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Introduction

Since the early 2000s, there has been a turning point in the automotive industry with the large development of electric vehicles. Clean mobility is one of the backbones to ensure the transition to Net Zero CO2 Emissions by 2050 scenario 1 2 . In Europe, such scenario translates into the end of selling thermic vehicles by 2035 3 . However, to date, this scenario is difficult to achieve since Europe is lagging far behind East Asian countries (China, Japan and Korea) and the United States in terms of batteries production. To ensure the transition to clean mobility and its geopolitical energy storage independency, Europe coordinates and plans to build more than thirty Gigafactories by 2030 to supply electric vehicles (EV) chains with Li-ion batteries, as illustrated Figure 1 4 . 5 Gigafactories rely mainly on the production of conventional Li-ion batteries but, simultaneously, the battery market must start an unprecedent transition in terms of battery chemistries. Indeed, as the number of applications relying on batteries is drastically increasing, the needs in terms of energy and power densities are diverse. As a result, battery performance must be improved and should be adapted to a specific application while considering cost, safety, materials recyclability, and sustainability.

The improvement of battery performance relies, among other approaches, on the development of novel materials and, depending on the materials used, the batteries are classified into families commonly referred to as generations (Gen.). A battery development roadmap is presented in Figure 2 showing several technologies currently under intense investigation using novel electrode and/or electrolyte materials 6,7 .

Gen3 technology refers to commercialized Li-ion batteries 8 which is the most widespread battery technology in our daily life. Electroactive materials are based on insertion compounds and a liquid organic electrolyte is used as an ion carrier in-between the two electrodes. To date, this Gen3 technology has not yet reached its limitation and research is still ongoing to improve them. Specifically, the thorough understanding and mastery of the interface between the electrode and the electrolyte remains one of the main bottlenecks to improve battery lifetime and rate capability.

These interfacial issues are even more critical in the case of Gen3a that is targeting to use high potential positive electrode (higher than 4 V vs. Li + /Li) and Si enriched graphite to increase the overall energy density. However, the implementation of these electrode material raises issues regarding the electrolyte degradation occurring at the electrode surface which results in poor battery cycling lifetime and requires a dedicated investigation of the interfacial processes. In the same line, battery energy density can be improved by using lower potential negative electrode such as Li metal negative electrode (Gen3b). However, the full replacement of graphite negative electrode into Li metal remains a challenge still unachieved after 50 years of research due to the high reactivity and instability of Li metal interface 9 . There are still other areas for improvement that need to be addressed to improve battery safety that relies on the replacement of the flammable organic-based liquid electrolytes. Theoretically, Gen4 offers all the promises of better electrochemical performance and safety owing to the replacement of the liquid electrolyte by a non-flammable solid one. Several types of solid electrolytes have been identified (oxides ceramics 10 , sulphides 11 , polymers 12 ,…), but none of them offers all the characteristics required to achieve Gen4 targeted electrochemical performance. Hence, composite solid electrolytes have emerged as promising alternatives as they can merge the advantages and balance the deficiencies of several solid electrolyte that compose it. More precisely, solid composite electrolyte made of a mixture of ceramic particles 10 with an organic polymer 12 could theoretically combine the high ionic conductivity of the ceramic and the mechanical properties of the polymer. However, composite solid electrolyte proof-of-concept is still awaiting, and the focus must be put on the interface between the ceramic and the polymer electrolyte.

Unfortunately, replacing a battery component by another one is not straight forward and generally the interfaces between the components are the first challenge to be tackled. As a results, regardless the battery generation considered the limited knowledge of the interfacial processes is the common bottleneck and in particular the charge transport and/or transfer reaction kinetics. Indeed, Electrode/Electrolyte interface is at the core of the battery operation since the conversion of chemical energy into electric energy requires fast charge transport and transfer at this interface. Transport/transfer processes are interlinked and impact directly the battery lifetime as well as its power density. Therefore, being able to understand which parameters can tune the transport/transfer properties at this interface is of utmost importance.

In this context, the thesis project is dealing with the investigation organic/inorganic interfaces to gain knowledge on charge transport and transfer between the electrode and the electrolyte as well as the interface between two solid electrolytes. The aim is to, at first, develop a reliable methodology allowing the accurate measurement of the key parameters (resistance, activation energy, etc…) that characterize the interfacial charge transfer/transport reaction. Secondly, we will perform a systematic study of these organic/inorganic interface when varying some parameters (electrolyte chemistry, salt nature, salt concentration, sample preparation protocol, etc.) to extend the knowledge on the charge transfer process and to unveil their governing parameters that helps to design more efficient interfaces improving the overall battery electrochemical performance.

Chapter 1. State-of-the-art

Chapter 1

Working principle of Li-ion batteries

The working principle of Li-ion batteries relies on simultaneous electrochemical reactions occurring at each battery's electrode resulting from their different electrochemical potentials (related to their chemistries, i.e. redox couples). The two electrodes, which are electronically connected to an external circuit and referred as positive and negative electrodes, are separated by an ionic-conductive electrolyte layer ensuring Li-ion transport and avoiding internal short-circuit. Figure 3 illustrates this working principle with one layered transition metal oxide (LiMO2) and lithium metal, for positive and negative electrodes, respectively. (Li-ion) rocking-chair" cell, in discharge, that employs Li metal as a negative electrode and lithiated transition metal oxide as positive electrode (e.g., LiMO2). Adapted with permission from ref. 1 .

During discharge, the oxidation reaction occurring at the negative electrode surface (e.g. Li metal) leads to the injection of an electron in the external circuit coupled with the release of Li-ion that comes from the dissolution of Li metallic which then goes in the electrolyte as Li + ., as illustrated in Figure 3. The Li + ion is then transported (diffusion and migration) in the electrolyte toward positive electrode host material interface (referred as 𝑳𝒊 𝒙 < 𝑴 >) where it is inserted during the reduction reaction of transition metal (TM, e.g. Ni) elements present in layered oxides material electrode structure. The newly inserted Li + can further diffuse inside the host structure from the electrode surface to the bulk. The reverse reactions occur when the battery is charged, and the Li-ion migrates in the opposite direction. The oxidoreduction reactions involve at electrode interface are described by the following Equation ( 1)and (2) at positive and negative electrode interface, respectively.

< 𝑴 > +𝒙𝑳𝒊 + + 𝒙𝒆 -↔ 𝑳𝒊 𝒙 < 𝑴 >

(1)

𝑳𝒊 ↔ 𝒙𝑳𝒊 + 𝒙𝒆 - (2) 
Since this process is reversible, the battery is commonly referred to a "rocking-chair" battery. When being used, Li-ion battery performance are evaluated according to several parameters such as i) energy density (ℰ cell), ii) power density (Pcell) and iii) lifetime (cycling time).

The energy density is determined by the capacity of the limiting electrode (Clim). In practice, it is the positive electrode that determines cell capacity because its generally offer lower specific capacity than the negative counterpart (for a given loading). This limitation is due to intrinsic nature of positive electrode compound that allows one-electron exchange at a time and to the structural properties of available materials (limited number of Li-ion insertion sites in the crystal lattice). The cell gravimetric energy can be calculated according to Equation (3).

𝓔 𝒄𝒆𝒍𝒍 = 𝟏 𝒎 𝒄𝒆𝒍𝒍 (𝑬 + -𝑬 -) × 𝑪 𝒍𝒊𝒎 (3) Where E+ and E-stand for the average positive and negative electrode potential, respectively, and mcell ,Clim for the total weight of the cell and electrode limiting capacity, respectively.

The power density (fast cycling ability) is given by the highest current density a battery can deliver without being limited by Li ion transfer, mass transport kinetics, and parasitic reactions such as electrolyte decomposition.

The lifetime of a battery is related to the number of cycles performed before the battery capacity typically reaches 70-80 % of its initial capacity. Indeed, upon cycling, several degradation processes occur, such as active material (AM) volume change ("electrochemical breathing") that can lead to electronic disconnection, irreversible structural deformation, electrolyte degradation, electrode surface passivation layer formation, all known to consume Li-ion inside the cell 2,3 . The main degradation processes occurring in Li-ion batteries are illustrated in Figure 4 4 .

Parasitic degradation reactions occurring at each electrode interface can lead to the formation of thin surface layer made of insoluble decomposition products. This film constitutes an interphase (bulk phase with different chemically and physically properties from both phases in contact) that can affect reaction kinetics 5 . Those interphases are commonly referred by the generic expression EEI (Electrode Electrolyte Interphase) 6 and specifically by SEI (Solid Electrolyte Interphase) and CEI (Cathode Electrolyte Interphase) at negative and positive electrode surfaces, respectively. These interphases can be formed either during cycling (in situ) or during the cell assembling i.e., storage and upon the contact with the electrolyte (ex situ). Main ageing mechanisms within Li-ion cells, at the positive and negative electrodes, as well as inside the electrolyte. Reprinted from ref. 4 .

Electroactive materials

This subpart is briefly presenting the state-of-the-art electrode active materials (AM) currently investigated in the literature. Given Li-ion battery requirement of high energy density with extended cycling life and safety, combining high voltage positive electrode with a low voltage negative electrode is one of the best solutions (Figure 5). Electroactive materials used as electrodes with their respective average discharge potential and specific capacity. Reprinted and adapted from ref. 7,8 .

Many high potential coupled to high capacity electrode materials are now available such as Ni-rich NCM or NCA (LiNi1-xMxO2, M = Co, Mn and Al, average discharge potential 3.8 V vs. Li + /Li, and 200 mAh.g -1 ), Li-rich NCM (Li1+xM1-xO2 or xLi2MnO3(1x)LiMO2, M = Mn, Ni, Co, etc., average discharge potential 4 V vs. Li + /Li and 250 -300 mAh.g -1 ), LiCoPO4 (LCP, average discharge potential 4.8 V vs. Li + /Li, and 165 mAh.g -1 ), LiNiPO4 (LNP, average discharge potential 5.1 V vs. Li + /Li and 170 mAh.g -1 ) and LiNi0.5Mn1.5O4 (LNMO, average discharge potential 4.7 V vs. Li + /Li and 147 mAh.g -1 ) 9 . For those that need more details about electrode AMs, please refer to the review in ref 9 . All those pre-cited positive electrode materials are displayed as a function of specific charge/potential in Figure 5.

At the negative electrode, graphite (Figure 5), the most used negative electrode, offers rather low gravimetric and volumetric capacity, ca. 372 mAh.g -1 and limited rate capability. Better performing negative electrodes providing low potential and high gravimetric capacity are still under development such as silicon (Si, average discharge potential 0.2 V vs. Li + /Li and up to 3500 mAh.g -1 ) 9 and tin (Sn, average discharge potential 0.4 V vs. Li + /Li and 650 mAh.g - 1 ) 10 anodes. However, the large volume expansion of such electrode materials leads to electrode pulverization upon cycling which is a major issue for their further development.

Several challenges need to be addressed with the development of news electroactive materials in particular the reactivity with the electrolyte, as most of the novel AM electrodes are beyond the electrochemical stability windows of the organic electrolytes compounds as illustrated in Figure 6. At the positive electrode interface, AM surface is known to present strong nucleophilic and Lewis basic properties that promotes the coordination of oxygen atom in solvent molecules (e.g. ethylene carbonate (EC)) 12 with AM transition metal atom (preferentially cobalt element 13 ). It is generally accepted that carbonate-based electrolyte decomposition occurred at potential higher than 4.3 V vs. Li + /Li [14][15][16] . For instance, Tebbe et al. 17 showed that, despite the electrochemical stability between EC solvent and LCO material in operating potential range, electrolyte degradation is activated by the interaction with LCO electrode surface following a ring-opening reaction. The electrolyte decomposition processes can be seen as a chain reaction leading to gas generation due to the decomposition of the solvent, whereas the salt decomposition leads to the formation of HF causing AM surface degradation. This latter promotes transition metal leaching (TM) [18][19][20] which results in structural deterioration of the AM lattice being highly detrimental for battery lifetime 21 . Some studies demonstrated that the presence of Ni element at the positive AM surface can even promote electrolyte degradation, since Ni 2+ , once leached from the surface is catalysing the decomposition of the electrolyte and can reach the negative electrode surface (cross talk), and in case of graphite negative electrode, it leads to the destabilization of the SEI. This so-called cross talk effect is shortening battery lifetime and prohibited so far, the commercialisation of 5 V based technology (i.e. high voltage positive electrode vs. graphite). All those processes are illustrated in Figure 4. Electrolyte decomposition and surface reactions 22 lead to capacity loss, cell internal impedance growth, and, in fine, limit the battery lifetime. Ultimately, the detrimental electrolyte degradation reaction can cause safety hazards 23 because of the gas and heat released which may cause battery casing explosion.

Similar electrolyte degradation processes occur at negative electrode surface and the SEI composition and properties also depend on electrode material and on the electrolyte formulation 24 . The so-called SEI is created at potential lower than ~ 0.8 V vs. Li + /Li due to reduction of the electrolyte. Since more than 50 years, the SEI is at the core of intense debate to determine its formation mechanism and chemical composition. It is commonly accepted that it is composed of a bilayer: one compact inorganic outer layer that laid on a porous organic inner layer, seating at the surface of graphite electrode [25][26][27] . However, depending on the electrolyte formulation and cycling condition, the SEI layer is more or less compact and flexible and cannot prevent graphite electrode from severe exfoliation upon cycling (limiting solvent co-intersertion 28 ) causing cell performance deterioration. Although depending on the negative electrode, i.e. operating voltage, the SEI presence and composition may differ. For instance, Li4Ti5O12 (LTO) negative electrode is often mentioned as a SEI-free electrode 29 when cycled between 1 V and 3 V vs. Li + /Li 29 . However, recent work demonstrated that SEI also exists on LTO electrode surface and that LTO electrode is also sensitive to cross talk contamination 30 .

The physico-chemical nature and behaviour along cycling of in situ formed CEI and SEI depend on electrolyte composition (conducting salt, solvents and functional additives) 31 as well as electrode potential and electrode material 21 . The chemical composition of the passivation layers has been largely investigated using surface sensitive characterization techniques such as X-ray photoelectron spectroscopy (XPS 32 ), Fourier transform infrared FTIR 33 , attenuated total reflection-Fourier transform infrared (ATR-FTIR) 34 , high resolution transmission electron microscopy (HRTEM 35 ), cryo-electron microscopy (cryo-EM) 36 Atomic Probe Tomography (APT) 37 etc...

Li-ion transport and transfer processes

The electrochemical reactions occurring at the Electrode/Electrolyte interface are generally referred to charge transfer reaction as defined by a coupled Li ion(s) and electron(s) being transferred (see Equation ( 1)and (2)) at the interface. Consequently, during battery operation, Li-ions are constantly transported through the electrolyte and the electrode AM solid phase and are transferred at the electrode/electrolyte interface as depicted in Figure 7. If, at first glance, the working principle looks easy, Li-ions transport and transfer processes are complex due to the multiple phases that ions must go through knowing that those phases are dynamics and evolve with time and potential.

As illustrated in Figure 7, Li-ions transfer reaction at Electrode/AM comprises several processes as listed below:

• Li-ion transport in the electrolyte part (i, Figure 7),

• Li ion transport inside the electrode porosity filled by the electrolyte (i, Figure 7),

• Li-ion desolvation reaction (ii, Figure 7),

• Li-ion transport (migration and diffusion) through the electrode interphases (CEI/SEI) (iii, Figure 7), • Electronic transport (ET) in the electrodes, ▪ Coupled electronic (ET) and ionic (IT) charge transfer at the electrolyte/AM particles (Equation (1)and ( 2)) (v and vi, Figure 7), ▪ Li-ion diffusion transport in the electroactive material (AM) particles (vii, Figure 7), ▪ Etc… Figure 7. Schematic representation of Li-ion insertion process at the electrode surface. Reprinted from ref. 38 , Copyright (2020), with permission from Elsevier.

The complexity of the process is partly due to composite electrode composition and architecture. Conventional electrodes are porous and made of a mixture of active material powder (AM -Li insertion host compound), conductive agent for electronic percolation and binder for mechanical stability. Thus, ionic transport process within tortuous composite electrode is much more complex than in model thin film electrode. Consequently, the investigation of Li-ion transport kinetics inside a composite electrode provides effective transport properties that complicates the understanding of each single component and complexify the modelling of Li-ion transport mechanism. Thus, the investigation of Li-ion effective transport in composite electrode and in single AM particle are essential, the challenge being to understand the link between them (Conf. Chapter 3 Part I).

Similarly, to transport process, Li-ion transfer process is impacted by the electrode/electrolyte couple and by the composite electrode microstructure since the latter can lead to hindrance in the distribution of current and potential within electrode volume. Additionally, the passivation layers (SEI or CEI) that are formed at the AM surface may also affect the Li-ion transfer mechanism. Therefore, measuring the intrinsic Li-ion transfer properties at electrode AM surface as a function of the interphase properties is key (Conf.

Chapter 2 and 3 Part II).

In addition, the simultaneous investigation of those two processes is relevant as transport and transfer processes are intrinsically linked during battery operation. A fast charge transport is useless without a fast charge transfer kinetics. A visual representation is given in Figure 8, with a comparison with a highway traffic and toll. If the Li-ion transport is fast, but there is traffic at the toll, or the toll cannot open properly in due time, then the principle of a highway is useless (fast transport). The opposite is also true, if the toll is opened but there is a traffic on the way then, once again, there will be a limitation. This metaphor illustrates the inter-dependence between the two parameters calling for an in-depth investigation of both processes to enhance Li-ion battery performance. 

Transport properties in Li-ion batteries

Two types of transport can be found in conventional Li-ion batteries, the one inside the electrode AM solid phase and the one inside the electrolyte.

