bag, dry and wet separator at the end of each compression step depicted in FigureIII-2 (8 hours). Pouch bag initial thickness is of 110µm. Separator initial thickness and porosity are of 20 µm and 39%, respectively. The initial porosity of 39% is decreased to 38.9% and 38.6% under 0.1 MPa for wet and dry separator. Porosities of 38.3% and 34.4% are achieved under 1 MPa and of 35.8% and 30.7% under 6 MPa for wet and dry separator, respectively. This decrease of ≈10% in porosity under 6 MPa for dry separator is similar to the one found in the literature 330 . However, when the separator is filled by the electrolyte, it is less significantly compressed. It should be noted that the eventual separator initial swelling during electrolyte filling reported in literature is not considered here as it happens before the pouch is installed in the set-up.

		Pressure	0.1 MPa	1 MPa	6 MPa
	Pouch-bag	Thickness change (µm; %)	-0.25 µm; -0.2% -1.46 µm; -1.3% -2.47 µm; -2.2%
	Dry separator	Thickness change (µm; %) Porosity (%)	-0.12 µm; -0.6% -1.41 µm; -7.0% -2.40 µm; -12% 30.7% 34.4% 30.7%
	Wet separator	Thickness change (µm; %) Porosity (%)	-0.04 µm; -0.2% -0.23 µm; -1.1% 38.9% 38.3%	-1.00 µm; -5% 35.8%
	The induced porosity change of porous separators structure is presented on Figure
	III-2b.			

Table III -

 III 6: Total, reversible and irreversible swellings, for the different formation and post-formation cycles under 0.1 MPa for PC-Abis17.

	Step	Cycle	Total swelling (µm; %)	Reversible swelling (µm; %)	Irreversible swelling (µm; %)
	Formation	1	9.9	19.9	5.2	10.4	4.8	9.5
	at C/20,	2	7.5	15.1	5.6	11.2	1.9	3.9
	C/10, C/5	3	6.9	13.8	5.7	11.5	1.2	2.4
		4	6.4	12.8	5.7	11.5	0.7	1.3
	3 cycles at C/5	5	6.2	12.4	5.8	11.5	0.5	0.9
		6	6.1	12.2	5.7	11.4	0.4	0.7
		7	6.5	13.0	5.9	11.7	0.6	1.2
	3 cycles at C/2	8	5.6	11.1	5.3	10.5	0.3	0.6
		9	6.0	12.1	5.8	11.6	0.2	0.5
		10	6.4	12.8	5.6	11.1	0.8	1.6
	3 cycles at C	11	5.9	11.8	5.5	10.9	0.5	0.9
		12	5.6	11.2	5.2	10.3	0.4	0.9
		13	4.3	8.7	5.1	10.1	-0.7	-1.5
	3 cycles at C/10	14	5.2	10.4	5.2	10.3	0.0	0.0

Table III -

 III 7: Total, reversible, and irreversible swellings for the formation and two C/5 cycles under 0.1 MPa (PC-Abis17), 0.5 MPa (PC-A72) and 1 MPa (PC-A63). Swellings are given in % regarding the anode active layer thickness.

	Step	Pressure (MPa)	Total swelling (%)	Reversible swelling (%)	Irreversible swelling (%)
		0.1	19.9	10.4	9.5
	1 st cycle at C/20	0.5	17.6	10.0	7.6
		1	16.1	9.9	6.2
		0.1	15.1	11.2	3.9
	2 nd cycle at C/10	0.5	12.9	10.4	2.5
		1	11.8	10.2	1.7
		0.1	13.8	11.5	2.4
	3 rd cycle at C/5	0.5	12.0	10.5	1.5
		1	11.3	10.3	1.0
	4 th cycle at C/5	0.1	12.8	11.5	1.3
		0.5	11.1	10.3	0.8
		1	10.7	10.1	0.6
		0.1	12.4	11.5	0.9
	5 th cycle at C/5	0.5	10.9	10.3	0.6
		1	10.3	9.9	0.4
	6 th cycle at C/5	0.1	12.2	11.4	0.7

Table III -

 III 10: Total, reversible, and irreversible swellings during formation and post-formation cycles at C/5 for pouch cells PC-A72, PC-A74 an dPC-Ater20 with an initial anode porosity of 40%, 34% and 28%, respectively.

	Step	Anode porosity	Total swelling (µm; %)	Reversible swelling (µm; %)	Irreversible swelling (µm; %)	Qcharge (mAh.g -1 )	Qdischarge (mAh.g -1 )
		40%	8.5	17.6	4.8	10.0	3.7	7.6	505	452
	1 st cycle at C/20	34%	8.3	17.2	4.1	8.6	4.1	8.6	503	453
		28%	8.9	18.4	4.8	9.9	4.1	8.5	518	455
		40%	6.2	12.9	5.0	10.4	1.2	2.5	450	438
	2 nd cycle at C/10	34%	5.9	12.4	4.7	9.8	1.3	2.6	449	436
		28%	6.2	12.8	4.7	9.8	1.5	3.1	459	448
		40%	5.7	12.0	5.0	10.5	0.7	1.5	440	426
	3 rd cycle at C/5	34%	5.6	11.7	4.8	10.0	0.8	1.6	438	424
		28%	5.5	11.5	4.7	9.7	0.9	1.8	449	438
		40%	5.3	11.1	4.9	10.3	0.4	0.8	427	425
	4 th cycle at C/5	34%	5.2	10.8	4.8	9.9	0.4	0.9	425	423
		28%	5.0	10.5	4.6	9.7	0.4	0.8	435	438
		40%	5.2	10.9	5.0	10.3	0.3	0.6	426	425
	5 th cycle at C/5	34%	5.0	10.5	4.7	9.8	0.3	0.7	424	404
		28%	4.9	10.2	4.6	9.5	0.3	0.7	435	

Table IV - 1 :

 IV1 Description of the 18650 cylindrical cells properties presented in this chapter.

	IV.1					
	Cell reference	Electrodes Porosity	Balancing	Separator	Electrolyte	Reversible capacity
	EXPANSION-A01	(+): 33% (-): 40%	1.03			2.07 Ah
	EXPANSION-A03 EXPANSION-A04 EXPANSION-A05	(+): 33% (-): 42% (+): 35% (-): 43% (+): 35% (-): 43%	1.00 1.05	Celgard 2320 Porosity: 39%	LiPF6 1M in EC/EMC/DEC (3/5/2) + 30% FEC + 1% VC	2.07 Ah 2.04 Ah 2.03 Ah

. Mechanical stresses induced by the steel case on the jellyroll

  It has been reported byNadimpalli et al. that the electrode stress resulting from lithiation-induced swelling is sufficient to affect the hoop stress in the battery casing for 18650 NMC/graphite cell 146 . The jellyroll swelling is expected to be more pronounced in the case of Si-based anode hence to impact significantly the hoop stress. In this regard,

	mechanical stresses developed in the battery casing during electrochemical cycling are
	monitored using strain gauge.

Table IV - 3 :

 IV3 Tests protocol for fatigue tests. Points are recorded every 2 min.

	Pressure	Test type	
		Fatigue (slow) x30	Fatigue (fast) x400
	0.1 MPa	8h initial, 2min	8h initial, 2min
	0.2 MPa	2min	x
	0.4 MPa	2min	x
	0.6 MPa	2min	x
	0.8 MPa	2min	x
	1.5 MPa	2min	x
	3 MPa	2min	x
	6 MPa	2min	2min

Table IV -

 IV 4: Relative thickness and porosity changes observed for one layer of pouch bag and separator during the fatigue test depicted in Figure IV-7.

	Cycle number		Pouch bag	Separator
	0	Initial thickness Initial porosity	110 µm /	20 µm 39%
		Pressure (MPa)	6 MPa	0.1 MPa	6 MPa	0.1 MPa
	1	Thickness change Porosity	-2.4 µm /	-1.0 µm /	-0.6 µm 37.1%	-0.3 µm 38.1%
	30	Thickness change Porosity	-2.4 µm /	-1.3 µm /	-0.7 µm 36.8%	-0.4 µm 37.7%
	400	Thickness change Porosity	-2.5 µm /	-1.4 µm /	-0.9 µm 36.2%	-0.6 µm 37.0%

Table IV -

 IV 5: Experimental SOCs for X-ray m-CT scans and associated anode capacity. It corresponds to one full charge/discharge cycle of the cell after formation.

	Scan	Cell SOC (%)	Anode capacity (mAh.g -1 )
	#1	0	0
	#2	40.3	188
	#3	70.7	329
	#4	100	466
	#5	70.6	329
	#6	33.9	158
	#7	19.7	92
	#8	3.9	18

Table IV - 6 :

 IV6 Thickness of bi-layer cathode, bi-layer anode and separator before winding (from Lhomargy micrometre measurements with a precision of 1 µm) and after formation (from m-CT measurements with a voxel size of 1.6 µm).

		Cathode	Anode	Separator
	Before assembling	137 ± 1 µm	100 ± 1 µm	20 ± 1 µm
	After formation	134 ± 1.6 µm	106 ± 1.6 µm	20 ± 1.6 µm

Table V -

 V 2: Formation and post-formation electrochemical protocol for performances evaluation of NMC622, NMC811 and LCO cathodes in half cell.Average discharged capacity for the 1 st cycle, at C/20, and 1 st cycle irreversible capacity loss of the two best coin cells are presented in Table V-3 for each cathode. NMC622 and NMC811 shows 163 mAh.g -1 and 179 mAh.g -1 respectively of specific capacities with upper cut-off potential of 4.2 V vs Li + /Li. Logically, higher Ni content in NMC811 leads to higher achieved capacity. Additionally, both cathodes show close capacity losses for the 1 st cycle of 11.0% and 10.1%. The LCO cathode has a reversible capacity of 141 mAh.g -1 and exhibits a significantly lower 1 st cycle irreversible capacity than NMC cathodes with 3.6%. Those values are in good agreement with the literature.

			Formation		C-rate test		
	Cycle		1	2	3	4-6	7-9	10-12	13-15
	Temperature					25°C			
		Cut-off potential				4.2V			
	Charge	C-rate	C/20	C/10	C/5	C/5	C/2	C	C/10
		Floating				Yes, until I ≤ C/50		
	Discharge	Cut-off potential C-rate	C/20	C/10	C/5	2.5V C/5	C/2	C	C/10

Table V -

 V 3: Charge and discharge capacity for the 1 st cycle, at C/20, and 1 st cycle irreversible capacity loss of the two best half cells assembled with NMC622, NMC811 and LCO. Cells were cycled at RT between 2.5 and 4.2 V vs Li + /Li.

	Cathode	Charge capacity	Discharge capacity	1 st cycle irreversible
	material	(mAh.g -1 )	(mAh.g -1 )	capacity loss
	NMC622	184	163	11.0%
	NMC811	199	179	10.1%
	LCO	146	141	3.6%

Table V - 4 :

 V4 Cells properties for performances evaluation during cycling.

	Cell	Cathode	Anode	Balancing
	EXPANSION-A03	NMC622 (16.4 mg.cm -2 per side, 33% porosity)	Si-C/G (5.6 mg.cm -2 per side, 42% porosity)	1.00
	PC-A09	NMC622 (16.2 mg.cm -2 , 36% porosity)	Si-C/G (6.3 mg.cm -2 , 41% porosity)	1.14
	PC-A11	NMC622 (16.3 mg.cm -2 per side, 30% porosity)	Si-C/G (6.3 mg.cm -2 , 41% porosity)	1.13
	EXPANSION-B01	NMC811 (14.3 mg.cm -2 per side, 33% porosity)	Si-C/G (6.3 mg.cm -2 per side, 40% porosity)	1.11
	EXPANSION-B02	NMC811 (14.2 mg.cm -2 per side, 33% porosity)	Si-C/G (6.2 mg.cm -2 per side, 40% porosity)	1.10
	PC-B04	NMC811 (14.4 mg.cm -2 , 30% porosity)	Si-C/G (6.5 mg.cm -2 , 42% porosity)	1.12
	PC-B07	NMC811 (14.6 mg.cm -2 , 30% porosity)	Si-C/G (6.5 mg.cm -2 , 43% porosity)	1.12
	EXPANSION-C01	LCO (19.5 mg.cm -2 per side, 25% porosity)	Si-C/G (6.2 mg.cm -2 per side, 42% porosity)	1.05
	EXPANSION-C02	LCO (19.5 mg.cm -2 per side, 25% porosity)	Si-C/G (6.2 mg.cm -2 per side, 42% porosity)	1.05
	PC-C07	LCO (20.2 mg.cm -2 , 30% porosity)	Si-C/G (6.4 mg.cm -2 , 43% porosity)	1.07
	PC-C09	LCO (20.5 mg.cm -2 , 33% porosity)	Si-C/G (6.5 mg.cm -2 , 41% porosity)	1.06
	All cells were tested with the same protocol presented in Table V-5 and detailed in
	Appendix B. The long-term cycling was done at C for cell EXPANSION-A03 and at C/2 for all