In liquid electrolyte, made generally of a mixture of polar and aprotic solvents (carbonates) and a lithium salt (such as LiPF6, LiClO4), Li-ion transport is ensured by both diffusion and migration processes. Along cycling, Li ions are consumed or produced at each electrode interface resulting in the formation of lithium-ion concentration gradient inside the battery which causes Li ion diffusion flux. Li ion migration flux is due to the electric field that build up between the two electrodes. Those two types of ionic transport are characterized by the bulk ionic conductivity (σElectrolyte) and lithium ionic diffusion coefficient in the electrolyte (DLi or DLi-electrolyte). Generally, bulk ionic conductivity of organic electrolytes are ca. 5 -10 mS.cm -1 at room temperature 39 , a value that can vary with electrolyte properties (dielectric properties, viscosity, salt concentration, etc.). In addition to high ionic conductivity, a high Li ion transference number (t + ) is desired especially for fast charging application 40 . This parameter characterizes the fraction of current carried by Li + cation and is function, among other parameters, of the nature of the Li counter anion and the electrolyte solvent. The ionic mobility in electrolyte (liquid and polymer) is a thermal-activated process and follows a Vogel-Tammann-Fulcher 41 (VTF) type behaviour. In the case of solid ceramic electrolyte, the ionic conduction is possible thanks to ionic point defects, either vacancies or interstitials sites, with motions thanks to Arrhenius thermally activated hopping processes inside the host structure 42,43 .

In the electrode, Li-ion diffusion in AM particles (DLi) is governed by the AM structure since Li ion diffusion pathways varies from 1D to 3D and is function of its crystallographic structure and composition. In the literature, the DLi in AM can vary over several orders of magnitude from 10 -17 to 10 -9 cm².s -1 at RT 44 . However, the effective diffusion coefficient (DLi,Eff), that implies Li ion diffusion in the AM solid phase and through electrode pores filled with electrolyte, is relying on the electrode microstructure (porosity, tortuosity…). Similarly to fast Li ion transport, fast and homogeneous electronic transport properties inside composite electrode is also required for high-rate performance capability. Unfortunately, electroactive materials present generally a limited electron conductivity which is commonly enhanced by adding conductive agent (e.g. carbon nanoparticles) into the electrode composition.

Generally, ionic conduction and diffusion parameters, σelectrolyte, DLi-eff and DLi in electrolyte or AM and t + are measured via electrochemical techniques. In the case of σelectrolyte, t + and DLi in the electrolyte are commonly measured using Electrochemical Impedance Spectroscopy (EIS 45 ), and potentiostatic methods. The cationic and anionic self diffusion coefficients and transference number can also be determined using PFG-NMR. Those methods will be detailed in Chapter 2 and 4. In the case of composite electrodes, the solid state diffusion coefficient can be measured using galvanostatic/potentiostatic intermittent titration techniques (GITT/PITT) 46 , EIS 47 and cyclic volammetry (CV) 47 methods or directly through battery rate capability experiement 48 . Detail of these methods will be given in Chapter 3.

Transfer properties in Li-ion batteries 3.2.1. Charge transfer reaction locations

As detailed above, a coupled Li ion and electronic charge transfer is occurring at the Electrode/Electrolyte interface during battery operation. However, when shifting from liquid electrolyte (Gen3) to a solid composite electrolyte (Gen4), ionic transfer reaction can also occur at the core of the composite, i.e., at the interface between polymeric matrix and ceramic particles. Figure 9 illustrates the various charge transfer and ion transfer reactions that are occurring in both battery generation. Thus, in the case of ceramic/organic electrolyte only Li-ion is transferred whereas a coupled Li-ion and electronic transfer is occurring at Electrode (positive and negative)/Electrolyte. Besides, those three different interfaces (ceramic/electrolyte, positive electrode/electrolyte and negative electrode/electrolyte) can be grouped in the generic designation of organic/inorganic interfaces.

One can wonder to what extend those charge transfer reactions present similarities and singularities in terms of mechanism and governing parameters and what are the consequences on the overall transfer kinetics. Indeed, the analogy between the electrode/organic electrolyte and the ceramic/organic electrolyte interfaces was first introduced by the group of Abe and Ogumi [49][50][51][52][53][54] in early 2000s where they discussed that Li insertion at graphite interface would be kinetically limited by the ionic transfer step due to the complexity of its transfer and energetic barrier, especially the one related to Li-ion desolvation/solvation step, as illustrated in (Figure 10). 55 Indeed, as detailed previously (see Figure 7) and illustrated in Figure 11, the ionic or coupled electronic/ionic charge transfer processes is rather complex and can involves several steps such as i) ion desolvation step, ii) ion specific adsorption step, iii) charge transfer reactions and iv) ion transport through the passivation layer (when present) to name a few 53 . For instance, during Li ion insertion/deinsertion, Huang et al. 56 and Chekushkin et al. 57 considered the overall reaction as a succession of several elementary steps as illustrated in Figure 7. For Chekushkin et al. 57 , Li insertion into AM crystal lattice involves:

1 A preliminary partial desolvation of Li + ion at CEI/Electrolyte interface coupled to a formation of an adsorbed ion, 2 Subsequently the adsorbed ion is transferred in the CEI and migrate through the CEI to reach AM surface, 3 The Li ion insertion into the crystal lattice (charge transfer step).

All those different steps have different kinetics and one of them might be a rate determining step (RDS) and dictates the overall charge transfer kinetics. One of the main challenges of studying charge transfer kinetics at organic/inorganic lies in unveiling this RDS for each electrode/electrolyte couple. Reprinted from ref. 56,57 .

Thus, the enhancement of charge transfer kinetics requires, at first, the identification of the RDS and the subsequent elucidation of its specific parameters that would allow to decrease both the energetic barrier (Ea) and the charge transfer resistance (Rct) as illustrated in Figure 10.

To do so, several parameters such as electrolyte composition, electrode potential, inorganic/organic nature allow to get a complete picture on charge transfer mechanism. For example, in the case of desolvation rate control, we would expect a dependence of Ea and/or Rct on electrolyte solvent nature. Whereas, in the case of charge transfer rate-control, an exponential variation of Rct with electrode potential is expected according to Butler-Volmer model and that implies an electronic/ionic rate-control (as detailed in Section 4.6).

Consequently, the bibliographic study of organic/inorganic charge transfer reaction is structured along those two axes. For the former, the aim was to identify the rate limiting step considering the variation of Rct and Ea with some parameters related to the electrolyte, AM composition and for a given electrode potential. The purpose is to discuss on whether the passivation layer influences the electrode charge transfer kinetics mechanism. For the latter, we will discuss the potential dependency of Rct and the subsequent consequences on charge transfer reaction modelling.

Organic/Inorganic interfaces

One of the goals is to gather the thermo-kinetics parameters (Rct and Ea), when available, for those three types of organic/inorganic interfaces to discuss their similarities and singularities. Especially, some governing parameters can be identified and the adequacy of Butler-Volmer equation to describe the kinetics of such interfacial reaction is discussed, in the final section.

Due to the detrimental reactivity of liquid electrolytes at both positive and negative electrode interfaces, it is difficult to extract relevant data such kinetics parameters (Rct, Ea, I0, k0, etc...). In the following section, we gather most of Rct and Ea literature data and try to correlate these values to the electrolyte formulation, electrode nature, electrode potential respectively. More specifically, Rct values were normalized by the contact surface area between organic and inorganic phases (generally geometric surface area) when available in the publications.

Charge transfer at Insertion AM Electrode/Organic electrolyte

In Figure 12 and Figure 13, Rct and Ea data are collected from more than 100 publications in which the distinction between electrode passivation film (REEI) and charge transfer resistance (Rct) is done.

At first sight, it appears difficult to draw conclusion as the reported data are very scattered. The dispersion in Rct and Ea may derive from the lack of method standardisation to investigate those interfaces (temperature-controlled cycling, rate applied, electrode formulation, method, etc.). Even for similar electrode/electrolyte coupled, it is difficult to compare Rct and Ea since the operating condition varies (cell formation cycling, composite electrode formulation, AM morphology, etc). Since EIS is widely used to measure Rct, the scattered values may also result from different interpretations of the impedance spectrum and the selected equivalent circuit. Especially, in the middle frequency (MF-10 kHz to 1 Hz) domain which accounts for both REEI and Rct. Those two contributions have often similar frequencies making their deconvolution even more complicated in 2-electrodes cell measurement since the EIS spectrum contains the signals from both positive and negative electrodes 58,59 . To overcome this issue, several strategies have been proposed, including the use of a reference electrode 60 and of symmetric cells 61 . Still, remains the difficulty to dissociate Rct from the electrode surface film contribution (RSEI and RCEI). In most studies, the authors recorded the evolution of overall electrode/electrolyte resistance (sum of Rct and REEI) when varying some cell parameters which leads to misunderstanding of Electrode/Electrolyte charge transfer process. Moreover, it could be interesting to also discuss the variation of REEI and Ea,EEI with regard to the one of Rct and Eact. (salt concentration, nature, additives, etc…) or in electrode AM surface composition. The data were gathered from ref. 20,33,44,57, .

Figure 13. Rct for various Electrode/Electrolyte interface as function of electrode materials and potential recorded at RT along with the corresponding legend. The shape of the marker indicates the solvent electrolyte nature, the main colour represents the type of electrode active material whereas the colour gradation (within an active material family) denotes a change in electrolyte formulation (salt concentration, nature, additives, etc…) or in electrode AM surface composition. The data were gathered from ref. 20,29,33,44,57, .

Reproducibility and scattered values

Regardless the electrode/electrolyte interface considered and except some exceptions discussed later, Ea are in the same range from 0.4 to 0.8 eV whereas Rct vary over 5 orders of magnitude. In addition, for similar Electrolyte/Electrolyte interface, we observed a significant dispersion in Ea and Rct. To present the results, the interfaces are presented using the notation "AM@potential/electrolyte-concentration".

• Positive electrode: Yamada et al. 62 reported an Ea of 0.52 eV for LMO@4.2V/PC-1M LiClO4 whereas Nakayama et al. 63 reported 0.26 eV at LMO@3.9V/PC-1M LiClO4. Similar difference in Ea was noticed when comparing the work of Shen et al. 72 , Zheng et al. 106 and Liebmann et al. 73 for NCM111/EC:DEC -1M LiPF6 respectively 0.28 eV, 0.42 eV and 0.62 eV. The difference might be attributed to a change in counter electrode between their work and shows the impact of cross talk. In the case of LCO@4V/PC-1M LiClO4 interface, Iriyama et al. 66 reported a Rct of 83 Ω.cm² whereas Chekushkin et al. 57 reported 5 times higher one (458 Ω.cm²). The variation in Ea and Rct can be related to different cycling conditions, electrolyte impurities and counter electrodes. For instance, Shen et al. 72 , Zheng et al. 106 and Liebmann et al. 73 used different counter electrode materials, graphite, MCMB and lithium metal, respectively and reported scattered Ea and Rct values for NCM111/EC:DEC -1 M LiPF6, using a 3-electrode cell set up that allows to specifically probe the impedance response of positive electrode. This observation reflects the impact of the cross talk on electrode kinetics. This dispersion in Rct is also related to the choice of the area used for resistance normalization. In most cases, electrode geometric surface is considered (in the range of cm²). However, to be more accurate and to take into account the electrode microstructure (porosity), some authors used AM particles specific surface area (area in the range of m²). Consequently, the choice of the active surface can lead to a large variation of Rct of merely 4 orders of magnitude. As an example, Nickol et al. 44 considered AM particle specific surface area and reported Rct equal to 5 10 -2 Ω.cm² whereas Xi et al. 107 reported 76 Ω.cm² for similar NCM523@3.7V:EC:DMC-1 M LiPF6 interface.

Non-electroactive component

Composite electrodes are made of a mixture of AM powder with carbon and binder and one can wonder if the charge transfer reaction kinetics can be influenced by non-electroactive electrode components.

• Negative electrode: Abraham et al. 89 demonstrated that the effect of composite electrode is rather limited since they reported an Ea of 0.55 eV and 0.53 eV, for LTO composite and LTO carbon and binder free thin film electrode in LTO@1.55 V/EC:EMC-1.2 M LiPF6. In contrast, we can notice a 5-fold variation in Rct between carbon and binder free (thin film often made by PVD) and composite electrode 89 . • Positive electrode: Hayashi et al. 108 reported a Rct of ca. 350 Ω.cm² for LCO-thin film(4 V)/EC:EMC:DMC-1 M LiPF6 whereas Zhao et al. 109 found it equals to 23 Ω.cm² using LCO composite electrode normalized using electrode geometric surface area. Consequently, the charge transfer kinetics when using AM composite electrode and AM pellet can considered as similar.

Electrolyte solvent nature

For a given electro active material, Ea appears to highly depend on the electrolyte solvent nature.

• Negative electrode: in Figure 12, Abe et al. 81 reported a variation of Ea from 0.58 eV to 0.27 eV when using EC:DEC -1M LiClO4 or DMSO -1M LiClO4 electrolyte on graphite electrode, respectively. The variation of Ea was correlated to the solvent solvation ability based on electrolyte donor number (DN) comparison and density functional theory calculation 84 (DN= 29.8 and 16.4 for DMSO and EC:DEC, respectively) 110 . Similarly, in the case of LTO negative electrode, higher Ea were measured using ionic liquids compared to the ones using carbonate-based electrolytes.

Historically, the rate-limitation of ion desolvation step has been proposed in the late 70s in the case of an ionic transfer between two immiscible liquids [111][112][113] . Later, this dependency has been reported in the literature 57,88,114,115 at graphite/carbonate interface and the effect of solvent nature has been correlated to the energetic barrier of Li-ion desolvation reaction at AM surface, as illustrated in Figure 14. For example, in the case of classical carbonate-based liquid electrolytes, it has been showed by Raman spectroscopy that four to six oriented solvent molecules can surround Li + given its small ionic radius 116,117 . Consequently, when Li ion is transferred at the Electrolyte/Electrode interface, the solvation shell must be removed and may account for a large part in Ea of the overall charge transfer process 92 . Thus, Li + transfer between the electrolyte and the electrode, and vice-versa, results in an exchange of Li ion solvation shell between the organic and inorganic phases and, even though the passivation layer, when presents. Reprinted from ref. 49 .

The passivation layer (CEI and SEI) (also referred as EEI) represents an additional phase that Li-ion must pass through on its way to be transferred which affects the charge transfer reaction mechanism and thus the effective Ea and Rct. This EEI implies also a combined charge transfer at Electrolyte/CEI-SEI and CEI-SEI/ AM electrode and as Rct and Ea account for both transfers it is hard to know which is limiting. Finally, since passivation layer chemistry, structure and properties depends also on solvent nature 118 , we expect an add-on effect of solvent nature on Rct and Ea.

• Positive electrode: When varying liquid electrolyte nature, Kobayachi and Uchimoto 119 reported a significant variation for LMO(4 V) Rct when using PC-1 M LiClO4 and Butyrolactone-1 M LiClO4 from ca. 10 kΩ.cm² to 3 kΩ.cm² without any explanation for such decrease in Rct. They also measured the variation of RCEI electrode passivation layer resistance from 600 Ω.cm² to 2 kΩ.cm², for LMO/PC-1 M LiClO4 and for Butyrolactone /PC-1 M LiClO4, respectively and conclude that the electrode surface film resistance and composition depend on electrolyte solvent nature. Thus, owing to the interdependence of Rct and REEI, it is complicated to conclude separately on Rct and Ea variation with the electrolyte composition. A way to better understand Rct and Ea dependency to electrolyte solvent would be to investigate that are SEI/CEI-free. To do so, we foreseen two strategies:

• using adapted/selected electrode potential to avoid EEI formation and/or, • examining Li-ion charge transfer reaction at model interface such as ceramic/organic electrolyte (those results will be detailed and discuss subsequently).

For the former, we can looked at the variation of Ea for LTO/Electrolyte interface, as LTO is assumed to be SEI-free electrode 39 (operating potential higher than carbonate-based electrolyte reduction potential (0.8 V vs. Li + /Li < carbonate electrolyte < 4.3 V vs. Li + /Li)), we noticed that the stronger Li-ion solvent interaction is (using ionic liquids), the higher Ea is. Nasara et al. 91 recorded Rct at LTO/Electrolyte interface at potential higher than 1.0 V vs. Li + /Li using different solvent nature and correlated the variation of Rct to electrolyte solvation ability. Later, Xu 39 reported no variation in Ea at LTO/EC:DEC (x:y) 1 M LiPF6 when varying EC wt.% ratio, whereas it is known to affect Li + solvation shell composition. Based on this observation and assuming Li ion desolvation rate limitation, Xu explained that stripping off the last solvent molecule from Li + solvation sheath is the most energy-consuming step which dictates the overall Ea. Recently, Chekushkin et al. 57 further illustrated rate-limitation of Li ion desolvation step in Li-ion insertion process at LCO-CEI free electrode. In their work, they experimentally correlated the variation of Ea at LCO/PC 1 M LiClO4 and LCO/Water 1 M LiClO4 to Li ion free solvation energy using molecular dynamic (MD).

Regarding Rct, it strongly depends on electrolyte nature since Rct is always larger with solid electrolytes. Morin et al. 120 reported ca. 6 times larger Rct at LCO@3.6 V using LIPON-3 µm solid electrolyte instead of carbonate liquid electrolyte. Similarly, Chekushkin et al. 57 reported ca. 2 times larger Rct using diglyme viscous electrolyte (DEGDME -1 M LiTFSI) than for EC:DEC-1 M LiPF6 electrolyte at LCO interface.

The high Rct measured with solid electrolytes may reflect a linked between Li ion bulk dynamic in the organic phase and charge transfer kinetics since the gap in bulk ionic conductivity between solid and liquid electrolyte is one of their major disparities. Indeed, we can highlight that the increase in Rct is of same magnitude as the decrease of ionic conductivity of DEGDME -1 M LiTFSI and EC: DEC-1 M LiPF6 electrolytes at 25°C which are typically 4.5.10 -3 S.cm -1 and, 8.10 -3 S.cm -1 respectively.

Presence of passivation layer impact

The effect of EEI (either CEI or SEI) on Ea and Rct is not yet clear and rarely reported in the literature. One may wonder whether reported Ea are referring to Li-ion transfer reaction or to ionic migration through the passivation layer.

• Negative electrode: To deconvolute the impact of the passivation layer onto Ea, Xu et al. 92 compared the Ea measured at LTO-"interphase-free" (confirmed by XPS measurement) and graphite electrode interface using EC:DMC 1 M LiPF6 electrolyte as displayed in Figure 15. They reported Ea of 70 kJ.mol -1 and 50 kJ.mol -1 at graphite/electrolyte interface and LTO/electrolyte interface leading the authors to conclude that the additional 20 kJ.mol -1 is caused by the Li + migration through the SEI layer at the graphite surface. Additionally, at graphite/EC:DMC (x: y) 1 M LiPF6, Xu 88 reported a linear increase of Ea with increasing EC wt.% in EC:DMC, but not in the case of LTO-SEI free/EC:DEC interface (Figure 15) leading them to conclude about the dependence of Ea on EC solvent ratio. It appears that the presence of passivation layer affects Li transfer kinetic mechanism and/or the rate limiting step (RDS). Ea obtained from 1 M LiPF6/THF and 1 M LiPF6/PEG(220 g.mol -1 ) with LTO were displayed as reference lines for comparison. Reprinted from ref. 92 .

• Positive electrode: Chekushkin et al. 57 also reported the impact of the passivation layer at LMO interface showing that Li insertion reaction shifted from Li ion desolvation rate control to a Li-ion/(Li-adsorbed) species charge transfer rate control in absence or presence of passivation film at LMO surface. Interestingly, the effect of passivation layer on electrode kinetics rate limiting appears to depend on electrode material and/or depend on the electrolyte stability as a function of electrode potential.

Passivation film composition

The chemical composition and structure of the SEI/CEI may also influence the charge transfer Ea, especially in presence of electrolyte additives 39,121 . (2,3,4,5,6-pentafluorostyrene). Reprinted from ref. 84 .

• Negative electrode: Yamada et al. 84 reported a variation of Ea from 52 kJ.mol -1 to 40 kJ.mol -1 at graphite/DMC-LiClO4 for PFS (2,3,4,5,6-pentafluorostyrene)-derived and EC-derived SEI, respectively. It shows that Ea depends on solvent solvability for EC-derived SEI and to not depend on it for PFS-derived SEI. As showed in Figure 16, the variation of Ea depends on the SEI nature. This result suggests that Li ion insertion reaction at graphite electrode may shifted from Li desolvation rate control to a charge transfer control when varying SEI composition with electrolyte additives. • Positive electrode: Similar observation was made on NCA by Jones et al. 76 . The highest Ea for NCA/EC:EMC:MP-1 M LiPF6 was obtained with 2 wt.% VC (vinylene carbonate), whereas the lowest was measured with 0.1 M LiBOB. The authors also measured Ea at graphite interface using similar electrolytes. Interestingly, they reported opposite variation of Ea with electrolyte additives at negative electrode interface, showing that the oxidation or the reduction of the additive affects the passivation layer chemistry. Keefe et al. 61 reported a twice as low Rct value at NCM811(3.8 V)/EC:DMC-1.2 M LiPF6 in presence of 2v.% VC. They assigned the variation of Rct and Ea to the variation of CEI composition and thickness. Qian et al. 122 showed that CEI passivation layer thickness and composition on NCM523 electrode varie in presence of electrolyte additives such as VC. Similar effect of electrolyte additives on Rct have been reported [123][124][125][126][127] . Nevertheless, it is difficult to evaluate the impact of the already formed SEI/CEI layer, since this layer is extremely fragile and can be deteriorate during ex situ sample preparation. Yamada et al. 84 preformed-SEI passivation layer on top of graphite electrode using a given electrolyte that contained additives and then physically removed the electrode to reassemble a novel cell with another electrolyte formulation. Therefore, it could be interesting to investigate the variation of Ea when varying in situ the SEI or CEI composition by, for instance, increasing electrode voltage and using adequate electrode and electrolyte material.

Electrode potential

Despite the large number of reported Ea in the literature, very few 80,128 investigated the variation of charge transfer Ea with electrode potential. It can be, partly, explained by the interpretation of the results since the passivation film composition and thickness can vary as a function of the electrode potential and thus subsequently influence charge transfer kinetics. Still, Qui et al. 128 reported stable Ea for NCM/EC:DEC:DMC -1 M LiPF6 in the range of 3.85 V to 4.25 V vs. Li + /Li.

Salt nature

To date, there is not systematic study that allow to discuss the effect of salt nature on charge transfer Ea.

• Negative electrode: At graphite/ Polysiloxane-based electrolyte, Nakahara et Nutt 129 measured a two order magnitude lower Rct using LiTFSI than LiBOB (Figure 17) attributed to a change of SEI morphological features. The microstructure of the SEI would affect the Li desolvated cation (adsorbed) interactions in the interphase. • Positive electrode: At LMO/PC-based electrolyte, Iriyama et al. 66 reported a larger Ea when using LiClO4 compared to LiTFSI and explained that it was related to the variation of solvent/ion interactions. However, based on the comparison of only two Ea values it is delicate to draw conclusion. Since, Li cation is transferred at Electrode/Electrolyte interface, we would expect a rather limited impact of counter anion on Rct, except in presence of passivation film whose properties are proved to be closely related to salt nature 130 . Li et al. 131 reported a lower Rct value for LFP(4 V)/EC:PC:EMC + 0.8 M LiX + 2wt% VC using LiPF6 instead of LiBF4 whereas they recorded an opposite variation at graphite interface. The authors correlated this variation to a change in electrode passivation layer composition and properties. Indeed, passivation layer formation mechanisms on graphite and LFP electrode are different due to their different working potential leading to various passivation layer formation in terms of mechanism and composition (electrolyte oxidation reaction at high voltage whereas electrolyte reduction reaction occurred at low voltage). Finally, the authors show that electrolyte conductivity is also affected by the salt nature which may impact the charge transfer kinetics.

Consequently, and similarly to the discussion on the effect of electrolyte nature on electrode kinetics, it is delicate to conclude on salt counter anion effect since it has been reported that salt nature drastically affects the passivation layer composition 130 . Thus, the study of the effect of salt nature using EEI-free electrode is required, however to the best of our knowledge those data are not yet available in literature.

Salt concentration

The dependency of Rct to lithium salt concentration has been reported several times in literature and for different Electrode/Electrolyte couples 67,119,132,133 . In practice, the evolution of Electrode/Electrolyte interface impedance with salt concentration was investigated and support the assignment of one semi-circle to charge transfer reaction impedance response and whose diameter gave access to Rct. Indeed, Butler-Volmer equation, that described charge transfer kinetic at Electrode/Electrolyte interface (Equation ( 8)) forecasts that 1/Rct is proportional to salt concentration, CLi α (α being the charge transfer coefficient).

• Negative electrode: We did not find any studies reporting Rct-salt concentration dependency in the case of negative electrode interface. However, due to the interdependency of Rct and REEI, it is complicated to conclude separately on Rct variation with salt concentration except when using SEI-free electrode or ceramic model electrode to study such dependency. Xu 88 showed a bell-shape variation of Ea at graphite/EC: DMCx M LiPF6 interface as function of salt with a maximum reached at 1 M (ca. 70 kJ.mol -1 ) as displayed in • Positive electrode: Kobayashi and Uchimoto 119 reported a linear decrease of Rct for LMO(4 V)/PC-x M LiClO4 as a function of salt concentration following a square root law. Similar charge transfer coefficient, ca. 0.56 and 0.6, were reported by Tatara et al. 60 and Ohashi et al. 133 at LCO/EC:EMC-x M LiPF6 interface and NCM111/EC:EMC-x M LiPF6. Ohashi et al. 133 , using XPS, showed that NCM111 passivation layer composition and properties also vary with salt concentration. The concentration of organic species (adsorbed free solvent molecules) is more pronounced in diluted electrolyte resulting in a less adherent layer.

In the case of negative electrode interface, we do not find any study reporting Rct salt concentration dependency, to the best of our knowledge.

Electrode active materials (AM)

As demonstrated electrode material influences Rct, or the influence comes from the materials/electrolyte interaction and the potential at which it occurs 22 . In the case of carbonatebased electrolyte, larger Rct values are reported for higher operating voltage positive electrode which can be influenced by the electrolyte decomposition occurring at high potential. Nevertheless, at a given electrode potential (3.6 V vs. Li + /Li), Xi et al. 107 reported a larger Rct at NCM811/EC:DMC (1:1) than at NCM523/EC:DMC (1:1), with respectively 316 Ω.cm² and 76 Ω.cm². Here, Rct increases most probably because of higher nickel content known to promote and catalyse the electrolyte decomposition. However, and similarly to the effect of electrolyte composition, it is hard to conclude on the specific effect of electrode material on electrode kinetics since EEI composition and structure is known to vary with electrode material.

4.1.10. Electrode coating and buffer layer Electrode material surface coating has been employed to stabilize the Electrode/Electrolyte interface by moderating electrolyte decomposition and limiting AM surface degradation along cycling (especially related to TM dissolution) 137 . The effect of AM coating on Rct might be a way to get some insights on the effect of passivation layer composition and properties on electrode kinetics. Coating can be of different nature metallic, oxide or organic insulating-based compound with nanometre to micrometric metal-oxide layer [139][140][141] . They are generally obtained by ALD or PLD technique. Several reviews [142][143][144] discussed the effect of electrode coating and buffer layer on stabilizing electrode/electrolyte interface.

• Positive electrode: The group of Ogumi 133 , demonstrated that Rct increased during the rest period in NCM111/EC:EMC-1 M LiPF6 electrode. Interestingly, the increase of Rct varies with salt concentration and was found more intense in diluted solution. From XPS analysis, the authors correlated Rct increase to the variation of CEI composition. In addition, AM particles undergo volume variation along cycling which results in passivation layer cracking and subsequent reformation 98,152 . Consequently, REEI is increasing along with Rct during battery cycling.

Consequently, based on the state-of-the-art of Ea and Rct at electrode/electrolyte interface, Li ion desolvation energy as well as electrolyte ionic conductivity appears to have a specific impact on Li ion insertion/desinsertion reaction kinetics. However, the influence of the passivation layer (thickness, structure, composition) is still unclear and thus it is difficult to draw conclusion about its influence as depicted in Figure 20. 

Charge transfer at Li metal/Organic electrolyte

Li metal is the "Holy Grail" negative electrode due to its high gravimetric capacity (3860 mAh.g -1 ) 153, 154 and very low potential (-3.04 V vs. SHE, Standard Hydrogen Electrode) 154,155 . However, the commercialization of Li metal-based batteries is still limited due to the safety issues related to the dendrite formation and metallic electrode volume variation. The electrodeposition of Li metal does not generally result in an homogeneous film but rather, according to specific nucleation mechanism of heterogeneous electrodeposition, as displayed in Figure 21 156 . Li metal dendrites can perforate the separator and ultimately reach the counter electrode surface causing internal short-circuit leading to safety hazards (fire, explosion). Many solutions 157 to prevent dendrite nucleation and growth have been proposed following two main strategies 158-160 :

• The control of their nucleation 161, 162 ,

• The mechanical compression/retention of their growth 160,163 . For the former, Li metal dendrite morphology could be tuned by homogenizing the electric field and Li-ion concentration distribution [164][165][166] . For instance, single ion conductor polymer electrolyte (SIPE) has been developed to limit Li ion concentration gradient formation owing to their high cationic transference number (t + close to 1) [167][168][169] . The modification of the Li metal electrode surface chemistry or the deposition of a protective layer 170, 171 on lithium metal surface as well as the tuning of the electrolyte composition 172 have proven to be efficient strategies to mitigate the dendrites formation. Frenck et al. 173 , showed that electrolyte shear modulus as well as current density governed Li metal electrodeposition morphology 174 . Another strategy to limit the Li dendrite growth is the development of novel electrolyte 175 with targeted/designed mechanical properties. Yamaki et al. 175 and Monroe et al. 176 show that an electrolyte with a mechanical strength higher than 0.2 Pa can refrain the dendrite penetration. In addition to dendrite growth, spontaneous electrolyte degradation can occur at Li metal interface due to its very low working potential and results in the formation of a SEI layer (from one to tens of nanometers 178 ) 179 . The denomination, SEI, refers to the physical properties of this film similar to that of a solid electrolyte with high electronic resistivity, ideally insulator 180 . SEI is key factor since it protects the Li sublayer from further corrosion and electrolyte reduction (without its presence the reaction would proceed indefinitely). Consequently, the ideal SEI should be homogeneous, mechanically stable, flexible (to withstand mechanical stress induced upon successive Li metal sublayer dissolution and deposition), compact (dense), covering, insoluble in the electrolyte, electronically insulated and coupled with a good Li + conductor with a value of t + equal to unity (cationic selectivity). Unfortunately, such SEI does not exist resulting in a continuous and uncontrolled growth of the passivation layer 181,182 . The chemical composition and structure of the SEI has been studied in literature 180, 181, 183-189 using various techniques such as XPS, SEM, XRD, SERS, STM, EDS, FTIR, NMR, AFM, etc… Based on the experimental observations of Li metal SEI structure, several physical models have been proposed. The first model describing the SEI have been proposed by Peled et al. 180,183 as illustrated in Figure 22a and b. The first scheme shows a compact ionic conductive passivation layer whereas the second comprises two or more separated layers with different compositions (organic and inorganic compounds). Later, Thevenin and Muller 190 completed this two-layer passivation layer model and proposed an outer polymeric film (polymer-electrolyte-interphase), namely PEI that results from solvent reduction and located on the top of the inner compact layer mainly composed of inorganic compounds (Li2O, Li2CO3, LiF). Subsequently, Peled et al. 184 , completed this model defining the well-known mosaic model that should result from the simultaneous precipitation of reduction compounds of both solvent and anion salt which leads to the formation of organic-rich and inorganic-rich microphase distribution into two-layers (Figure 22c). In the case of solid polymer electrolyte, the evolution of Li interface impedance over time 181 further supports the two layers SEI models with an inner stable native layer and a growing outer layer on top 182 . The SEI bi-layer model has been supported by several studies 26, 27, 190, 192-194 188 187 195 196 197, 198 and gained consensus in the community with i) an inner inorganic compound enriched layer (ca. 5 to 10 nm and mainly made of Li2O, Li2CO3 and LiF) and ii) porous thicker organic based outer layer 188,189,199 . The inner inorganic layer corresponds to Li metal native passivation layer that results from air/moisture exposure during manufacturing. On the other hand, the diffusive outer layer results from the precipitation of electrolyte solvent and conductive salt degradation by-products. The SEI properties and specifically the one related to the outer porous layer, highly depends on electrolyte composition (salt, solvent, additives), cycling current, counter electrode, etc… 200 Thanks to the development of surface advanced characterization techniques, Li metal passivation model is further explored. For instance, recent cryogenic transmission electron microscopy (cryo-TEM) experiments 201 on Li metal deposited on Cu grid using EC:DEC based liquid electrolyte showed that the SEI passivation layer is made of crystalline microphases dispersed in an amorphous matrix layer, which is similar to the mosaic model proposed by Peled et al. 178 . On the contrary, the recent work of Huang et al. 202 that also used cryo-TEM reveals that LiF electrolyte decomposition by-product is only present in SEI outer layer which tends to valid the bilayer model.

Consequently, despite hundreds of papers on SEI, the physical model is still debated, and its elucidation is hampered by multiple physico-chemical factors including i) the SEI thickness (ultra-thin, few nm to tens of nm), ii) its complex and heterogeneous microstructure composition, iii) the lack of standardised protocol leading to difficult results comparison, especially regarding sample preparation for ex-situ characterization (XPS, SEM/TEM, etc), and v) the dynamic nature of the SEI (evolution over potential, space and time). The investigation of the SEI is difficult due to a lack of proper characterisation techniques being spatially resolved, non-intrusive, and non-destructive (i.e., beam damage).

Apart from studies of the chemical composition and structure of the SEI, many efforts have been devoted to understanding the charge transfer mechanism of Li metal deposition/dissolution reaction and to determine some kinetics parameters. Similarly, to insertion electrode material/electrolyte, it is not yet clear how the passivation layer contributes to the Li-ion charge transfer reaction at Li metal interface 203 . EIS emerged as a technique of choice for tracking both SEI electrical properties evolution and Rct at Li metal/electrolyte. In practice, the Li metal deposition/dissolution reactions at electrode surface and the electrical properties of the SEI can be modelled by a series of R//CPE (resistance R in parallel with a constant phase element, CPE) elements (Figure 23) 204 . However, due to the heterogeneous microstructure and composition the SEI, the appropriate equivalent circuit model to fit the SEI impedance contribution is, not straightforward, and thus, arguable. In addition, the experimental spectrum of Li symmetric cell generally shows several contributions in the frequency range of the SEI (middle frequency (MF) domain) with large superposition in frequency and dispersion of dielectric properties such as in CPE 182 . Furthermore, the shape of the impedance spectrum and specifically the MF domain depends on Li foil (provider, thickness) 205 , operating temperature, electrolyte components, etc. For example and as displayed in Figure 24, when using solid polymer electrolyte at 80°C or liquid electrolyte at 25°C, the shape of Li/Li symmetric cell spectrum drastically changes probably due to different i) Ea of the processes (interfacial charge transfer vs charge transport in SEI) and ii) electrolyte chemistries (different outer SEI layer chemistries and thus dielectric properties).

Figure 24.

Impedance spectra of Li symmetric cells using various electrolytes and recorded at different temperatures. Reprinted from ref. 182,206,207 .