other cells. All electrochemical tests were performed on Arbin test bench.

Table V -

 V 5: Formation and cycling protocol for pouch cells and cylindrical cells performances evaluation. See Appendix B -Cycling protocol B for more information.

	Test type		Formation		Cycling	Qdischarge and R	Low C-rate and power tests
	Cycle		1	2	3	x500	every 20	every 100
	Temperature		45°C				RT
		C-rate	C/20 C/10 C/5	C/2 or 1C	C/5	C/20 C/2	2C	3C
	Charge	Floating			Yes, until I ≤ C/50		No	Yes, until I ≤ C/50
		Cut-off potential					4.2 V
	Discharge	C-rate Cut-off potential	C/20 C/10 C/5	C/2 or 1C	C/5 2.5 V	C/20	C/5

V.2.2.2. Formation results

Formation results are presented in

Table V-6. Presented values are average values from two identical cells i.e., same format and cathode.

Table V -

 V 6: Cells formation results: 1 st cycle irreversible capacity loss (ICL), cell discharge capacity and corresponding cathode and anode specific capacity for the 3 rd cycle of formation (D/5 and RT). Presented values are average values from two identical cells, i.e., with the same format and cathode. 1 st cycle ICL is normalised to the cell balancing to allow comparison between cells.

	18650 cells	A series	B series	C series
	Cathode length (mm)	731	739	714
	Anode length (mm)	779	786	761
	Coated cathode areal capacity (mAh.cm²)	2.9	2.9	3.1
	Cell discharge capacity for the 3 rd cycle (mAh)	1925	1866 ± 7	2024 ± 2
	Balancing	1.00	1.11	1.05
	Ratio of 1 st cycle ICL on balancing (%)	12.4	13.6 ± 0.8	12.6 ± 1.1
	Cathode rev specific capacity (mAh.g -1 )	159	178 ± 3	136 ± 0
	Anode rev specific capacity (mAh.g -1 )	474	407 ± 1	460 ± 0
	Pouch cells	A series	B series	C series
	Coated cathode areal capacity (mAh.cm²)	2.9	3.0	3.1
	Cell discharge capacity for the 3 rd cycle (mAh)	24.4 ± 0.3	23.6 ± 0.4	27.1 ± 0.1
	Balancing	1.14	1.12	1.07
	Ratio of 1 st cycle ICL on balancing (%)	11.9 ± 0.1	12.1 ± 0.1	10.8 ± 0.2
	Cathode rev specific capacity (mAh.g -1 )	159 ± 2	173 ± 2	136 ± 1
	Anode rev specific capacity (mAh.g -1 )	419 ± 5	395 ± 5	459 ± 4

Table V - 7 :

 V7 Properties of the 18650 cylindrical cells with implemented LFP reference electrodes.

	Cell	Cathode	Anode	Balancing
	EXPANSION-A10	NMC622 (16.6 mg.cm -2 per side, 33% porosity)	Si-C/G (5.6 mg.cm -2 per side, 42% porosity)	1.03
	EXPANSION-B03	NMC811 (14.2 mg.cm -2 per side, 33% porosity)	Si-C/G (6.2 mg.cm -2 per side, 40% porosity)	1.10
	EXPANSION-B04	NMC811 (14.1 mg.cm -2 per side, 33% porosity)	Si-C/G (6.2 mg.cm -2 per side, 41% porosity)	1.15
	EXPANSION-B06	NMC811 (14.2 mg.cm -2 per side, 33% porosity)	Si-C/G (6.2 mg.cm -2 per side, 41% porosity)	1.10
	EXPANSION-C04	LCO (19.5 mg.cm -2 per side, 26% porosity)	Si-C/G (6.2 mg.cm -2 per side, 41% porosity)	1.06
	EXPANSION-C05	LCO (19.5 mg.cm -2 per side, 26% porosity)	Si-C/G (6.2 mg.cm -2 per side, 42% porosity)	1.05

Table V -

 V 8: Formation results of 18650 cells with RE: 1 st cycle ICL normalised to the cell balancing, cell discharge capacity and corresponding cathode and anode specific capacities for the 3 rd cycle of formation (C/5, RT).

	18650 cells	A10	B03	B04	C04	C05
	Cathode length (cm)	737	745		720	
	Anode length (cm)	785	792		767	
	Cell capacity (Ah)	1.89	1.86	1.84	2.023	1.99
	Cathode specific capacity (mAh.g -1 )	154	175	173	137	135
	Anode specific capacity (mAh.g -1 )	447	407	403	459	453
	Ratio of 1 st cycle ICL on balancing (%)	12.6	10.7	12.4	11.2	11.7

Table V -

 V 9: Bi-layer pouch cells properties for swelling measurement. Assembly protocol is summarised in Appendix A.

	Cell	Cathode	Anode	Balancing
	PC-A01	NMC622 (16.4 mg.cm -2 , 55 µm, 29% porosity)	Si-C/G (6.3 mg.cm -2 , 50 µm, 41% porosity)	1.13
	PC-Aquat22	NMC622 (17.2 mg.cm -2 , 62 µm, 34% porosity)	Si-C/G (6.5 mg.cm -2 , 48 µm, 37% porosity)	1.09
	PC-B01	NMC811 (14.4 mg.cm -2 , 51 µm, 33% porosity)	Si-C/G (6.4 mg.cm -2 , 50.5 µm, 41% porosity)	1.12
	PC-B15	NMC811 (14.5 mg.cm -2 , 50 µm, 31% porosity)	Si-C/G (6.4 mg.cm -2 , 47 µm, 37% porosity)	1.10
	PC-C08	LCO (20.2 mg.cm -2 , 62 µm, 31% porosity)	Si-C/G (6.6 mg.cm -2 , 51 µm, 40% porosity)	1.10
	PC-C10	LCO (19.6 mg.cm -2 , 62 µm, 33% porosity)	Si-C/G (6.4 mg.cm -2 , 48 µm, 38% porosity)	1.10

Table V -

 V 10: Formation and cycling protocol for pouch cell's swelling measurement. A dynamically regulated pressure of 0.1 MPa was applied by the swelling set-up.

			Formation			Cycling (100 or 88 cycles)
	Cycle number		1	2	3	x2	x96 or x84	x2
	Temperature		45°C or RT			RT		
		Cut-off potential				4.2V		
	Charge	C-rate	C/20	C/10	C/5	C/5	C/2	C/20
		Floating			Yes, until I ≤ C/20		
	Discharge	Cut-off potential C-rate	C/20	C/10	C/5	2.5V C/5	C/2	C/20

Table V -

 V 

		11: Total, reversible and irreversible swelling measured during formation and corresponding
	anode specific capacity for cells PC-Aquat22 (NMC622), PC-B15 (NMC811) and PC-C10 (LCO) represented in
	Figure V-11. Swelling in % are calculated compared to the anode active layer initial thickness measured during
	assembling, i.e., 48 µm for cells PC-Aquat22 and PC-C10 and 47 µm for cell PC-B15.		
	Cell	Cycle	Total swelling (µm; %)	Reversible swelling (µm; %)	Irreversible swelling (µm; %)	Qcharge (mAh.g -1 )	Qdischarge (mAh.g -1 )
		1	12.0	25.0	5.5	11.4	6.5	13.6	509	452
	PC-Aquat22	2	7.9	16.5	5.7	11.9	2.2	4.6	453	451
		3	7.2	15.0	6.0	12.5	1.2	2.5	448	444
		1	10.5	22.3	4.3	9.1	6.2	13.2	507	441
	PC-B15	2	6.9	14.7	4.7	10.0	2.2	4.7	445	437
		3	6.1	13.0	4.7	10.0	1.4	3.0	432	421
		1	12.2	25.4	6.1	12.7	6.1	12.7	518	460
	PC-C10	2	8.7	18.1	6.4	13.3	2.3	4.8	461	459
		3	8.0	16.7	6.8	14.2	1.2	2.5	456	452

Table V -

 V 12: Bi-layer pouch cells properties for interfaces characterisation.

	Cell	Cathode	Anode	Balancing	State for dismantling
	PC-A07	NMC622 (16.1 mg.cm -2 , 30% porosity)	Si-C/G (6.3 mg.cm -2 , 41% porosity)	1.13	Fresh -100% SOH
	PC-A08	NMC622 (16.1 mg.cm -2 , 31% porosity)	Si-C/G (6.3 mg.cm -2 , 43% porosity)	1.13	Fresh -100% SOH
	PC-A10	NMC622 (16.3 mg.cm -2 , 33% porosity)	Si-C/G (6.3 mg.cm -2 , 43% porosity)	1.12	240 cycles -83% SOH
	PC-A12	NMC622 (16.0 mg.cm -2 , 35% porosity)	Si-C/G (6.2 mg.cm -2 , 41% porosity)	1.13	240 cycles -81% SOH
	PC-B02	NMC811 (14.3 mg.cm -2 , 32% porosity)	Si-C/G (6.4 mg.cm -2 , 42% porosity)	1.12	Fresh -100% SOH
	PC-B03	NMC811 (14.3 mg.cm -2 , 31% porosity)	Si-C/G (6.4 mg.cm -2 , 41% porosity)	1.12	Fresh -100% SOH
	PC-B05	NMC811 (14.4 mg.cm -2 , 32% porosity)	Si-C/G (6.5 mg.cm -2 , 42% porosity)	1.12	240 cycles -88% SOH
	PC-B06	NMC811 (14.6 mg.cm -2 , 31% porosity)	Si-C/G (6.5 mg.cm -2 , 41% porosity)	1.12	240 cycles -90% SOH
	PC-C03	LCO (20.2 mg.cm -2 , 35% porosity)	Si-C/G (6.4 mg.cm -2 , 42% porosity)	1.07	Fresh -100% SOH
	PC-C04	LCO (20.4 mg.cm -2 , 32% porosity)	Si-C/G (6.5 mg.cm -2 , 41% porosity)	1.08	Fresh -100% SOH
	PC-C05	LCO (20.2 mg.cm -2 , 32% porosity)	Si-C/G (6.4 mg.cm -2 , 42% porosity)	1.07	240 cycles -74% SOH
	PC-C06	LCO (20.2 mg.cm -2 , 36% porosity)	Si-C/G (6.4 mg.cm -2 , 41% porosity)	1.07	240 cycles -68% SOH

Table V -

 V 13: Properties of the cells during formation and cycling.