Consequently, the deconvolution of the MF semi-circle into several R//CPE elements is often questionable and did not reach a consensus, as shown in Figure 25. For instance, Peled et al. 178,180 proposed an equivalent circuit model comprising four R//CPE elements in series to describe the impedance of the Li/PEO-LiI-Al2O3 composite at 90°C. In the case of Li/PEO-LiTFSI (OE/Li=20) -1.5wt% BaTiO3/Li interface at 80°C, Li et al. 208 used a series of three R//CPE elements to account for the two resistive layers of the SEI and Rct. Conversely, Bouchet et al. 182 proposed an equivalent circuit model with two R//CPE elements to described Li/PEO interface impedance supported by its temporal evolution during isothermal ageing in open circuit condition. In their work, one MF resistance appears stable over time and is assigned to inner Li native passivation layer (Li2O/Li2CO3) whereas the second MF resistance grows over time and corresponds to outer layer. Besides, based on their observation the authors advocated that charge transfer contribution, Rct, might be negligible for Li/PEO (80°C). Similar observations have been reported at the interface between Li metal and ionic liquid electrolyte 209,210 . In general, in the case of Li metal/electrolyte, only few publications reported resistance values for both RSEI and Rct because of the overlapping signal between the two interfacial contributions (as illustrated in Figure 25). Most of the authors reported the total interfacial resistance Rint that generally corresponds to the MF-semi circle diameter and includes the sum of Rct and RSEI. Consequently, reported Li metal interfacial resistances are very scattered [211][212][213] and difficult to compare.

Cyclic voltammetry is also used to study Li metal deposition/dissolution kinetics and to give access to Rct using a 3-electrode set-up 213 . As for the other electrode interfaces, Li metal is highly sensitive to experimental parameters (cell configuration, cycling history, impurities, etc…) and it is generally evolving overtime which makes any direct correlations in literature difficult. The lack of protocol standardisation is even accentuated by the fact that cell assembly and cycling condition (formation cycles) are poorly detailed in publications. We collected in Figure 26, the literature data of RSEI and Rct, when available, along with the corresponding Ea to discuss some correlation. The goal is to try to identify and found some parameters controlling the Li metal interface.

Typically, Li metal interface impedances were found in the range of 10 -5000 Ω.cm² 178 , which is far from negligible and appears to be highly dependent on the electrolyte formulation. In comparison to Rct reported data at AM insertion/Electrolyte, the dispersion is less scattered for Li metal interface which can be, at least in part, due to the use of metal electrode geometric surface area in Rct normalization and which is a rather fair approximation of the "real" Electrode/Electrolyte surface area (for fresh/uncycled planar metallic electrode, few lithium foam). Besides, Ea of RSEI and Rct are rather close and in the range of 0.5 -0.8 eV. In the case of Li ion migration through SEI, Ea could be consistent with measured Li ion migration in LiF structure/layer 217 . Due to the instability of Li metal/electrolyte, Li metal interface resistance evolves over time 214 and can, to a certain extent, reaches a stable value. Thus, we preferentially reported stable values in Figure 26b. ) resistance for ionic charge transfer and migration through the SEI between lithium metal electrode and electrolyte from literature data analysis. The data were gathered from ref. 182,204,206,210,215,216,[218][219][220][221][222][223][224][225] .

Correlation between Rct and RSEI

From Figure 26b, Li metal overall interfacial resistance (Rint = RSEI + Rct) is mainly dominated by RSEI while Rct is often several orders of magnitude lower. Thus, RSEI/Rint ratio, that characterized the relative contribution of RSEI in Rint, is referred as Wagner number (dimensionless value) 206,226 . Wagner number is rather high as illustrated in Figure 27b suggesting the complexity in measuring Rct at Li metal interface in standard conditions (negligeable Rct). 

Passivation layer composition

Contrary to electrode materials, where some "SEI free" electrode can be found, there is no electrolyte stable at Li working potential 187 which results in the formation of a passivation layer that highly depends on the electrolyte composition. Aurbach 214 reported a variation of Rint, when varying salt nature following this trend PF6 > BF4 = SO3CF3 > AsF6 > ClO4. Based on XPS investigation, they correlated the increase in Rint to a lower LiF content in passivation layer. Similar correlation between Rint and XPS measurement has been reported in the case of Li metal/Ionic Liquid interface, for which a LiF-rich homogenous and less resistive passivation layer is formed with FSI counter anion 215 . Consequently, SEI chemical composition drastically varies with electrolyte formulation and affects the electrode kinetic 118,214,227 . Xu et al. 204 even showed a correlation between the exchange current density (i0 ), associated with Rct (Rct = RT/zFi0) to SEI composition (Figure 28). 

Electrolyte additives and salt counter anion

Li-ion desolvation step is expected to occur at Li metal interface in the course of Li plating/stripping reaction. Boyle et al. 206 correlated the variation of Rct (measured from CV) using different Li salt anion to the change in Li-ion solvation environment by MD. They recorded higher i0 for larger anion size, thus to a lower cation desolvation energy. Besides, when varying salt nature, SEI film resistance increases whereas Rct was decreasing. The most resistive passivation layer was measured with LiAsF6 salt, that corresponds to the larger anion size of the series. Interestingly, they demonstrated that a better conducting SEI does not result in a faster electrode kinetics. Based on Raman spectroscopy and MD simulation, Wang et al. 219 proved that Li-ion charge transfer kinetics is also affected by Li + solvation/desolvation energy. They reported a decrease of Rct (measured from EIS and from current-potential curves) and Ea following the addition of 0.65 M LiNO3 in FEC: DME (3:7)-1 M LiPF6 electrolyte. They correlated electrode kinetic enhancement to the participation of NO3 -anion in Li + solvation sheath reducing Li + free solvation energy (Figure 29). Interestingly, the increase in charge transfer kinetics is coupled to a significant drops in RSEI and Ea,SEI . This result suggests that LiNO3 additives not only accelerate charge transfer kinetics but also results in a more efficient SEI. 

Electrolyte ionic conductivity

Li metal interface impedance is found significantly larger when using polymer electrolyte compared to liquid electrolyte at a given temperature. Wang et al. 222 investigated the effect of polymer electrolyte plasticization on Li interface passivation layer resistance and charge transfer kinetics. They reported a significant drop in RSEI and Rct when increasing plasticizer content. For instance, at 80°C, RSEI and Rct drops by a factor of almost two from 2.8 kΩ.cm² and 5.3 kΩ.cm² to 0.9 kΩ.cm² and 2.9 kΩ.cm² using PEO-LiTFSI-1.3 M and PEO-LiTFSI-1.3 M + x=3 TEGDME (x, being the molar ratio of TEGDME to ethylene oxide), respectively. In parallel, the polymer ionic conductivity has been increased by a factor of ca. 3 upon the addition of x=3 TEGDME. Consequently, the improvement of Li ion conductivity seems to fasten Li metal electrode kinetics. The relation between Rct and electrolyte ionic conductivity could be partly explained by the dependence of charge transfer rate to the electrolyte viscosity 206,228,229 . Indeed, Boyle et al. 206 correlated the increase of electrolyte viscosity between EC:DEC 1 M LiPF6 and PC 1 M LiPF6 to the slowing down of Li plating/stripping charge transfer reaction.

Salt concentration

Li salt concentration can influence Li metal deposition morphology 223,230 . Wang et al. 223 , demonstrated that the increase in salt concentration results in reduction of dendrite growth. They measured a larger Rct (i.e. lower exchange current density I0) with DOL:DME-6 M LiTFSI compared to lower concentrated electrolyte (1 M LiTFSI). Nojabaee et al. 136 reported a significant variation of Li metal interface impedance (accounts for both RSEI and Rct) when varying lithium triflate (LiTf) salt content in TEGDME (Figure 30). Touja et al. 231 showed that the increase of LiTFSI salt concentration from 1 M to 5 M in DOL:DME electrolyte leads to a reduction of lithium metal (uncycled cell) interface resistance, Rint, and is correlated to the formation of a more efficient SEI. Similar decrease of Rint with salt concentration was reported at Li/PC-LiClO4-x M by Aurbach and Zaban 232 . Interestingly, Wang et al. 223 monitor the evolution of Li metal interface impedance and passivation layer composition along cycling which differs with salt concentration and was found more stable in high concentrated electrolyte. Consequently, reported results on salt concentration on Li metal interface impedance are somehow contradictory. It is also the case for Li/polymer electrolyte interface as Sequieira et Hooper 233 reported decreases of Li charge transfer kinetics with LiTFSI salt concentration increase in PEO whereas Blume et al. 203 reported an opposite trend at Li/PSb-PEO interface. Consequently, Li metal interface behaviour highly depends on several parameters such as electrolyte formulation (salt nature, solvent, additives), or cycling conditions. Nevertheless, Li metal charge transfer kinetics showed some similarity with AM electrode/Electrolyte interface, especially regarding the effect of Li ion solvation/desolvation energy and the relation with electrolyte bulk ionic conductivity.

Charge transfer at Ceramic/Organic electrolyte

Based on the aforementioned discussion, new electrolyte chemistry is crucial to improve the electrochemical performance by implementing high voltage positive and Li metal negative electrodes.

Solid electrolytes

Over the last 40 years, several electrolyte chemistries have been developed 234 . For safety reason, solid electrolytes emerged as promising candidates owing their multiples advantages. Solid-state electrolytes fall into two major classes:

• organic polymers • inorganic ceramics: sulphides compounds (Li2S-P2S5), oxides (La,Li)TiO3 & LLTO, phosphates Li1+xAlxGe2-x(PO4)3 (LAGP) & Li1+xTi2-xAlx(PO4)3 (LATP) . Some solid polymer electrolytes (SPEs) offer significant advantages since they can be indefinitely tuned to fit required the electrochemical properties owing to their almost infinite combination of chemistry. As an example, block-copolymers have been developed with a specific block dedicated to the mechanical robustness and another to the ionic conductive properties 169,238 . Crosslinked polymers provide enhanced mechanical properties whereas single-ion conducting polymer offers high transference number, close to the unity 239 . They also offer an excellent mechanical stability owing to their plasticity that ensure excellent contact with electrode materials and withstand volume changes occurring during charge/discharge (electrode breathing). Their mechanical properties would allow them to buffer lithium metal dendrite growth depending on their shear modulus 173 . Polymers are also known to be easily processed with reduces fabrication costs using dry and automated processing such as extrusion. However, their low ionic conductivity 240 167 (typically 10 -5 S.cm -1 at RT) limits their practical use. Adding small quantities of organic solvent dramatically increases their ionic conductivity 241 (increased in ionic solvated motion) but to the detriment of their mechanical 242 properties and non-flammability. Finally, their narrow electrochemical stability window (less than 3.8 V vs. Li + /Li for PEO electrolyte at 80°C 236 ) remains an addition impediment to their application.

Conversely, inorganic ceramic electrolytes (CE) have several advantages such as the thermal stability and reasonable ionic conductivity. Theoretically, some ceramics could be stable at high potential enabling the use of high voltage positive electrode but are unstable a low potential which limits the use of Li metal electrode 243 . Furthermore, since inorganic ceramic electrolytes are solid, they are non-flammable increasing the battery safety. To date, some CE types (sulphides some doped phosphates-based ceramic) provide ionic conductivity approaching the one of liquid, > 10 -3 S.cm -1 at room temperature 244 154, 245 . However, the numerous advantages of CE are counterbalanced with several issues related to their mechanical properties far from ideal compared to SPEs due to their brittle nature that prevents smooth and intimate contacts with electrode. In addition, ceramic elaboration and shaping require, generally, high pressure and high temperature environment which is another hindrance to their application.

To date, none of the developed solid electrolytes can fulfil the required criteria in Li battery meaning i) sufficient ionic conductivity, ii) large electrochemical stability window compatible with electrode materials (high and low potential), iii) high mechanical properties to maintain good contact with electrode while avoiding both pulverization of the composite electrode and dendrite growth. In contrast, each type of solid electrolytes offers the properties that the others lack calling for composite electrolytes. The latter have therefore come to light as a possible solution combining the mechanical properties of SPEs and the high ionic conductivity of CEs.

Composite electrolytes

At first, the composite electrolyte strategy consisted in introducing a non-conducting ceramic particle (e.g., SiO2, Al2O3, TiO2) into SPE to increase the overall ionic conductivity of the composite SPE at room temperature 241,246,247 . The approach relies then on mitigating the polymer crystallinity, allowing better Li + transport through the amorphous matrix. Despite a slight improvement of the ionic conductivity, the results were not yet satisfactory to reach a breakthrough 246 . Following the same strategy, Li + conducting ceramic material (e.g. NASICON, garnet…) were added to a polymer matrix to reach a higher ionic conductivity owing to an enhancement of lithium transport properties between both materials 248 . In such composite electrolyte, Li ion transport is, theoretically 249 , allowed in both conductive phases i) inside the polymer matrix, or ii) through ceramic particles percolation network and alternatively through iii) ceramic particles and polymer phase via Li ion transfer process occurring at SPE/CE interfaces, as illustrated Figure 31. To date, results about the Li-ion transport in those composite electrolytes are scattered and the underlying Li ion transport mechanism is still not fully understood. Chen et al. 248 reported an increase in ionic conductivity upon addition of up to 10 wt.% LLZTaO to PEO-LiTFSI (from 0.5 × 10 -4 to 1.2 × 10 -4 S.cm -1 , at room temperature) followed by a decrease in ionic conductivity with higher ceramic content, whereas other research groups reported a continuous decrease in ionic conductivity upon addition of a garnet ceramic particles to a PEO electrolyte 250,251 . A possible explanation may be due to a high cation transfer/transport resistance at the SPE/CE interface 252 and related to composite engineering. Isaac et al. 253 demonstrated that ceramic particles microstructure plays a critical role. Indeed, aggregated ionic-conductive ceramic particles dispersed in an electrolyte media behaved like insulting particles due to huge grain boundary resistance (i.e. blocking aggregates). However, when using dense and well dispersed ionic conductive ceramic particles, composite bulk ionic conductivity could be improved to a certain extent depending on ceramic content. Several groups proposed to tune the composite morphology to limit the number of polymer/ceramic interfaces a Li ion should cross [254][255][256][257][258] .

In addition, composite electrolyte concept includes also i) a solid ionic conductive electrolyte layer acting as an ion-selective membrane between two liquid electrolyte compartments (anolyte and catholyte), and ii) multilayer cell assembly that used thin solid electrolyte protective layers (often polymeric) at electrode interface. The use of solid electrolyte membrane allows to mitigate detrimental chemical cross talk observed in several battery technologies. However, whatever the systems considered; using ceramic electrolyte solid separator or polymeric protective layers; the interfacial resistance related to the ionic transport/transfer reaction might be detrimental and should be thoroughly investigated.

Charge transfer kinetics at Ceramic/Electrolyte interface

The ionic transport/transfer reaction at the interface CE/OE (organic electrolyte) is related to an interfacial resistance referred as Rit. This notation differs from the previous notation Rct that described the interfacial resistance of an electrochemical reaction (coupled ionic and electronic charge transfer reaction). Herein, we used a separate notation in the case of ionic transfer reaction at CE/OE, even if there might be some similarities in the dependencies of Rit and Rct, especially regarding the ionic transfer step that is common for both CE/OE and Electrode/OE interfaces. This bibliographic subpart attempts to highlight the similarities and differences between these two different types of organic/inorganic interfaces.

Voïnov and Tannenberger 259 were the first to investigate the ionic transfer/transport reaction kinetics at the interface between a solid ionic conductor electrolyte and an organic electrolyte in 1970s. Later, liquid electrolyte (LE)/CE interfaces have been thoroughly studied by the group of Ogumi 49,53,260,261 using EIS. They developed a special electrochemical set up relying on 4-electrodes, displayed in Figure 32 that allows the suppression of Li/LE interface so that the LE/CE impedance contribution can be better investigated 49 . Other methods exist to probe LE/CE interface such as direct current technique (DC) 262 .

Figure 32. Four-electrodes cell for AC impedance spectroscopy developed to measure ionic transfer kinetics at ceramic/electrolyte interface. Reprinted from ref. 49 .

Figure 33.

Ea of ionic charge transfer between ceramic and electrolyte from literature data. ref. 51,260 . 49, 52-54, 93, 263-268 .

Figure 34. Rit for ionic transfer between ceramic and electrolyte from literature data recorded at room temperature or at 80°C (*) or 70°C (**) ref. 51,260 . 49, 52-54, 93, 262-273 .

Rit and Ea data from literature appear scattered even for similar chemistries (Figure 33). Nevertheless, in the case of LE/CE, the 4-electrode impedance method provides a rather accurate estimation of Rit. However, in the case of SPE, measurements are generally made with 2-electrode configuration as it is challenging to introduce reference electrode within the thin SPE layer. Additionally, the intimate contact between each material layers composing the allsolid-state cell is a complicated task and several strategies have been proposed to prevent SPE/CE detrimental contact losses. The group of Dudney 274,275 showed that the SPE/CE interface properties are strongly influenced by the cell assembly method as they compared two SPE/CE/SPE multilayer fabrication processes: i) polymer on ceramic and ii) ceramic on polymer. They showed that the interfacial resistance drops significantly when the ceramic (LIPON) was directly sputtered onto the polymer layer rather than the polymer spin-coated onto LIPON surface. It was also noted that depending on the mechanical properties of the polymer used, wrinkling of the organic layer was observed affecting the interfacial contact. Finally, another difficulty comes from the interpretation of the impedance spectra in a 2-electrodes configuration, because cell impedance analysis is not straightforward due to the frequency superposition of Electrode/polymer interface 266 .

Consequently, in Chapter 2, we will thoroughly investigate the effect of cell assembly protocol (sample preparation) and configuration (type of electrode) on the resulting Rit and Ea measured at Ceramic/Electrolyte.

Reproducibility

Schleutker et al. 270 reported ca. 7-times larger Rct at LLZTO/EC:DMC -1M LiFP6 compared to the work of Lui et al. 271 . Even in two publications from a same group, we noticed some difference between Ea and Rit. For instance, the group of Ogumi reported Ea and Rit at LLTO/PC-1M LiTFSI equal to 0.58 eV and 6310 Ω.cm² and 0.58 eV and 6700 Ω.cm² in ref 49 and ref 51 , respectively. However, in the case of solid polymer electrolyte, Rit between polyethylene oxide (PEO) and NASICON ceramics varies between 2.5 kΩ.cm 2 and 50 kΩ.cm 2 at 20°C 276, 277 .