	A series		A07	A08	A10	A12
		1 st cycle irreversible (%)	13.5%	13.4%	13.2%	13.5%
	Formation	Cell capacity (mAh at D/5 and RT)	23.8	24.0	24.7	24.2
		Specific capacity (mAh.g -1 of cathode AM)	157	158	160	161
		Number of post-formation cycles	0.5	1	240.5	240
		Specific capacity for the last half cycle	157 -	162 -	124 -	104 -
	Cycling	(mAh.g -1 of cathode AM) -C-rate	C/10	D/10	C/10	D/2
		% SOH when opened	100%	100%	78%	65%
		% SOC when opened	100%	0%	100%	0%
	B series		B02	B03	B05	B06
		1 st cycle irreversible (%)	13.5%	13.6%	13.5%	17.2%
	Formation	Cell capacity (mAh at D/5 and RT)	23.0	22.8	23.7	23.7
		Specific capacity (mAh.g -1 of cathode AM)	171	169	175	173
		Number of post-formation cycles	1	0.5	240	240.5
		Specific capacity for the last half cycle	178 -	170 -	126 -	141 -
	Cycling	(mAh.g -1 of cathode AM) -C-rate	D/10	C/10	D/2	C/10
		% SOH when opened	100%	100%	72%	82%
		% SOC when opened	0%	100%	0%	100%
	C series		C03	C04	C05	C06
		Cell capacity (mAh at D/5 and RT)	11.4%	11.2%	13.2%	11.4%
	Formation	Specific capacity (mAh.g -1 of cathode AM)	26.8	27.1	26.7	27.1
		Cell capacity (mAh.g -1 at D/5 and RT)	135	136	134	137
		Number of post-formation cycles	0.5	1	240.5	240
		Specific capacity for the last half cycle	135 -	137 -	92 -	85 -
	Cycling	(mAh.g -1 of cathode AM) -C-rate	C/10	D/10	C/10	D/2
		% SOH when opened	100%	100%	69%	61%
		% SOC when opened	100%	0%	100%	0%

Table V -

 V 14: Cycling protocol for residual and reversible electrodes capacity estimation and preparation for symmetric EIS measurement for half cells. An example of the obtained curves is given in Appendix B -Cycling protocol C.

		Positive electrode	Negative electrode
	Potential window	2.5 V -4.2 V	10 mV -1V
	Floating	I ≤ C/100 in charge and discharge
	Residual capacity	Discharge at C/10	Charge at C/10
	Capacity evaluation	2 charge/discharge cycles at C/10	2 discharge/charge cycles at C/10
	SOC for EIS	Charge + Discharge to 50% SOC (no floating)	Discharge + Charge to 40% SOC (no floating)

Table V -

 V 15: Bi-layer pouch cells status (number of post-formation cycles, cell's SOC and anode's SOL when dismantled) and performed characterisations.

	Cell reference SOH	Cell's SOC -Anode's SOL	XPS	Tof-SIMS EIS	ICP
	PC-A07	100%	100% -81%	Anode, cathode	Anode		Anode
	PC-A08	100%	0% -0%	Anode, cathode	Anode	Anode, cathode	Anode
	PC-A10	78%	100% -65%	Anode, cathode	Anode		Anode
	PC-A12	78%	0% -0%	Anode, cathode	Anode	Anode, cathode	Anode
	PC-B02	100%	0% -0%	Anode, cathode	Anode	Anode, cathode	Anode
	PC-B03	100%	100% -77%	Anode, cathode	Anode		Anode
	PC-B05	72%	0% -0%	Anode, cathode	Anode	Anode, cathode	Anode
	PC-B06	82%	100% -59%	Anode, cathode	Anode		Anode
	PC-C03	100%	100% -90%	Anode, cathode	Anode		
	PC-C04	100%	0% -0%	Anode, cathode	Anode	Anode, cathode	
	PC-C05	69%	100% -61%	Anode, cathode	Anode		
	PC-C06	61%	0% -0%	Anode, cathode	Anode	Anode, cathode	
	V.4						

.3. Residual and reversible electrodes capacities

  

Table V -

 V 16 summarises the residual and reversible capacities obtained for cathode 0% and 3% of after 240 cycles for NMC622, NMC811 and LCO cathodes respectively, it seems that most of the Li is trapped in the anode. These Li losses follow the same trend than performances results and confirm a general fading mechanism due to Li loss at the anode.

	retrieved from cells at 0% SOC PC-A08, PC-A12, PC-B02, PC-B05, PC-C04 and PC-C05. For
	fresh cells (PC-A08, PC-B02, PC-C04), the residual capacity corresponds to the amount of Li
	irreversibly extracted from the cathode to form the SEI and thus no more available to participate
	in the cell operation. It appears here that the Li loss is higher in LCO-based cell than in NMC811
	and NMC622 based cell (6% vs 7% and 11%) despite lower 1 st cycle ICL. After 240 cycles, an
	important amount of residual capacity is retrieved with 32% for NMC622-based cell, 24% for
	NMC811 based cell and 33% for LCO based cells. For those cycled cells, the difference
	between the initial residual capacity and the residual capacity after aging corresponds to the
	quantity of exchangeable lithium lost to secondary reactions on the negative electrode (SEI
	growth, lithium plating) and to Li trapped in disconnected AM. With reversible capacity loss of
	only 2%,

Table V -

 V 16: Capacity values obtained for the positive electrodes from cells PC-A08, PC-A12, PC-B02, PC-B05, PC-C04 and PC-C05 in a fully discharged state after formation or 240 cycles. The presented values are the average between the two assembled coin cells.

	Cell	State	Residual capacity	Reversible capacity at C/10 (mAh.g -1 )	Trapped reversible	Irreversible loss after
			(mAh.g -1 )	Charge	Discharge	capacity (%)	cycling (%)
	A08	Fresh 10	160	160	6%
	A12	Aged 62	158	159	32%	2%
	B02	Fresh 13	171	173	7%
	B05	Aged 54	170	171	24%	0%
	C04	Fresh 15	139	139	11%
	C06	Aged 61	136	136	33%	3%

Table V -

 V 17 summarises the residual capacity and reversible capacities obtained for anode retrieved from cells PC-A08, PC-A12, PC-B02, PC-B05, PC-C04 and PC-C05. Very low amounts of Li are trapped in the anode for NMC622 and LCO based cells after formation.

Table V -

 V 17: Capacity values obtained for the negative electrodes from cells PC-A08, PC-A12, PC-B02, PC-B05, PC-C04 and PC-C05 in a fully discharged state after formation or 240 cycles. The presented values are the average between the two assembled coin cells.

	Cell	State	Residual capacity	Reversible capacity at C/10 (mAh.g -1 )	Trapped reversible	Irreversible loss after
			(mAh.g -1 )	Charge	Discharge	capacity (%)	cycling (%)
	A08	Fresh 4 ± 0	500	504	1%
	A12	Aged 20 ± 1	473	476	4%	7%
	B02	Fresh 18 ± 3	499	499	4%
	B05	Aged 22 ± 6	487	489	5%	1%
	C04	Fresh 0 ± 0	498	512	0%
	C06	Aged 11 ± 0	471	477	2%	8%

Table V -

 V 18: Resistances extracted from symmetric EIS measurements.

	Cell	State	Positive electrode RP (Ohm)	RCT (Ohm)	Negative electrode RSEI (Ohm) RCT (Ohm)
	A08 A12	Fresh Aged	NMC622	2.6 3.3	12.9 22.0		2.5 2.6	9.1 4.1
	B02 B05	Fresh Aged	NMC811	-2.7	-17.1	Si-C/G	4.0 8.9	151.2 196.0
	C04 C06	Fresh Aged	LCO	3.4 16.7	24.5 67.7		3.0 4.3	9.0 5.8

Table V -

 V 19: Total transition metal ratio detected by Tof-SIMS analysis of the anode surface.

	Anode		Cathode	
	SOH	SOL	NMC622	NMC811	LCO
	Fresh	0% 100%	8.1 x10 -4 6.9 x10 -4	0.2 x10 -4 /	0.9 x10 -4 0.2 x10 -4
	Cycled	0% 100%	13.4 x10 -4 9.6 x10 -4	12.7 x10 -4 11.5 x10 -4	9.1 x10 -4 7.2 x10 -4

Table V -

 V 20: Total transition metal amount detected by ICP analysis of the anode active layer.

	Anode		Cathode
	SOH	SOL	NMC622	NMC811
	Fresh	0% 100%	0.005 µg.mg -1 0.035 µg.mg -1	0.004 µg.mg -1 0.037 µg.mg -1
	Cycled	0% 100%	0.105 µg.mg -1 0.193 µg.mg -1	0.095 µg.mg -1 0.115 µg.mg -1

Table V -

 V 21: Atomic concentration of Li, C, O, F, P, Na, and Si determined by XPS for delithiated negative electrodes.

	Cell	Cycle number	Cathode	Li	C	O	F	Na	Si	P
	PC-A08 0 PC-A12 240	NMC622	42.2 43.6	36.2 31.5	18.8 22.7	1.3 1.8	0.7 0.2	0.3 0.3	0.4 0.1
	PC-B02 0 PC-B05 240	NMC811	47.3 50.0	27.5 30.6	21.9 17.7	1.8 1.2	0.8 0.1	0.2 0.2	0.5 0.3
	PC-C04 0 PC-C06 240	LCO	42.4 48.8	30.5 28.6	25.0 20.3	1.4 1.4	0.4 0.2	0.1 0.4	0.2 0.3
		XPS spectra of positive electrodes are presented in			

Table V -

 V 22: Atomic concentration ofLi, C, O, F, P, and transition metals (TM) determined by XPS for lithiated positive electrodes.In summary, the SEI formed on the Si-C/G anode is composed of an inner inorganic part mainly composed of LiOx and an outer organic part composed of polyolefins and semi-carbonates. LiF or Li2CO3 are considered as inorganic products but can be also found closer to the SEI-electrolyte interface. The nature of the positive electrode appears to impact the organic part of the formed SEI which is thicker on anode formed vs NMC811 than LCO and NMC622. After 240 cycles a thickening of the organic part of the SEI is observed for Si-C/G electrode cycled vs NMC622 whereas a thinner organic part of the SEI is observed for electrodes cycled vs NMC811 or LCO. It should be noted that change in the SEI thickness will impact the electrode impedance but also its porosity. Surprisingly, electrodes cycled vs NMC811 and LCO have quite similar behaviour and yet lead to very different cycle life and performances. All cathodes have very similar CEI composition, but a thinner CEI is observed on LCO. During cycling, a global thickening of the CEI is observed for all cathodes.

	Cell	Cycle number	Cathode	Li	C	OAM	OCEI	F	TM
	PC-A08 0	NMC622	7.7	61.5	1.0	5.2	22.5	2.1
	PC-A12 240	NMC622	9.9	50.3	2.0	6.5	26.4	3.8
	PC-B02 0	NMC811	7.0	58.5	1.2	6.1	25.1	2.1
	PC-B05 240	NMC811	5.7	58.8	1.5	7.7	24.2	2.1
	PC-C04 0	LCO	8.2	55.9	3.5	6.1	25.5	0.8
	PC-C06 240	LCO	6.7	55.4	3.2	7.6	26.4	0.6

V.

4.7. Outcome of the post-mortem analysis

  

	This last part was dedicated to post-mortem analysis of pouch cells with NMC622,
	NMC811 or LCO as cathode material and Si-C/G as anode material. The aim was to study the
	difference in degradation mechanisms due to the different cathode materials. Indeed, different
	capacity retentions are obtained after 240 cycles with NMC811 based cells performing best
	with 82% of SOH, followed by NMC622 based cells with 78% of SOH, and LCO based cells
	with 69% of SOH.

Table V -

 V 23: Summary of the main results obtained in this chapter. CC refers to cylindrical cells and PC to pouch cells.