Ceramic material

In Figure 33, Abe et al. 49 reported Ea and Rit of 0.59 eV and 63 Ω.cm² at LICGC interface (LATP-like ceramic) and 0.58 eV and 6310 Ω.cm² at LLTO interface using PC -1 M LiTFSI electrolyte. It seems that, the ceramic material has a rather limited influence on Ea since the energetic barrier is mainly due Li-ion desolvation step in the liquid electrolyte. However, ceramic material drastically impacts Rit and thus may affect Li-ion transfer kinetics rather than the mechanism of the reaction. Overall, NASICON-type structure provides the lowest Rit 262, 267 , while LLTO based ceramics show the largest resistance 270 . Nevertheless, due to the lack of systematic study on CE/Electrolyte interface, it is difficult to understand the effect of ceramic nature on Li ion transfer resistance. However, this study is of utmost importance to get knowledge on the effect of electrode passivation layer chemistry on electrode interface kinetics.

Electrolyte nature

Based on the numerous publications of Ogumi's group, Ea of ion transfer at Ceramic/organic electrolyte interface depends on electrolyte formulation/solvent nature. Using liquid electrolyte in contact with an LATP-like ceramic (LICGC), Abe et al. 49 reported a variation of Ea as a function of the solvent nature Ea(FEC) < Ea(PC) < Ea(DMSO) doped with 1 M LiTFSI. Interestingly, this Ea evolution corresponds to electrolyte Gutmann donor number (DN) variation (DN(FEC)=9.1 < DN(PC) =15.1< DN(DMSO)=29.8) 278,279 . Consequently, electrolyte solvation ability influences ion charge transfer kinetics at Ceramic/Organic electrolyte interface. Yamada et al. 280 correlated the increase of Ea, at LLTO/EC:DMC-1 M LiClO4 interface when DMC/EC ratio decreased, to the variation of Li ion solvation sheath composition using Raman spectroscopy. Subsequently, question arises whether Li ion desolvation and solvation have the same energetic barrier. Some groups studied the variation of Ea and Rit at CE/LE interface, when varying the "direction" of Li-ion flux, i.e. in or out of CE 53,262,270 . They found that de-solvation step (in CE) results in a larger energetic barrier than the solvation step (out from CE) 53 . However, in the case of Na + conductive ceramic interface, the effect of electrolyte solvation ability does not explain the variation of Ea when varying electrolyte solvent nature 259 260 . At ß-alumina and NASICON ceramic interface, Sagane et al. 260 reported lower Ea using DMSO-0.05 M NaTf than using PC-0.05 M NaTf showing that ion transfer rate limitation may also depends on the type of cation transferred and/or the nature of ceramic material. Additionally, Ea measured at LLTO and using ionic liquid (IL) interface such as 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) were found lower than the one measured using organic liquid electrolytes (either EC:DMC or PC based) 54,84 . However, ionic liquids are only formed by ions with the coexistence of single ions, neutral doublet, ionic triplet, etc, thus, ionic liquids desolvation energy is expected to be larger than that of carbonate electrolyte. Indeed, Kühnel and Balducci 281 showed that Li ion desolvation energy drastically increases when shifting from PC electrolyte to PYR14 based ionic liquid electrolyte. Consequently, ion desolvation rate control of ceramic/electrolyte interface appears no longer valid when it comes to ionic liquids.

In short, the ion de/solvation kinetic control at CE/OE interface explains Ea variations in the case of Li-ion conductive ceramic and carbonate based liquid electrolyte. This finding is further supported by comparable Ea reported at ceramic and electrode interface using a similar electrolyte. For instance, Ea of 0.55 eV, 0.52 eV and 0.66 eV was reported by Yamada et al. 282 at LLTO, at LMO(4.2 V vs. Li + /Li) 62 interface and LTO interface 90 with PC-1 M LiClO4 electrolyte, respectively. Interestingly, the corresponding Rit were of the same order of magnitude ca. 10 3 Ω.cm² for the three precited cases. This suggests that Li ion transfer step might be rate limiting compared to the electronic transfer at Electrode/Electrolyte interface.

In the case of SPE, Ea and Rit are generally higher (up to 3 order of magnitude) than those measured when using liquid electrolytes. Thus, as the bulk ionic conductivity varies drastically between liquids and polymers, one can wonder, if the Li ion transport energy can have an impact on CE/Electrolyte kinetics. At LICGC interface (25°C), Rit increases by a factor of 30 between PC-1 M LiTFSI and PEO-1 M LiTFSI while the electrolyte bulk ionic conductivity is divided by 50. Thus, the magnitude in Rit is similar as that of the electrolyte conductivity. Additionally, Chen et al. 277 reported the effect of polymer plasticizer on the interfacial resistance between polyethylene oxide (PEO) and a commercially available LICGC 283 . In their work, the addition of TEGDME (atomic ratio [EO]: [Li + ]:[TEGDME] =16:1:2) or DMC ([Li + ]:[DMC] = 1:10; 5.4 wt%) into a PEO-LiCF3SO3 polymer electrolyte resulted in a sharp drop in the interfacial resistance of 20 % and 92 %, respectively. The authors ascribed this sharp decrease to the beneficial effect of the plasticizer that facilitates ion transport and Li cation desolvation from PEO near the ceramic interface.

Moreover, Li ion solvation energy should evolve when electrolyte varies from liquid to solid polymer electrolyte. But, in contrast to liquid electrolytes, polymer electrolyte donor number and solvability are barely reported. This lack of data can be partly explained by the experimental complexity related to their measurement or calculation (e.g. DFT calculation limitation due to large number of atoms per molecule 284 ). In a same approach, it would be interesting to find an equivalent parameter as Li ion solvation-desolvation energy in the case of solid ionic phases (ceramic and electrode active material).

Salt concentration and counter anion nature

A recent review from Janek et al. 285 highlighted a dispersion in Rit variation with salt concentration. The group of Srinivasan 262 reported that the resistance at the interface between LICGC (LATP-type) ceramic and EC:DEC (LiPF6) does not change when LiPF6 concentration varies from 1 M to 0.25 M. Recently, Gupta et al. 286 reported a decrease followed by an increase, of Rit at PEO/LLZTO interface when varying LiTFSI salt concentrations from 0.8 to 4.0 M, the lowest value being obtained at 1.5 M, above Rit further increases which is ascribed to salt precipitation in PEO at the ceramic surface hindering the charge transfer process. However, this concentration value is rather low compared to reported LiTFSI solubility limit in PEO that is close to 4.4 M 287, 288 . On the contrary, Schleutker et al. 270 and Brogioli et al. 273 reported a power law dependency of Rit at EC:DMC/LLZTO and PEO/LLZO:Al in lower concentration range, typically below 10 mM and 25 mM, respectively but at higher lithium salt concentration, Rit is reaching a plateau. Brogioli et al. 273 attributed this transition regime to the presence of a space charge layer at ceramic/electrolyte behaving like a Schottky barrier. In contrast, in the case of an EC:DMC:LiPF6: LLZO:Ta/interface, Schleutker et al. 270 interpreted the transition regime as an additional interfacial resistance due to the presence of an interphase at LLZO surface in Figure 35. Using LICGC ceramic and PEO-LiTFSI doped electrolyte, Issac et al. 266 recently reported a similar power law dependency of Rit to salt concentration over concentration range of 10 -3 to 2 M. Interestingly, Ea was found stable with polymer salt content which may suggest that CE/PEO ionic transfer mechanism (rate limiting step) does not vary with salt content and/or that salt concentration does not impact Li ion desolvation energy, in a desolvation rate control. Regarding the effect of salt nature, Sagane et al. 51 reported a limited variation of Ea/ Rit using two different salts at LLTO/PC-1 M LiX with 0.55 eV/6700 Ω.cm², and 0.55 eV/5011 Ω.cm², for LiTFSI and LiClO4, respectively. In the case of LICGC interface, Rit decreases from 508 Ω.cm² to 200 Ω.cm² when using DMSO-1 M LiPF6 262 and DMSO-1 M LiTFSI 49 electrolyte, respectively. This invariance of Ea to Li counter anion nature may suggests that ionic transfer mechanism is not affected.

Surface film and ceramic surface reactivity

Busche et al. 267 recently reported the formation of an interphase at the interface between ether based electrolyte (1 M LiTFSI in DOL:DME) and LAGP ceramic and referred this as a Solid Liquid Electrolyte Interphase (SLEI). From depth-profiling analysis (XPS combined to ToF-SIMS), they reported the formation of a 3D-resistive interphase made of decomposition products of ceramic, solvent and salt (LiF -, CO3 -, etc.). Thus, they correlated the time evolution of interfacial resistance at LAGP/DOL:DME -1 M LiTFSI (that accounts for Rit and RSLEI) to the growth of the interphase. The presence of water (ca. 1000 ppm) in the liquid electrolyte was found to significantly affect the resulting interfacial resistance and its time evolution. The authors also 267 reported similar formation of SLEI using different nature of ceramic material such as LICGC and LIPON. However, the temporal evolution of CE/DOL:DME-1 M LiTFSI interface resistance and the effect of water impurities on it varies with CE material 269 .

The chemical reactivity between the ceramic and the electrolyte might be caused by different driving forces:

• The possible dissolution of solid ionic conductor, i.e. ceramic plate, in the liquid electrolyte (chemical potential gradient and balance between lattice formation and ion solvation energy), • The formation of a local electrified field at the interface that results from specific adsorption of charged species and can promote degradation reaction (as illustrated in Figure 36) • The strong Lewis acidity of ceramic surface chemical element (such as Al 3+ , Ge 4+ in the case of LAGP). Thus, it is difficult to conclude on the chemical reaction at the ceramic/electrolyte interface on the ionic transfer kinetics since very few publications investigated the effect of ceramic surface composition and morphology on Rit and Ea. Gupta et al. 272 reported a significant drop in LLZTO/PEO resistance when removing native superficial layer (Li2CO3) on LLZO surface.

Consequently, the evidence of the formation of an interphase on ceramic surface, may challenge the previous discussion on CE/Electrolyte. For instance, the variation of Ea recorded when varying electrolyte solvent may result from the variation of ceramic interphase chemistry and properties making difficult to draw any conclusion. 

Effect of current density

To date, most of the publications dealing with Rit and Ea reported them at equilibrium. Very few investigated the behaviour of CE/Electrolyte interface under polarization 53,262 . Sagane et al. 53 measured Rit at LICGC/PC-1 M LiClO4 in a 4-electrode cell and was found stable when varying cell current density. Similarly, Mehotra et al. 262 reported a linear variation of LICGC/EC:DEC (1 M LiPF6) interface resistance with applied current density.

Based on the bibliographic study, we clearly identified some similarities between these three types of organic/inorganic interface (AM Electrode/Electrolyte, Lithium metal/Electrolyte and Ceramic/Electrolyte). Regardless, the type of interface considered, Li-ion desolvation appears to play a significant role in charge transfer/ionic transfer energetic barrier and may suggest that Li ion transfer is rate limiting step. Furthermore, interfacial kinetics highly depends on the chemical composition of passivation film which is function of electrolyte composition.

Charge transfer modelling

In the case of AM/electrolyte interface, the electrochemical charge transfer reaction is usually modelled by Butler-Volmer equation 289,290 . Historically, this equation (and Erdey-Grúz 291 ) 292-295 explains the exponential dependence of the electrode exchange current density with the electrode overpotential discovered by Tafel 296 and it is inspired by fundamental arguments from electrons transfer transition state theory 297 . Based on the electrochemical equation reaction (Equation (1)and ( 2)) occurring at electrode AM surface, Butler-Volmer model forecasts a simple mathematical expression of the charge transfer current density as function of each interfacial reactant concentration and electrode potential. In the case of the initial presence of both electrochemical species with no transport limitation (the interfacial concentration corresponds to the species bulk concentration), the faradic current density can be simplified in the charge transfer current density as in Equation (4):

𝒊 𝒕 = 𝒊 𝟎 (𝒆 𝜶 𝟎 𝑭 𝑹𝑻 𝜼 -𝒆 -𝜶 𝑹 𝑭 𝑹𝑻 𝜼 ) (4) 
With 𝜼 = 𝑬 -𝑬 𝒆𝒒 , the electrode polarization (also referred as overpotential), which corresponds to the electrode relative potential to the electrode equilibrium potential 𝐸 𝑒𝑞 of the electrochemical reaction given by Nernst equation and, i0 the exchange current density: For Li ion insertion reaction, assuming a solid solution, we can define for the AM the fraction of inserted Li + 𝒙 𝑳𝒊 relative to the maximum filling rate, 𝒙 𝒎𝒂𝒙 289, 298 and the exchange current density defined in Equation ( 5) can be expressed as:.

𝒊 𝟎 =
𝒊 𝟎 = 𝒏𝑭𝒌°(𝒙 𝑳𝒊 ) 𝜶 𝑹 ((𝒙 𝒎𝒂𝒙 -𝒙 𝑳𝒊 )𝑪 * 𝑳𝒊+ ) 𝜶 𝟎 (6) 
Li ion transfer kinetics results in the building-up of 𝑅 𝑐𝑡 , which adds up to the total cell resistance. Rct resistance (Equation (7)) is defined according to:

𝑹 𝒄𝒕 = 𝟏 𝝏𝒊 𝒕 𝝏𝑬 (7) 
In this small polarization assumption, the charge transfer current density is directly proportional to the polarization and the charge transfer resistance is given by:

𝑹 𝒄𝒕 = 𝑹𝑻 𝒏𝑭𝒊 𝟎 = 𝑹𝑻 𝒏²𝑭²𝒌°(𝒙 𝑳𝒊 ) 𝜶 𝑹 ((𝒙 𝒎𝒂𝒙 -𝒙 𝑳𝒊 )𝑪 * 𝑳𝒊+ ) 𝜶 𝟎 (8)
Consequently, the charge transfer kinetics described by Rct (Equation ( 8)) and it should vary as a function of both electrode overpotential, electrolyte free Li-ion concentration and electrode surface composition. In the literature, Rct-electrolyte concentration dependency has been demonstrated several times 88,119 whereas the studies of Rct-overpotential and electrode composition dependency were found more delicate to prove.

Additionally, reaction kinetic constants k° defined in Equation ( 5) is thermally activated and follows an Arrhenius law with an activation energy, Ea. As a result, Rct follows a similar law according to the Equation (9):

𝟏 𝑹 𝒄𝒕 = 𝑨 𝒆 -𝑬 𝒂 𝑹𝑻 (9) 
The activation energy, Ea is an additional parameter that describes the level of the energetic barrier related to ionic transfer. The Ea values is often examined in literature and allow to discuss charge transfer mechanism as discussed in the Chapter 1.

This theoretical Butler-Volmer model was largely used to describe the electrochemical reaction between an ideal planar metal electrode and ionic species dissolved in an electrolyte 5,[299][300][301] . Unfortunately, during cycling (or soaking), the presence of passivation layers (ionic conductor, electronic insulator) at AM electrode surface complexify the understanding the charge transfer mechanism at AM/Electrolyte. Therefore, we question to what extent the Butler-Volmer model can describe charge transfer reaction occurring at the electrode/electrolyte interface in conventional electrode for Li-ion battery. The observation of a common cationic (Li + ) charge transfer reaction at AM/electrolyte and Ceramic/Organic electrolyte pushes researchers to use a the Butler-Volmer model to describe the ionic charge transfer reaction occurring at the ceramic/electrolyte 49 . In addition, the study of ceramic/electrolyte interface can be viewed as model AM interphase/electrolyte study which would allow to better understand the role of EEI in the overall charge transfer mechanism at AM/Electrolyte. Finally, the comparative study of ceramic/organic electrolyte and AM/electrolyte interfaces, allows to discuss the kinetics limitation related to the ionic and/or electronic charge transfer reaction at AM/Electrolyte interface.

Comparative study on charge transfer mechanism

Despite the complexity in identifying the relevant governing parameters to describe the charge transfer reaction at organic/inorganic interface, some authors attempted to describe some using kinetic models.

a. Electrode materials

According to the pioneer work of Newman 289 and Levi et al. 302 , Li ion insertion/desinsertion reaction at electrode/electrolyte can be described following the Butler-Volmer kinetic model 289 . This model forecasts an exponential dependency of Rct to electrode potential and a power law dependency to electroactive species interfacial concentration. Therefore, to assess the validity of Butler-Volmer model, researcher generally monitor the variation of Rct with electrode potential (i.e. electrode lithium content) and electrolyte salt concentration (CLi) and confront their experimental data to the model 303,304 . Figure 37a displays Rct-potential curves at several electrode/electrolyte interface. The choice of the potential, for the representation, instead of lithium content (xLi) is motivated by the fact that xLi calculation is always questionable. At first glance in Figure 37a, Rct varies with electrode material and electrolyte formulation, and even for similar electrode and electrolyte couple, the shape of Rct-potential curve differs. The discrepancy likely originates from the poor reproducibility of Rct measurement due to its high sensibility to CEI composition (solvent composition, impurities, cell ageing, etc.) and on the type of experimental method used (EIS, CV, etc.). Nevertheless, some reported data are in good agreement with the prediction of Butler-Volmer model as witnessed in Figure 37b that shows an almost perfect fit between the model and the experimental data for LCO/PC-1 M LiClO4. Additionally, fitting of Rct-potential and Rct-CLi curves provide information on other parameters such as i0, k0 and α, exchange current density, reaction rate constant and symmetry factor, respectively. For instance, Chekushkin et al. 57 reported a transfer coefficient of 0.4 and reaction rate constant of 2.10 -8 cm.s -1 at LCO/PC-1 M LiClO4.