		AM loss capacity in cathode	2%	0%	3%
	Post-mortem → cycled	Cath. Impedance	NMC622 RCT(cycled) = 22 Ω	NMC811 RCT(cycled) = 17 Ω	LCO RCT(cycled) = 68 Ω
	electrodes	Reversible capacity at C/5 at the end of formation An. Impedance	RSEI(cycled) = 2.6 Ω 159 mAh.g -1 BUT overall resistance decrease due to RCT diminution RSEI(cycled) = 8.9 Ω RSEI(cycled) = 4.3 Ω 175 mAh.g -1 136 mAh.g -1
		1 st cycle ICL TM migration	CC: 12.4% Overall increase of the TM amount CC: 13.6% PC:11.9% PC: 12.1% Highest Highest	CC: 12.6% PC: 10.8% Lowest
		SOH after 500	CC: 77% (Co<Mn<Ni)	CC: 82% (Co<Mn<Ni)	CC: 66% (Co only)
	Electrochemistry	cycles	PC: 69% Global increase of the SEI thickness PC: 75%	PC: 54%
		Resistance SEI	CC: x1.5 (500 cycles) PC: constant Thicker organic part Higher F amount	Thinner organic part Lower F amount	CC: x1.2 (260 cycles), x1.9 (500 cycles) PC: constant Thinner organic part Same F amount
		Normalised charge CEI capacity at 3C and 80% SOH	Global thickness increase of the CEI thickness CC: 54% CC: 51% CC: 36% PC: 12% PC: 25% PC: 2% Thickest Thinnest
		Cathode unit cell			
	volume change NMC811 based 18650 cells had a longer cycle life, followed by NMC622 based cells -1.7% -2.2% +1.8%
		[2.5 V; 4.2 V]			
	and LCO based cells. NMC cells showed excellent results during power test up to 3C, even PC reversible swelling (1st cycle) 11.4% -5.5 µm 9.1% -4.3 µm 12.7% -6.1 µm after 500 cycles. On the other hand, LCO based cells only charged 50% of the initial capacity
		PC irreversible swelling (formation)	9.9 µm	9.8 µm	9.6 µm
	Swelling	Pouch cell irreversible	1) Fast increase of the cell thickness for 30 cycles → Morphological changes
		swelling during cycling	2) Linear steeper increase → SEI continuous growth	
		Irreversible			
		thickness variation	+ 7.8 µm	+ 6.9 µm	+ 8.4 µm
		after 87 cycles			
		Porosity variation after 87 cycles	+3.3%	+3.0%	+3.7%
		Residual reversible	6%	7%	11%
		capacity in cathode	→ thinner SEI	→ medium SEI	→ thicker SEI
		Residual reversible capacity in anode	1%	4%	0%
	Post-mortem	Cath. Impedance	RCT(fresh) = 13 Ω	RCT(fresh) = /	RCT(fresh) = 25 Ω
	→ fresh	An. Impedance	RSEI(fresh) = 2.5 Ω	RSEI(fresh) = 4.0 Ω	RSEI(fresh) = 3.0 Ω
	electrodes	TM migration	Highest (Co<Ni<Mn)	Very low (Ni<Mn=Co)	Medium (Co only)
		SEI	Thinnest organic part Medium LiF amount	Thickest organic part Highest LiF amount	Medium organic part Medium LiF amount
		CEI	Medium (same composition)	Thickest (same composition)	Thinnest (same composition)
		Residual reversible	32%	24%	33%
		capacity in cathode	→ SEI growth	→ lower SEI growth	→ SEI growth
		AM loss capacity in anode	7%	1%	8%

at 3C after 200 cycles. All cells showed linear capacity decrease along with resistance increase except for LCO cells which presents a faster increase of resistance after 250 cycles. Reference electrodes added in 18650 cells highlighted that anodes reach negative potentials (up to -0.2 V vs Li + /Li for NMC811) cell when charged at 3C but without detrimental impact such as lithium plating. Post-mortem study on pouch cell do not show lithium plating either but it should be reminded that results are fairly different with this format in term of anode morphology evolution.

  Additionally, good performances are achieved during fast charge tests with more than 50% of charged capacity at 3C after 500 cycles for both NMC cells whereas LCO based cells could not perform fast charge after 200 cycles. Despite similar results during formation, pouch cells have shorter cycle life than cylindrical cells probably because of the low applied pressure of 0.1 MPa compared to the 0.2 MPa to 4.2 MPa measured in chapter IV. This higher pressure might enhance anode cohesion and keep active material particles connected during the anode contraction. Reference electrode added in 18650 cells show that anodes reach negative potentials up to -0.2 V vs Li + /Li for NMC811 cell when charged at 3C without detrimental impact such as lithium plating. Post-mortem study on pouch cell does not show lithium plating neither but it should be reminded that results are fairly different in this format in term of evolution of the anode morphology.

Table 25 :

 25 Cycling protocol A with characterisation cycles and resistance measurement.

	Cycle		500 or more cycles	every 20	every 100
	Temperature			RT	
		C-rate	C/2 or 1C	C/5	C/20
	Charge	Floating	Yes, until I ≤ C/50	No
		Cut-off potential		4.2 V	
	Discharge	C-rate Cut-off potential	C/2 or 1C	C/5 2.5 V	C/20

Figure 23: Cycling protocol A with characterisation cycles and resistance measurement.

Table 26 :

 26 Cycling protocol B with characterisation cycles, resistance measurement and power tests.

	Test type		Cycling	Qdischarge and R measurement	Very low C-rate and power tests
	Cycle		x500	every 20		every 100
	Temperature			RT		
		C-rate	C/2 or 1C	C/5	C/20	C/2	2C	3C
	Charge	Floating	Yes, until I ≤ C/50	No	Yes, until I ≤ C/50
		Cut-off potential			4.2 V		
	Discharge	C-rate Cut-off potential	C/2 or 1C	C/5	C/20 2.5 V		C/5
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General conclusion

The aim of the presented work was to understand the role of mechanical constraints and the influence of the nature of the positive electrode on the cyclability of silicon-based negative electrodes in a Li-ion cell. In this regard, a single high performance Si-C composite mixed with graphite in a Si-C/G negative electrode to achieve a reversible specific capacity of 500 mAh.g -1 was investigated when implemented in a full cell with either NMC622, NMC811 or LCO as positive electrode.

The Si-C/G electrode electrochemical and mechanical behaviour was firstly evaluated in half cells and then in pouch cells with under an external pressure of 0.1 MPa. The electrode presents a non-symmetrical lithiation/delithiation process: lithium is inserted in both materials at the same time during lithiation and is extracted from graphite first and then silicon during delithiation. During a lithiation/delithiation cycle, this hysteresis results in a non-symmetrical expansion/contraction profile which is directly related to the amount of lithium inserted in silicon and graphite, respectively. A model of the Si-C/G electrode swelling has been proposed for the electrode alone and when implemented in a full cell, based on each active material state of lithiation and corresponding swelling at a given state of charge of the cell. This model considers a constant pore volume and takes into account the nature of the SEI formed at 45°C with an NMC622 positive electrode: an inner inorganic layer and an outer organic layer with a total thickness varying from 12 to 17 nm. Comparison with experimental swellings of three pouch cells with NMC622, NMC811 and LCO as positive electrode shows good correlation with the proposed model; it is suggested that the observed difference comes from porosity variation in the anode. Hence, this model is used to deduce the anode porosity evolution by comparing experimental and modelled expansion.

Secondly, the swelling of Si-C/G vs NMC622 bi-layer pouch cells was measured during formation and a few post-formation cycles. The impact of external pressure, cell balancing, and anode initial porosity was studied. A specific high precision set-up was used to simultaneously measure the cell swelling and apply a dynamically regulated constant pressure.

During formation under low pressure (0.1 MPa), a strong irreversible swelling is observed which comes from the morphological changes and particles rearrangement in the anode structure and is the result of a lack of pressure to recover the initial thickness. This leads to a global increase of the anode porosity from 40 to 49% at 0% SOC. During post-formation cycles at high C-rate (C/2 or 1C), the smoothing of the swelling profile is linked to non-homogeneous formation, a TM migration is observed for NMC622 and LCO but not for NMC811 maybe due to a thick SEI or more probably to a protective coating at the particle surface. During cycling, both SEI and CEI becomes thicker with a limited growth in NMC811 based cells. The first observation is confirmed by the linear thickness increase observed for pouch cells.

Additionally, a continuous TM migration takes place with higher amounts found for NMC based cells than for LCO based cells. The significant increase of the high frequency contribution on the LCO EIS spectrum after cycling and the higher mean voltage measured with the reference electrode in full cell indicates the formation of a thicker CEI on the LCO cathode during cycling which could corroborate the lower amount of observed TM. However, this could not be confirmed by XPS and ICP analysis and it should be noted that the lower amount of TM was observed by Tof-SIMS could be related to a thicker SEI on the anode screening the TM signal.

In the end, the main capacity fade mechanisms appear to come from Li loss in SEI continuous formation while no significant AM particle isolation is observed. Finally, when paired with the Si-C/G anode, NMC811 was found to be the best performing cathode owing to the lower swelling observed at the cell level and limited Li loss in SEI growth during cycling. A direct correlation between mechanical stresses, SEI evolution and TM migration is still under debate.

Additional experiments could bring complementary valuable information. For example, steel case strain measurement and pressure evaluation on NMC811 and LCO based cylindrical cells could confirm that the weaker/stronger thickness increase observed in pouch cell during cycling results in a lower/larger pressure. This pressure impact on the anode porosity could also be studied via X-ray micro computed tomography. The swelling set-up could be used to find the best cell design to reach better performances for LCO cells.

Regarding the interface's evolution, an extended XPS study of the formed CEI and SEI including profilometry and coupled with profile concentration by Tof-SIMS could bring insights on the location of transition metal in the SEI and their actual impact on the SEI formation and evolution during cycling. Finally, a more elaborated model, maybe considering spherical particles and including SEI evolution during cycling, could provide a more precise evaluation of the porosity and tortuosity of the anode. The study of the mechanical stresses at particle level might also provide significant insights to understand and limit the swelling at electrode level. In the end, the various approaches used in this work could easily be applied to develop other Si-C composites or anode formulations with limited swelling, to optimize cell design and the integration of this new generation of cells, which will finally promote Li-ion batteries with higher energy densities.

APPENDIX APPENDIX A: Cells assembly protocol

Coin cells

The working electrodes were punched into disks. After drying overnight under vacuum at 80°C for anode and 120°C for cathodes, cells were assembled in an Ar-filled glovebox.

16 mm diameter disk of Celgard 2320 with a thickness of 20 µm and a porosity of 39% associated with a 16 mm diameter disk of Viledon were used as separator.

For half cells, 14 mm diameter disks of electrode and 16 mm diameter disks of lithium metal foil were assembled. 1M LiPF6 in EC/DEC (1/1) with 2% VC and 10% FEC as additives was used as electrolyte in chapter II and 1M LiPF6 in EC/EMC/DEC (3:5:2) with 1% VC and 30% FEC as additives was used as electrolyte in the other ones.

For symmetrical EIS measurements, two 16 mm diameter disks of electrodes were assembled and 1M LiPF6 in EC/EMC/DEC (3:5:2) with 1% VC and 30% FEC as additives was used as electrolyte. Celgard 2400 was used instead of 2320.

Bi-layer pouch cells

One-side coated electrodes were punched to a square active area of 10.2 cm² for the cathode and 12.3 cm² for the anode and dried overnight in a vacuum oven. Pouch cells were assembled with a Celgard 2320 separator in a dry room with a dew point of -20°C. After an additional drying step, the cells were filled with 150 µL of electrolyte consisting of 1M LiPF6 in EC/EMC/DEC (3:5:2) with 1% VC and 30% FEC and sealed in an argon-filled glovebox.

cylindrical cells

The cylindrical cells were assembled using a semi-automatic winding machine inside the dry room with a dew point of -40°C. Each cell consists of a double-side coated 55 mm wide cathode and a 57 mm wide anode with two 60 mm wide Celgard 2320 separators. Electrodes and separators were wound around a 4 mm mandrel and the resultant jellyroll dried in a vacuum hoven overnight. After welding of the tabs on the bottom and the cap for the anode and cathode respectively and grooving, the cells were placed in an Ar-filled glove box for electrolyte filling and crimping. The same electrolyte was used for pouch cells and cylindrical cells.

APPENDIX B: Electrochemical testing protocols

Formation protocol

Formation protocol of full cells is detailed in Table 24 and an example is given in Figure 22. A slow current rate of C/50 then C/20 and a temperature of 45°C were chosen for the first cycle in order to form a stable and effective passivation layer on the anode (SEI). 

Cycling protocol A: Slow characterisation cycles and resistance measurements

Cycling protocol A presented in Figure 23 and 

Cycling protocol C: Residual and reversible capacities evaluation and preparation for symmetrical EIS measurement

The protocol presented in Table 27, Figure 25 and Figure 26 is performed on coin cells assembled with electrodes (positive or negative) harvested from pouch cells. The first step goal is to measure the residual capacity that might be trapped in the electrodes. The second step consists of two cycles in order to know the reversible capacity and charge and discharge profile. This might give insight in the electrode degradation mechanisms. Finally, the last step is to bring the electrode to a convenient SOC for symmetrical EIS measurement.