Butler-Volmer model 289 well described the experimental current-potential curve of LFP 305 306 electrode interface (using EC:DEC 1 M LiPF6 electrode with transfer coefficient equal to 0.45 and j0 equal to 0.17 mA.cm -2 ) and was generalised to electrode undergoing phase transformation along with charge transfer reaction.

However, some recent works reported non-adequacy between Butler-Volmer model and Rct-potential curves or current-potential curves which motivates some modifications of the model and questions the nature of the RDS. For instance, Zhang et al. 307 proposed an empirical SOC-dependent charge transfer coefficient to accurately describe the potential profile of LCO/Li cell in charge and in discharge using EC:PC:EMC:DEC 1 M LiPF6 electrolyte. They reported a decrease of charge transfer coefficient with LCO electrode SOC suggesting that Li ion insertion becomes kinetically favourable during discharge. Similarly, Hess et al. 308 showed that the variation of charge transfer overpotential (ohmic drop resulting from Rct) with Li content at LCO/EC:DEC 1 M LiPF6 does not obey to classical Butler-Volmer model. Instead, they modified Butler-Volmer model and introduced SOC-dependent symmetry factor and rate constant. Transfer coefficient is proportional to the square root of electrode lithium content, in agreement with the work of Zhang et al. 307 .Lai and Ciucci 309 revisited Li insertion kinetics model using porous electrode theory 289,310 and proposed an advanced expression of charge transfer current density with variable symmetry factor as function of the potential. In the case of solid-state batteries, Landstorfer et al. 311 used other model to describe coupled ionic and electronic charge transfer reaction at LCO/LLZO interface. 62 , [2] 312 [3] 57 [4] 95 [5] 96 [6] 313 [7] 314 [8] 104 [9] 77 [10] 70,239 [11] 105 [12] 33 [13] 98 [14] 99 [15] 73 [16] 102 and [17] 103 and e)Illustration of Rct-E curve fitting with Butler-Volmer model. Reprinted from ref. 57 .

Experimental deviations from Butler-Volmer behaviour motivates researcher to find alternative model such as Marcus-Hush-Chidsey (MHC) electronic transfer model 315,316 . Marcus-Hush-Chidsey model 315, 317-321 was first introduced to describe microscopic electronic charge transfer in the case of homogenous bulk reaction such as the reduction of 2-nitropropane in acetonitrile 322 prior to be generalised to heterogenous electrode reaction 323 . MHC model can account for potential dependence of symmetry factor and curved Tafel slope that has been reported experimentally and cannot be described by Butler-Volmer model. The fundamental assumption of MHC model is that charge transfer kinetics is dominated by the reorganisation of electronic density of states (DOS) of reactants and products in the adjacent layer. More precisely, as a result of electron transfer, reactants and products are carrying different charge and thus their vibration modes and interactions with their surroundings (solvent, host structure etc…) differ. This modification in active species DOS, is also referred as molecular reorganisation energy and corresponds, in chemical bound harmonic oscillator model, to the deformation of the "parabolic" free energy vs chemical coordinate along successive charge transfer/Li ion insertion. During Li ion insertion/desinsertion reaction, structural rearrangement of the lattice is generated and linked to TM oxide state changes, justifying the use of MHC model. Consequently, MHC model is required to described current-potential curve for larger overpotential values. In addition, Chekushkin et al. 57 showed that Butler-Volmer model or MHC models use to described Rct-potential curve depend on electrode and electrolyte materials. They showed that Rct measured at LCO/PC interface obeys to Butler-Volmer model, whereas the one measured at LCO/water and LMO/EC:DEC deviated from it. The authors concluded that RDS is shifted from a charge transfer kinetics control at LCO/PC to a mix or a direct control of desolvation step kinetics to LCO/water and LMO/EC: DEC interfaces. However, MHC model do not provide an analytical solution to describe Rct vs potential, which limits its further application.

b. Li metal electrode

In the case of Lithium metal/Electrolyte interface, due to the presence of the passivation layer, the direct electron transfer from the electrode to Li cation in the electrolyte is not possible. The first model proposed to describe the lithium metal plating/stripping reaction were inspired by other metal electrodeposition reaction such as silver or zinc 324 . Peled et al. 180 proposed a charge transfer mechanism involving three steps:

• An electronic transfer from Li metal to SEI inner layer • A migration step (t + = 1) of the produced cation species through the inner layer towards the outer layer • A cation is finally transferred to the electrolyte (ionic transfer). The cationic migration in SEI is allowed thanks to defects such as vacancies. Recently, two different Li cationic migration mechanism in SEI porous outer layer and Li2CO3-based dense inner layer was evaluated by TOF-SIMS 194 from 6 Li/ 7 Li isotope concentration profile of Li + diffusion and migration. Similarly, to AM insertion Electrode/Electrolyte interface, all these three different steps might be the RDS. To date, it is largely accepted that the cationic species migration through SEI is the RDS due to the linear behaviour of Li metal interface resistance with polarization 180 . Additionally, the reported Ea for the SEI in Figure 26a is in a range of 0.6-0.9 eV is close to the energetic barrier of Li migration in LiF, Li2O and in Li2CO3, 0.60 eV, 0.58 eV and 0.77 eV, respectively 325,326 , which supports Li migration as RDS. However, Li metal plating/stripping RDS is still unclear due to the debate on the location of the ionic and electronic charge transfer 203 . Indeed, some authors indicated that electronic transfer from the metal anode to the ionic species in the electrolyte was possible via a tunnelling conduction on condition of a thin SEI film 180,327 . To date, Butler-Volmer model, that assumes an electron transfer rate limitation, is still used as the reference model to describe Li metal deposition and dissolution reaction kinetics 212,294 206 showed that Marcus-Hush-Chidsey (MHC) model perfectly described current-potential curve recorded at Li metal freshly deposited in EC:DEC 1 M LiPF6 using an ultramicroelectrode. More precisely, in their work, the reorganisation energy corresponds to solvent reorganisation energy resulting from the change in Li ion environment and Li-metal adatom state at Li metal surface. However, in the case of a metal electrode where the electronic density of state should not evolve along Li metal plating and stripping, we can question the relevance of the utilisation of such model 331 .

c. Ceramic electrolyte

Ionic transfer mechanism at Ceramic/Organic electrolyte interface has been investigated generally based on the direct transposition of electrode/electrolyte model and assuming that ionic transfer step is the RDS. Similar approach have been adopted by Girault et al. 332 to study the ionic transfer between two immiscible liquids [333][334][335] . Owing to the power law dependency of Rit with salt concentration recorded in a certain concentration range at LLZTO/EC:DMC, Scheleutker et al. 270 proposed a Butler-Volmer-like kinetic law to describe the ionic charge transfer reaction. In the case of LLZO/PEO (LiTFSI) interface, Brogioli et al. 273 provides a kinetic model of Li + ion transfer that is driven by the interfacial space charge effect 273 . Similarly, Schleutker et al. 270 assigned to space charge effect the Rit threshold plateau recorded at high salt concentration at LLZTO/EC:DMC. At high concentration, space charge layer formed on either side of the interface between the organic and inorganic materials acts as a Schottky barrier which limits ionic transfer kinetics. However, in the literature, reported results on the influence of salt concentration on Rit at Ceramic/organic electrolyte are very dispersed and even contradictory 285 and does not allow to draw conclusive statement on ionic transfer kinetic rate limitation. Nevertheless, to get further insights, the variation of Rit with ceramic surface polarization or with current density was investigated. Mehrotra et al. 262 and Sagane et al. 53 , Rit measured at LiCGC/Carbonate based electrolyte showed a linear behaviour as a function of current density which is consistent with Butler Volmer model in small polarization domains.

Conclusion, thesis objectives and strategy

As discussed, the control of the surfaces/interfaces and their evolution during battery cycling remains a key challenge. This thesis aims to better understand the organic (liquid electrolyte, polymer electrolyte)/inorganic (insertion compound or metallic electrodes, ceramic) interfaces and determine the impact of some relevant parameters that affect the kinetics. In this context, the thesis is divided into five different chapters as followed.

Chapter 1 introduced Li-ion batteries working principle and their limitations that motives the shift from liquid to solid electrolyte. Employing a novel electrolyte is conditioned by the fundamental understanding of the transport properties (sigma, DLi, t + ) in the electrolyte itself, as well as its electrochemical properties which implies to thoroughly probe the organic/inorganic interfaces. The investigation of the state-of-the-art showed that whatever the organic/inorganic interfaces studied, the results are scattered leading to poor data interpretation and correlation. Those dispersion can be, partially, ascribed to the methodology employed calling for an adapted methodology to investigate each type of organic/inorganic interface. A better methodology coupled to a careful investigation of the parameters controlling the charge transfer mechanisms at the interface between organic electrolyte and Ceramic, AM insertion electrode and Lithium metal is entry point for the chapter 2, 3 and 4, respectively. Those three types of interfaces may appear different at first sight, but an important similarity is that all relies on an ionic charge transfer (Li + ).

Chapter 2 focuses on the thorough investigation of Li-ion transfer mechanism at the ceramic/organic electrolyte interface (CE/OE) with relevant parameters controlling it. A novel methodology is proposed to properly monitor the interfacial ionic transfer resistance. Once established, we will demonstrate the impact of the ceramic surface composition on the resulting CE/OE interface kinetics and how to control it. Finally, and based on the results obtained at equilibrium, the kinetics at ceramic/organic electrolyte interface under polarization will be investigated to complete the knowledge gained on this CE/OE interface.

Chapter 3 is dedicated to the investigation of AM Electrode/OE using NCA and NMC electroactive materials. First, a comprehensive evaluation of Li-ion transport properties inside the electroactive materials and composite electrodes is proposed, followed by the implementation of a novel methodology. Then, several parameters known to affect the Li-ion transport kinetics inside the electrode have been tested and we identified parameters relevant to cell rate performance limitation. As understanding kinetics parameters is generally time consuming, as the methods are rather long and outdated, we propose here a novel approach relying on impedance spectroscopy which allows investigating the composite electrode interface kinetics. We were able to follow the evolution of charge transfer resistance at AM/OE interface when varying electrode state of charge (SOC) and proposed a kinetic model.

Chapter 4 deals with the investigation of Li metal/OE interface and more specifically with the understanding of Li metal deposition and dissolution reaction kinetics. Herein, we proposed a method which provides access to Li metal interface charge transfer resistance and tested the parameters known to influence the kinetics, i.e. salt concentration, electrode potential and temperature. The outcome allows to debate on Li metal interface modelling.

Chapter 5 summarizes the thesis and the three types of Organic/Inorganic electrolytes interfaces investigated showing difference and similarities among them. The chapter ends with a kinetic model depicting the charge transfer reaction at the Organic/Inorganic electrolytes. Guidelines on the selection of AM/surface chemistry/morphology/elaboration process combinations and the chemistry of the polymer electrolytes will be drawn. An overview of the thesis is depicted in the following Figure 38. 

Introduction

Based on the state-of-the-art, it seems difficult to conclude on the parameters governing the charge transfer and transport through the ceramic electrolyte/organic electrolyte (CE/OE) interface. It is even more challenging for ceramic electrolyte/solid polymer electrolyte interface (CE/SPE) for which only few studies are to date reported. The dispersion in interfacial resistance may be partly explained by the method used to probe the interfacial charge transfer resistance, Rct. This chapter proposes the development of a robust experimental method 1 based on electrochemical impedance spectroscopy (EIS) to specifically probe Li-ion transfer kinetics at CE/OE interface and more specifically at CE/SPE. Thanks to our method, we probe series of electrolytes and ceramic couples while measuring Rit to correlate the electrolyte physical properties and the interfacial kinetics. For sake of clarity, the analyses presented in the first part are performed at equilibrium while the last part of the chapter focuses on the evolution of the (CE/OE) interfacial resistance under polarization.

Experimental methods

Materials elaboration

The strategy adopted in this chapter relies on the variation of ceramic/electrolyte couples. Depending on the electrolyte type, the elaboration protocol varies, and is detailed in the section below. All chemical products used are stored in an Argon filled glovebox (H2O, O2 ˂ 1 ppm) to limit the pollution of the material especially related to their hygroscopicity.

Solid polymer electrolytes

Solid polymer electrolyte (SPE) chemistries used in this study are listed in Table 1 along with their specifications. Except single ion-based polymer electrolyte which is elaborated by ICR (Institut de Chimie Radicalaire, Aix-Marseille Univ.) and OS that are commercially purchased, all others SPE are elaborated by mixing commercial polymer powder with a precise amount of lithium salt following two different protocols, described below.

Lithium Bis(trifluoromethane)sulfonimide (LiTFSI, Solvay), lithium difluoro(oxalato)borate (LiDBOF, Solvay), lithium 4,5-dicyano-2-(trifluoromethyl) imidazole (LiTDI, Sigma-Aldrich battery grade), and lithium nitrate (LiNO3, Solvay) are used with concentration varying from 1 mM to 3 M.

➢ Solvent casting

Solvent casting is the most common technique to elaborate SPE films. First, the polymer powder is preliminary dissolved in a solvent (acetonitrile (ACN) or dimethylformamide (DMF)) prior adding the lithium salt powder. The resulting mixture is stirred for 4 h and poured into a Teflon Petri dish. The solvent is then evaporated at room temperature for several days, prior to peel off the polymer electrolyte film from the Petri dish. The resulting membrane is dried at 60°C for 24 h then transferred into the glovebox for one week.

➢ Solvent-free/dry protocol Lithium salt and polymer are first mixed by hand, then heated above the polymer melting temperature (80°C in the case of PEO) at least 4 h in an Ar filled glovebox while being frequently stirred until a homogeneous mixture is obtained. Then, the resulting mixture is hot pressed at 70°C, always in the glovebox, to obtain a membrane. The exact Li salt content was assessed by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS, PerkinElmer NexION 2000c).

Hereafter, the polymer electrolytes are denoted as Polymerx M_Dry or Polymerx M_Solvent (Solvent being the solvent used for solvent casting) depending on their elaboration protocol and with x being the salt concentration in mol.L -1 (i.e. M). When the nature of the salt is different from LiTFSI, it will be specified in supplement of the concentration (e.g. LiNO3).

Liquid electrolytes

Liquid electrolytes (LE) are obtained by mixing solvent with lithium salt in an Ar filled glovebox. The mixture (solvent + salt) is stirred for 1 h until total dissolution of the salt. The different solvents, all purchased from Sigma Aldrich, are listed in Hereafter, the different electrolyte formulations are denoted as Solventx-M with x being the salt concentration in mol.L -1 (i.e. M). Similarly, as SPE, the nature of the lithium salt will be specified when it differs from LiTFSI.

Ceramic electrolytes

We use several ceramic electrolytes that have been purchased commercially and listed in Table 3. First, the ceramics are used as received and stored in an Ar-filled glovebox prior utilization. Specific surface treatments will be employed later in the following part and discussed thereafter.

Coin cell assembly

To investigate the ionic transfer/transport across the interface between the electrolyte and the ceramic, we use symmetrical CR2032 coin cells comprising either stainless steel (SS) blocking electrodes or Li metal reversible electrodes. The idea is to separate this interfacial process by forcing Li-ions to pass through this interface in a multilayer assembly as illustrated in Figure 39. Cell assembly is performed in an Ar filled glovebox. For SS symmetric cell, a PolymerxM film is flowed directly into a Kapton-based guide ("donut" like shape) as a spacer, with defined thickness and inner diameter (from 4 mm to 12 mm), onto a 16 mm diameter SS electrode using a hot press (Specac). The goal is to achieve an intimate contact between the SPE and the SS, and to control the geometric factor (surface and thickness) of the electrolyte layer. Similar procedure is applied on the second SS spacer to obtain a symmetric stack. Then, a piece of ceramic larger than the inner diameter of the Kapton-guide used is placed between the two SPE/SS elements by gently pressing them altogether prior closing the coin cell with a crimper. For the cross-linked OS polymer, the procedure is adapted since this polymer cannot be melted (3D-network). It is, thus, pressed manually against the SS disk.

For Li symmetric cells, the assembly procedure is similar except that, beforehand, a SPE layer is laminated onto a 8 mm diameter Li electrode at 80 °C and 3 bars.

In the case of liquid electrolyte (LE), an insulating guide/spacer with variable inner diameter and 16 mm outer diameter is placed onto SS or Li electrodes to define the contact area between the ceramic and the electrolyte. Secondly, two pieces of Freudenberg polyolefin separator soaked with a liquid electrolyte are placed inside the spacer onto the electrodes prior putting a ceramic plate in-between. The coin cells are then sealed with a crimper before being taken out of the glovebox.

In general, the cells are denoted Li/OE/CE/OE/Li or SS/OE/CE/OE/SS depending on the cell assembly, where OE refers to organic electrolyte nature (solid polymer electrolyte, SPE, or liquid electrolyte, LE) and CE refers to ceramic material. In addition, Li/OE/Li and SS/OE/SS symmetric cells are also assembled to study separately the Li/OE interface and the bulk OE contributions separately.

Finally, the ionic conductivities of the ceramic are measured in Swagelok-type cells. The ceramic is first coated with a thin layer of gold (of known surface area) thanks to cathodic pulverization to ensure proper electrical contacts on the ceramic surface. These cells are denoted Au/CE/Au.

Impedance measurement

After assembly, the coin cells are taken out of the glovebox and placed in a climatic chamber (Clima Temperatur System). Each cell is then connected to a potentiostat with impedance capabilities (VMP300, BioLogic). Electrochemical Impedance Spectroscopy (EIS) is performed in the frequency range of 7 MHz down to 0.1 Hz (and down to 100 µHz for reversible Li/Li cells) using an excitation voltage in between 10 and 200 mV depending on the impedance of the cell. The use of high excitation signal enables the reduction of noise for the large impedance measurements, especially when the temperature is low, however, the linearity of the impedance response is always checked.

In the case of SPE, the climatic chamber temperature is varied from -30°C to 100°C following a temperature program:

• i) heating from room temperature (RT, 20°C) to 100°C by step of 20°C and 1 h of thermal equilibrium is performed for each temperature. • ii) cooling down to -30°C, by 5°C steps in between 100°C and 60°C, and then by 20°C steps below 60°C. • iii) heating up to 100 °C by 20°C steps. For the liquid electrolyte, similar temperature program is used but over a narrow temperature range in between 30°C to -30°C to preserve electrolyte integrity. EIS spectra are recorded after thermal stabilization of the cells, i.e. when the EIS spectra reach a steady state. The temperature is measured with a thermocouple type k located close to the cells.

EIS methodology

This chapter subpart contains excerpts from a recent publication in ACS Applied Materials & Interfaces 1 .

Data treatment

We recorded the impedance of a model SPE/CE/SPE multilayer cells using either SS or Li metal electrodes with a commercial crosslinked PEO-based electrolyte (OS) whose thickness is uniform (49 µm) and a commercial LATP-like ceramic (Oh). The aim is to demonstrate that our methodology can effectively predict the different impedance contributions from multilayer assembly properties:

• The effective ionic conductivity, bulk resistance (Rel),

• The interfacial resistance associated to the ionic transfer (Rit),

• The Li-ion diffusion contributions (Rdif).

EIS spectra analysisusing SS blocking electrodes

Figure 40a displays a typical Nyquist plot obtained at 20°C for the two reference cells SS/OS/SS and Au/Oh/Au as well as the multilayer SS/OS/Oh/OS/SS cell. For the two reference cells, the EIS spectra are composed of HF bulk electrolyte response (modelled by a resistance Rel (denoted Roh or ROS) in parallel with a constant phase element CPE) superimposed with the cable contribution (resistance (Rc) and inductance (Lc)) followed at low frequency (LF) by the capacitive behaviour caused by the blocking electrode surface (modelled by CPEblock). For the multilayer cell, there is an additional medium frequency (MF) contribution (at around 60 Hz) superimposed with the beginning of the LF capacitive behaviour. To visualize the contribution of the OS/Oh interface without the overlapping capacitive response, the LF part of the SS/OS/SS spectrum (assigned to the SS/OS capacitive response) is subtracted from the spectrum of the SS/OS/Oh/OS/SS cell (Figure 40b). A MF semi-circle appeared, with a characteristic frequency of 58 Hz, it can be fitted with a resistance in parallel with a constant phase element (Rit//CPEit). By using the electrical equivalent circuit presented in Figure 40b, we obtain an excellent adequacy between the experimental data and the model (χ 2 > 0.99).

Figure 40. a) Nyquist plots of the SS/OS/SS (grey triangles), Au/Oh/Au (blue diamonds) SS/OS/Oh/OS/SS (red circle) cells measured at 20°C. (Inset) Zoom of HF domain of the Nyquist plot; b) Nyquist plots of SS/OS/Oh/OS/SS (red circle) cells along with the equivalent circuit model and the subtraction result (black squares). Markers: experimental values. Solid line: Fitted values using the equivalent circuit model.

EIS spectra analysis-using Li metal reversible electrodes

To get insight into the intricacies of the bulk (migration and diffusion properties) electrolyte properties and the interfacial contributions (still under debate in the literature 2, 3 ), cells with Li metal electrodes are investigated. Contrary to blocking electrodes, the interpretation of the interfacial resistance is more difficult due to the overlap in frequencies of the Li/SPE [4][5][6][7] and CE/SPE interfacial contributions domain and thus the choice and robustness of an adequate equivalent circuit is delicate and varies from one publication to another 2,8 . In counterpart, the reversibility of the Li electrodes enables the measurement of diffusion properties in LF domain. Typically, to probe the diffusion contribution at frequencies higher than 0.1 mHz, a high temperature (typically T > 70°C) is preferred to increase the characteristic frequency of the thermally activated finite-length diffusion contribution. • For the Li/OS/Li spectrum, the HF, MF, and LF contributions are respectively assigned to the OS bulk ionic electrolyte response (HF), the Li/OS interface response mainly due to the Solid Electrolyte Interphase (SEI) with a characteristic frequency of 9 kHz (MF), and the diffusion process within the SPE with a 2 mHz characteristic frequency located at the apex of the short Warburg loop 7,9 (LF). The HF contribution is distorted by the inductive behaviour of the electric cables. • For the Li/OS/Oh/OS/Li cell, the spectrum is similar to the Li/OS/Li cell but with larger contributions in each frequency domains (HF, MF, LF). Indeed, the HF resistance contains bulk contributions from both 2 SPE (OS) layers and the CE (Oh). The MF semi-circle presents a characteristic frequency of 5 kHz close to that of the MF loop in the Li/OS/Li cell, and finally, at LF a characteristic limited-length diffusion loop is observed with a similar characteristic frequency than that of the Li/OS/Li. It is clear here that the contribution of the CE/SPE interface is buried in the large MF loop, which illustrates the difficulties of data analysis when Li metal electrodes are used 4, 5, 10, 11 . 30,31,36,54 To extract meaningful physical information on the interfaces from Li symmetric cell impedance spectra, we use a novel methodology as depicted in Following this approach, it is possible to subtract all OS polymer-related impedance contributions and to focus on the Oh one. In Figure 42 at high temperature, the contribution of Oh evaluated from Li/OS/Oh/OS/Li spectra superimposes the values of the conductivity of the Oh ceramic measured separately from Au/Oh/Au cell. However, below room temperature (RT), the Oh resistance deduced from subtraction deviates from the expected value due to the increased difference in ionic conductivity of Oh and OS electrolytes at low temperature. The contribution of Oh electrolyte is only the order of one in a thousand of the total conductivity of the multilayer at -30°C, and therefore the Oh values measured by subtraction have a large error bar. This demonstrates the limit of the impedance subtraction method for extracting ionic conductivity having large ionic conductivity differences of several orders of magnitude. Therefore, our methodology allows the separation of all bulk and interfacial contributions between the Li, SPE and the CE. We can now focus on each contribution to detail the behaviour of the multilayer cell at equilibrium.

Multilayer bulk transport modelling

In the HF domain, the effective ionic conductivities can be extracted (σeff) in between -30°C and 100°C in the multilayer cell assembly. Figure 43 represents σ of Oh, OS and σeff of the multilayer OS/Oh/OS as a function of the inverse of the temperature. The ceramic electrolyte (Oh) displays a typical Arrhenius-type behaviour, with a conductivity of 2.2 ± 0.2 × 10 -4 S.cm -1 at 25°C and an activation energy of 0.31 eV, in agreement with manufacturer. Concerning the polymer electrolyte OS, the ionic conductivity-temperature relationship follows a typical Vogel-Tammann-Fulcher (VTF) 12 behaviour (see Equation (10), Figure 43 and Table 4 for the VTF fitting values). In Equation (10), we used T0 = Tg + 50 based on the work of Souquet et al. 13 that demonstrated that this approximation perfectly described the thermal behaviour of PEO based electrolyte. Whatever the temperature, the OS ionic conductivity is always lower than the one of Oh with a difference being amplified as the temperature is lowering.

𝜎 = 𝜎 0 √𝑇 𝑒 -𝐵 𝑇-(𝑇 𝑔 +50) ( 10 
)
Where Tg , B and 𝜎 0 correspond to polymer glass transition temperature, the activation temperature and the pre-exponential factor, respectively Interestingly, the ionic conductivity of the multilayer OS/Oh/OS lies in between the ones of OS and Oh. By considering that the overall resistance of the OS/Oh/OS multilayer is simply the sum of each layer resistances, a theoretical conductivity (σTheo) can be calculated following Equation (11):

𝜎 𝑇ℎ𝑒𝑜 = 2𝑙 𝑂𝑆 + 𝑙 𝑂ℎ 2𝑙 𝑂𝑆 𝜎 𝑂𝑆 + 𝑙 𝑂ℎ 𝜎 𝑂ℎ (11) 
Where lOh and lOS are the thicknesses of the OS and Oh electrolyte layers, respectively.

The values of σTheo are added as a dashed line in Figure 43 and fits almost perfectly the experimental data meaning that the resistances of OS and Oh electrolytes are purely additive, and that the OS/Oh interface does not limit the overall ionic transport in HF domain. In addition, this result confirms the intimate contacts between the organic and inorganic components in the multilayer system. In a realistic system and following Equation (11), a multilayer made of 2 thin SPE layers (typically 1 µm thick each with σSPE ~ 10 -5 S.cm -1 ) surrounding a thicker CE (typically 20 µm thick with σCE ~ 4 10 -4 S.cm -1 ) would lead to an effective conductivity of ca. 1.7 10 -4 S.cm -1 ) in the range of the one expected at RT for solid state batteries.

The HF resistance of SPE/Oh/SPE multilayer cells using other polymer chemistries (PCL, PTMC and PEO) also obeys to Equation (11) as reported in Figure A2-1 in Annex (Annex Chapter 2). We can still notice a slight discrepancy between σTheo and σEff in the case of PEO and PTMC that is mainly due to the uncertainty in SPE thickness layer estimation.

Multilayer diffusion transport modelling

The LF domain of the OS/Oh/OS multilayer and the OS electrolyte (see Figure 41) spectra present a typical short Warburg behaviour related to the diffusion process throughout the ionically conductive domains made of SPE/CE/SPE or sole SPE, respectively. At 80°C, the associated Rdif in the Li/OS/Oh/OS/Li cell of 312 Ω.cm 2 is the double of the one in the Li/OS/Li cell (153 Ω.cm 2 ) within a 2 % error. The characteristic times for the Li/OS/Li and Li/OS/Oh/OS/Li diffusion process are very similar (240.7 s and 239.5 s, respectively) and proportional to the length of the diffusion gradient and the ambipolar diffusion coefficient 7 . Therefore, the ionic diffusion process in the multi-layered system is only ascribed to the two independent SPE layers surrounding the CE. In fact, the absence of a diffusive contribution of the CE is expected as its t + is equal to 1 as reported also by theoretical model 14 .

Therefore, the limiting diffusion process in the multilayer composite electrolyte is due to the ionic diffusion in the SPE, which implies that i) in the equilibrium condition, the kinetic of the ionic charge transfer at the SPE/CE interface is fast enough compared to mass transport kinetics to be considered as a reversible process, and ii) when the thickness of the SPE is significantly reduced relative to that of the CE, the effective multilayer t + increases and tends to the t + of the CE. Indeed, assuming Bruce and Vincent equations are valid [15][16][17] (stable interfacial resistance during polarization step ), the transference number t + can be calculated according to Equation (15) whose development from the Bruce and Vincent 18 formula (Equation (12)) is detailed below:

𝒕 + = 𝑰 𝒔𝒔 (∆𝑽 -𝑹 𝒊𝒏𝒕 𝑰 𝟎 ) 𝑰 𝟎 (∆𝑽 -𝑹 𝒊𝒏𝒕 𝑰 𝒔𝒔 ) (12) 
We can simplify Equation (12) by assuming that: i)

The "initial current" 𝐼 0 is linked to the dc voltage by the following Equation (13):

∆𝑉 = 𝐼 0 (𝑅 𝑒𝑙 + 𝑅 𝑖𝑛𝑡 ) (13) 
ii)

The steady state current 𝐼 𝑠𝑠 is linked to the dc voltage by Equation ( 14):

∆𝑉 = 𝐼 𝑠𝑠 (𝑅 𝑒𝑙 + 𝑅 𝑑𝑖𝑓 + 𝑅 𝑖𝑛𝑡 )
Consequently, the Bruce-Vincent formula becomes (Equation (15)):

𝑡 + = 𝑅 𝑒𝑙 𝑅 𝑒𝑙 + 𝑅 𝑑𝑖𝑓 (15) Equation (15) can be converted to fit the multilayer (𝑡 𝑚𝑢𝑙𝑡𝑖𝑙𝑎𝑦𝑒𝑟 + ) electrolytes based on 𝑅 𝑒𝑙 𝑖 and 𝑅 𝑑𝑖𝑓 𝑖 where i corresponds to either the SPE or the CE material:

𝑡 𝑚𝑢𝑙𝑡𝑖𝑙𝑎𝑦𝑒𝑟 + = 2𝑅 𝑒𝑙 𝑆𝑃𝐸 + 𝑅 𝑒𝑙 𝐶𝐸 2𝑅 𝑒𝑙 𝑆𝑃𝐸 + 𝑅 𝑒𝑙 𝐶𝐸 + 2𝑅 𝑑𝑖𝑓 𝑆𝑃𝐸 (16)
Then, Equation ( 16) can be rewritten using the geometry (thickness li) and physical properties (conductivity i and Li + transference number ti + ) of the SPE and CE materials, Equation ( 17):

𝑡 𝑚𝑢𝑙𝑡𝑖𝑙𝑎𝑦𝑒𝑟 + = 2𝑙 𝑆𝑃𝐸 𝜎 𝑆𝑃𝐸 + 𝑙 𝐶𝐸 𝜎 𝐶𝐸 2𝑙 𝑆𝑃𝐸 𝜎 𝑆𝑃𝐸 + 𝑙 𝐶𝐸 𝜎 𝐶𝐸 + 2𝑙 𝑆𝑃𝐸 (1 -𝑡 𝑆𝑃𝐸 + ) 𝜎 𝑆𝑃𝐸 𝑡 𝑆𝑃𝐸 + (17)
Using the previous realistic multilayer example of the two thin SPE layers (1 µm) having a t + of 0.2 (similar to a PEO-LiTFSI based electrolyte) 19 sandwiching a thicker single ion conducting CE, a transference number of 0.24 is calculated for a 22 m thick multilayer. Figure 44 displays the variation of SPE/CE/SPE multilayer transference number when varying the relative ratio of SPE and CE electrolyte layer thickness and bulk ionic conductivity using Equation ( 17). Obviously, using a thinner and more conductivity SPE layer electrolyte will provide a larger apparent transference number. When using commonly available solid polymer, we would expect a rather low t + of multilayer assembly. However, the increase of polymer ionic conductivity, for instance thanks to the addition of solvent plasticizer, might be a way to enhance effective Li-ion transport and t + within the multilayer assembly.

Figure 44. Simulated variation of SPE/CE/SPE multilayer apparent transference number when varying SPE and CE relative layer thickness and ionic conductivity using Eq. (17) with t + SPE=0.2.

The transport kinetics corresponding to the ion migration (effective electrolyte conductivity at HF) and diffusion (LF) of SPE/CE/SPE multilayers can be separately probed by EIS and can be predicted according to Equations ( 11) and (17), respectively knowing the bulk transport properties are not modified by the interfacial ionic charge transfer probed in the MF.

Multilayer interfacial property modelling

The MF domain of the multilayer symmetric cell (see Figure 40 and Figure 41) enables the extraction of the SPE/CE interface contribution by the mathematical difference methodology. The characteristic frequencies, located at the apex of the semi-circle measured as a function of temperature are plotted in Arrhenius plot in Figure 45. The good agreement between the two sets of data all over the explored temperature range (between -20°C and 100°C) confirms that the same phenomenon is probed in both cases. The Arrhenius plot of the Oh/OS interfacial resistance (Rit) obtained from the two symmetric cell types is displayed in Figure 45 showing very similar Rit values and activation energies (from the slopes ( χ2 > 0.99)) 0.85 eV for SS electrodes and 0.84 eV for Li metal electrodes, respectively. This result means that for the realistic multilayer assembly, Rit will be 100 and 25 times higher than Rel and Rel+Rdif at 20°C, respectively. Thus, the effective transport properties can be drastically improved by varying SPE and CE thicknesses, but the overall polarization resistance, Rp (with Rp =Rel+ Rit+ Rdif) mainly depends on Rit. In practice, unless Rit is very small (fast ionic transfer reaction), composite electrolytes must be designed to limit the number of SPE/CE interfaces the Li + ions will have to cross. Moreover, by extrapolating this result to a well dispersed composite electrolyte without CE grains percolation (typically < 30 % in volume), the effective conductivity due to ion migration measured at HF should not be affected by the interfacial ionic charge transfer occurring at MF.

Additionally, SPE/CE interface can be also analysed in terms of capacitance whose value can be extracted from the CPEit element present in the electrical circuit used for the MF semi-circle fitting. We used Brug 20 equation (Equation (18)) to calculate the equivalent capacitance value that account for CE/SPE interface distribution of time constant (non-ideality).

In the case of OS/Oh/OS multilayer, it was found similar between both methods and in the range of 10 -6 F.cm -2 which is consistent with an interfacial phenomenon 21 (Figure 46).

𝐶 𝑖𝑡 𝑂𝑆/𝑂ℎ = 𝑄 𝑖𝑡 𝑂𝑆/𝑂ℎ 1 𝑛 * 𝑅 𝑖𝑡 𝑂𝑆/𝑂ℎ 1- 1 𝑛 ( 18 
)
with n being the exponent of the CPE We showed that EIS method allows the deconvolution of the total polarization resistance (Rp) of the multilayer cell as being the sum of bulk electrolyte (migration, Rel), interfacial charge transfer (Rit) and diffusion resistance (Rdif). None of the contributions was found blocking for ionic transport and that proper models can deduce Rel, Rdif and t + (cationic transference number) of the multilayer based on the transport properties of the polymer and ceramic electrolytes.

Charge transfer governing parameters at equilibrium

To further understand the parameters controlling the ionic charge transfer mechanism at Ceramic/Organic electrolyte (CE/OE) interface, we vary the electrolyte nature, the salt nature, and concentration, the ceramic nature, etc... As discussed in the bibliographic chapter, Rit are very dispersed for similar ceramic/electrolyte couples, and even more scattered for SPE/CE interfaces 22 . First, we investigate the impact of sample preparation of both polymer and ceramic electrolyte.

Polymer elaboration protocol

We measure Rit at PEO/Oh interface with SPE elaborated via solvent-free or solventcast methods using either DMF (Dimethylformamide) or ACN (Acetonitrile) as a solvent. Figure 47a displays typical impedance spectra of a PEO0.5M_Dry/Oh/PEO0.5M_Dry, PEO0.5M_DMF/Oh/PEO0.5M_DMF and PEO0.5M_ACN/Oh/PEO0.5M_ACN multilayered cell recorded at 80°C. All impedance spectra present the same features independently of polymer elaboration and all resemble the OS/Oh/OS multilayer assembly, implying that the equivalent circuit displayed in Figure 40c can be used for EIS fitting. 

5M multilayered cell assembly recorded at 80°C for polymer made via cast solvent technique using DMF (Red) or ACN (Blue) solvent or Dry (solvent-free) (Grey). b) Extracted Arrhenius plot of interfacial resistance at Oh/PEO0.5M, measured two hours after cell assembly. c) Arrhenius plot of polymer bulk ionic conductivity measured separately. d) Evolution of the interfacial resistance with time, at 70°C.

In Figure 47b, the inverse of Rit is plotted as a function of the inverse of the temperature in typical Arrhenius coordinates. For all SPE/CE interfaces, Rit decreases linearly with the temperature between 70 and 100°C with similar activation energy, Ea. Chen et al. 8 reported an interfacial resistance of 1.2 kΩ.cm² at 30°C for a LiTf doped PEO1.3M/Oh interface, three time smaller than the 3.4 kΩ.cm² obtained experimentally for the PEO0.5M_Dry/Oh interface. This discrepancy might be ascribed to a i) different salt nature and/or ii) a difference in salt concentration and/or iii) a residual solvent trace trapped in the polymer.

In our case, Rit of solvent-casted polymers PEO0.5M_ACN and PEO0.5M_DMF are lower than the one of solvent-free by a factor of 2.8 and 1.2, respectively (larger differences than the experimental standard deviation in Rit of 8% (see Figure A2-2 in Annex) suggesting that residual solvent drastically reduces Rct and hence, greatly enhances the interfacial charge transfer kinetics. In addition, Ea (Figure 47b) are very close to each other which indicates that the charge transfer mechanism remains the same and that only the kinetics of the charge transfer are affected by residual solvent traces.

Figure 47c

displays the ionic conductivity of the PEO0.5M_DMF, PEO0.5M_ACN, and PEO0.5M_Dry in an Arrhenius plot. For each series, the ionic conductivity presents a break at about 60°C which is linked to PEO melting transition (Tm, PEO) 23 . For T > Tm, the ionic conductivities of the solvent-casted electrolytes are slightly higher than the one formulated through a dry process, (e.g. at 70°C the conductivity of the PEO0.5M_DMF and PEO0.5M_ACN are higher than PEO0.5M_Dry by 25% and 14%, respectively). Such amplitude in ionic conductivity is also higher than the typical standard deviation, below 8 %. For T < Tm, PEO, the slope of the sigma vs. 1000/T curve is lower for the polymer made via solvent-cast method, in agreement with the reported effect of plasticizers on the degree of crystallinity of SPE 24 .

The evolution of Rit at 70°C as function of time-storage (ageing) is displayed in Figure 47d. Rit for solvent-free polymer remains stable compared to the other samples. In the case of ACN-casted polymer, Rit decreases drastically over time, requiring only 25 days to achieve 2 Ω.cm -2 , 2% of the dry PEO0.5M electrolyte reference Rit. With DMF-casted polymer electrolyte a value of 16 Ω.cm -2 is obtained, 30% of the dry PEO0.5M electrolyte reference Rit. Ea (Figure 48) after three months of storage remains unchanged around 0.7 eV suggesting that the charge transfer mechanism is unchanged with time.

Figure 48. Arrhenius plot of interfacial resistance at Oh/PEO interface for polymer made via cast solvent technique using DMF (Red) or ACN (Blue) solvent or via solvent-free method (Black) after stabilisation time (248 days, 45 days, and 100 days respectively).

The time evolution of Rit may suggest that there is a slow "reactivity" between solvent traces and ceramic and/or polymer at Oh/PEO interface. For solvent casted polymer, some trace of solvent can result in an involuntary and uncontrolled polymer plasticization and Oh interface chemical modification. In the literature, the difficulty in completely removing casting solvent from the polymer electrolyte was discussed even after intensive drying steps (vacuum, heating…) 25,26,24 and the effect of residual solvent or plasticizer on the bulk polymer properties has been largely reported in the literature [27][28][29][30][31][32][33][34] . In the case of polymer-ceramic composite, Liu et al. 25 demonstrated that even after heating a PAN (Polyacrylonitrile)-LLTO-LiClO4 composite electrolyte at 120°C for one week, 3 wt% of DMF remained trapped.

To date, little is reported on the effect of residual casting solvent in SPE on solid-state battery cycling performance 24,35,36 and even less on interfacial properties of polymer-ceramic composite electrolyte and interface 8,25,[37][38][39] . Chen et al. 8 reported the effect of polymer plasticizer on the interfacial resistance between PEO and a commercially available Oh 40 (LATP-like) ceramic. When adding tetraglyme (TG4, with an atomic ratio of [EO]: [Li + ]:[TEGDME] =16:1:2) or DMC (Dimethyl carbonate, [Li + ]:[DMC] = 1:10 ) into a PEO-LiTf polymer electrolyte, Rit drops significantly of 20% and 92%, respectively, a drop attributed to the beneficial effect of the plasticizer that facilitates ion transport and salt dissociation near the ceramic interface. In their work, they explained the variation in solvent effect by the difference in ion-solvent interactions by comparing solvent dielectric permittivity (dielectric permittivity of 3.2 and 7.8 for DMC and TG4, respectively 41 ). However, the latter explanation is contradicted by the present results, since DMF and ACN solvents have very similar dielectric constant (close to 37 37 ) while we recorded various results for PEO0.5M_DMF and PEO0.5M_ACN (Figure 47). Besides, Chen et al. 8,38 used a solvent-casted polymer using acetonitrile as solvent 8 while assuming that it would be completely removed during the drying step. One can wonder if there might have a cumulative effect between solvent traces and plasticizer on charge transfer kinetics at SPE/CE interface since generally, solvent is supposed to be evaporated during drying process. Therefore, it is difficult to fully conclude on the effect of solvent nature on Rit since the amount of trapped solvent in the polymer phase is not controlled.

A similar temporal behaviour of SPE/CE resistance has been reported in Gupta thesis 42 , with the singularity of an initial Rit decreasing period followed by a growth. In the literature, Busche et al. 10,43 described an evolution of Rit at the interface between Oh or LIPON (LixPOyNz thin-film) with DOL (Dioxolane) or DME (Dimethoxyethane) based electrolyte overtime reaching an equilibrium due to the formation of an interphase made of decomposition products coming from salt, solvent, and CE. Interestingly, the delay to reach stabilisation period depends on the electrolyte nature. It is worth mentioning that the stabilization time observed in our study (ca. tens of days) is significantly larger than the one reported in the work of Busche et al. 43 (couple of hours), maybe because of smaller amount of solvent traces in our polymer membranes.

Rit is thus very sensitive to uncontrolled residual solvent as well as the time between cell assembly and measurement which can be a cause of scattered reported resistance values in literature (Chapter 1). It would be of interest to study Rit when the amount of solvent trapped in the polymer is controlled.

Polymer plasticization

A known amount of DMF solvent of 0.5 wt.%, 1 wt.% and 5 wt.% was added to a PEO0.5M-Dry electrolyte while being in its melted state at 65°C to ensure a uniform dispersion. The obtained membranes are denoted PEO0.5M_Dry-x with x the weight fraction of DMF 1 . After cooling, 1H-NMR (Bruker, 400 MHz) measurements are performed to determine the exact amount of residual DMF. First, the polymer membranes are completely dissolved in 0.7 mL in CD3CN, then the NMR peaks integration is performed using Equation ( 19). Details are given in Table A2-1 in Annex. At the end, x is found equal to 0.4, 0.6 and 2.2 wt% which is in the expected order but knowing that those values are within NMR measurements uncertainty (ca. 5%). The difference between the targeted solvent content and the measured one suggests that there is an uncontrolled solvent evaporation in the Ar glove box during the polymer plasticization procedure.

% 𝑤𝑡 𝐷𝑀𝐹 = 1 [𝑃𝐸𝑂]/4 [𝐷𝑀𝐹]/3 ×𝑀 𝑂𝐸 𝑀 𝐷𝑀𝐹 ×(1+ % 𝑤𝑡 𝐿𝑖𝑇𝐹𝑆𝐼 100 )+1 × 100 ( 19 
)
where Raman spectroscopy2 is used to get insights on Li salt and solvent interactions and to potentially quantify the amount of trapped solvent in the polymer. Raman spectra of pure DMF, DMF + LiTFSI, PEO0.5M-Dry and PEO0.5M-Dry-2.2 polymer membranes are displayed in Figure 49. DMF solvent presents a characteristic band at 658 cm -1 corresponding to the O=C-N bending vibration. When dissolving LiTFSI in DMF, we observe the apparition of a new band at 670 cm -1 that results from the solvation of Li + by the oxygen atoms in DMF molecules. This additional band suggests that some DMF solvent molecules are "bounded" with Li cation. It is therefore possible to evaluate the ratio of "free" and "bounded" solvent molecules in the solution that corresponds to the ratio of the 658 and 670 cm -1 peaks, respectively. We find, in the case of DMF1M-LiTFSI, a ratio equal to 2.8 which suggests that one Li cation is solvated by 4 oxygen functions from solvent molecules. For PEO1M-Dry-2.2 sample (orange curve), there is only a noisy and broad peak at ca. 675 cm -1 , witnessing the presence of DMF molecules within Li + ion solvation sphere. However, the small peak intensity coupled to the poor curve resolution leads to a large uncertainty in solvent content quantification. At lower content of DMF, the signal of DMF is too noisy to be analysed. 

wt%, and of the bulk ionic conductivity at 70°C and 50°C, respectively, as function of DMF solvent, recorded h after cell assembly.

Rit is then measured for all PEO0.5M_Dry-x samples, and the results are reported in Figure 50a. Ea appears to be rather constant whereas Rit decreases with increasing DMF content up to a factor of 6 for the sample containing 2.2 wt.% of DMF compared to the dry sample. The ionic conductivity of PEO0.5M-Dry-x shows a rather limited increase with the addition of DMF for T > Tm, whereas, for T < Tm a significant enhancement is noticed (Figure 50b). The latter might be related to the presence of more amorphous regions in the polymer in presence of plasticizer or a lower kinetics of PEO crystallisation in presence of DMF. In Figure 50c, the 97 ionic conductivity, and the inverse of Rit are plotted in log scale as a function of DMF weight fraction at 50°C and 70°C. At 70°C, the ionic conductivity is constant while 1/ Rit increases linearly in this coordinate (i.e. power law) with DMF content. These results suggest that residuals solvent in SPE significantly affect Rit which may be one of the main reasons to data dispersion in the literature. Based on this finding, the addition of a small amount of solvent in a SPE appears to be a simple and effective strategy to minimize SPE/CE interfacial resistance, but the addition of solvent or plasticizer can impact other cell components such as the electrode materials. For example, DMF and ACN are not suitable for Li metal battery as they negatively impact Li metal interface 44,45 .

Hence, the next section focusses on performing ex situ ceramic surface treatment for a better control of Rit.

Ceramic solvent treatment

➢ Variation of SPE/Oh charge transfer resistance and capacitance Oh ceramics are fully immersed in several solvents (DMF, ACN, DMC, etc…) for 1 min and dried in an Ar filled glovebox for at least 3 days prior to be assembled in between two layers of solvent-free PEO electrolyte (PEO0.5M_Dry). The Arrhenius plot of 1/ Rit are displayed in Figure 51. Surprisingly, dipping ceramic in solvent causes a similar reduction of Rit as it was observed for plasticized polymer (Figure 50a). Compared to the pristine PEO0.5M_Dry/Oh interfacial resistance, the dipping process of Oh ceramic lowers Rit by 50% for ACN and 25% for DMF showing that this simple method is effective for reducing Rit. Except for DMC, Ea is only slightly affected by the ceramic pre-treatment suggesting that the ionic transfer mechanism at PEO/Oh remains mainly unchanged, only the kinetics of the reaction is faster (Figure 51a insert).

Figure 51. a) Arrhenius plot of interfacial resistance of PEO0.5M _Dry/Oh with pristine, treated Oh ceramic preliminary dipped in solvent for 1 min and then dried for 3 days along with the corresponding Ea (measured performed 2 h after cell assembly). b) Arrhenius plot of interfacial resistance at Oh/PEO0.5M _Dry with a Oh ceramic preliminary soaked in DMF and in ACN for 1 min and then dried for 3 days and finally soaked in deionized water for 1 min before being dried for 3 days. c) The evolution of the interfacial resistance measured at 70°C along storage time. d) Variation of Cint at PEO0.5M _Dry/Oh with a Oh ceramic preliminary dipped in solvent.

The interfacial capacitance (Cit) at PEO0.5M_Dry/Oh interface appears to increase when the ceramic is preliminary dipped in solvent (Figure 51d). Interestingly, the highest Cit were measured for ACN and DMC solvent treatment for which we record the lowest Rit. This finding suggests that the space charge layer thickness may vary after ceramic surface treatment and supports the idea that the dominant capacitance at PEO/Oh settled on the ceramic side.

The drop of Rit observed when the ceramic is directly soaked is more significant than the one observed with plasticised polymer. Hypotheses to explain this behaviour are i) ceramic surface is put in contact with a larger number of solvent molecules and/or, ii) the interactions between solvent and ceramic may vary depending on solvent nature as well as the type of contact (dipping or polymer plasticization). We also investigate the evolution of Rit with time when the ceramic is pre-treated (See Figure 51c). Similarly, to plasticized polymers, Rit decreases over time before stabilizing, a faster decay being observed for ACN and DMC solvent treatment. 99 Additionally, Rit is measured when the ceramic is dipped into deionized water to compare the effect when using organic or aqueous solvent. With water, Rit is not modified which is in line with supplier information indicating that ceramic is not water sensitive. Even a waterbased solution is used during ceramic shaping procedure (Figure A2-3a in Annex). However, Cit is slightly higher after ceramic soaked in water (Figure A2-3b in Annex).

We also record the variation of Rit when Oh ceramic is dipped into successive solvents. Figure 51b displays the Arrhenius plot of the interfacial resistance at Oh in solvent/PEO0.5M-Dry when the ceramic was initially soaked in either DMF or ACN and then in deionized water (DI). For DMF followed by water, Rit is unchanged compared to Oh DMF/PEO0.5M-Dry, however, for ACN followed by water, Rit is slightly higher compared to ACN alone but remains 14% lower on average than the reference sample. The latter result suggests that subsequent soaking in water seems to mitigate the effect of the initial soaking in the case of ACN pre-treatment. If we compare the evolution over time of Rit between plasticized polymer (Figure 47d) or ceramic pre-treated (Figure 51c) using the same solvent, it appears that Rit decreases to a less extent when the ceramic is pre-treated. Indeed, after 30 days, the resistance value measured at the Oh/PEO0.5M_ACN interface dropped by almost 92% compared to 73% for the Oh_ACN /PEO0.5M_Dry interface.

➢ ICP analysis of solvent solution after ceramic immersion

To understand the impact of the solvent on the ceramic chemistry, we analyse by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS, PerkinElmer NexION 2000c) 3 the solvent after ceramic immersion. First, Oh ceramic is immersed for 20 h in a known volume of ACN or DMF solvent; Second, the solution is analysed to possibly detect the presence of chemical elements that could be leached (Li, Al, Si, P, Ti, Ge and O). The quantity of element detected (in mol, Table 5.) is normalized by the mass of the ceramic piece.

To ensure that the structure is kept during the solvent treatment, X-ray diffraction measurements were carried out on the samples and compared to the pristine. Based on the XRD patterns (Figure A2-4 in Annex), we can see that the solvent did not modify the bulk structure of the material, indicating that if a modification occurred, it only occurred at the surface of the ceramic, or the modification are below the detection limit of the XRD apparatus (less than 2%). Surprisingly, the Oh ceramic is not pure 46 , with the presence of 3 main phases a LATP-type main crystal phases (ICSD card n°066-0872, rhombohedral phase), AlPO4 (ICSD card n°04-014-2298, orthorhombic phase) and TiO2 (ICSD card n°086-0148, tetragonal phase), the last two accounting ca. 10% and 12%, respectively. The rough estimation of sub-crystal phases (AlPO4 and TiO2) is estimated from the relative ratio of the peak intensity with one of peak of LATP main crystal phase. To get further insights on the bulk composition of Oh ceramic, we perform some X-ray fluorescence (XRF) spectroscopy, and the results are gathered in Table A2-2 in Annex. Knowing that ca. 25% of the Oh ceramic can be considered as impurities, we tried to re-determine the real stoichiometric composition of the LATP-like ceramic. Interestingly, XRF results show higher atomic content of Ge instead of Ti which suggests that the main crystal phase is closer to LAGP stoichiometry rather that LATP one, the phase being almost a LiAl(Ti,Ge)P. Still, XRF results does not allow to accurately determine the chemical composition of Oh ceramic since it accounts for the atomic concentration of main and subcrystal phases. A combination of synchrotron and neutron diffractogram, coupled to Rietveld refinement would have helped us to precisely determine the chemical composition of the LATP like phase.

Interestingly, in Table 5, the ceramic seems not chemically stable during solvent dipping process since Li, Ti, Al and Ge are detected after immersion and the solvent employed impacts the leaching process/extent. Therefore, the recorded change in ceramic chemistry can be directly linked to the variation of Rit (Figure 51c). In addition, degree of ceramic metal leaching seems not correlated to solvent water content since it was found more intense for DMF while we recorded ca. 25 ± 3 ppm and 40 ± 3 ppm water content in DMF and ACN using Karl Fisher titration, respectively. Surprisingly, several elements are detected in addition to Li indicating that the solvent is not only interacting with possible ceramic native layer (LiOH and Li2CO3) but also with ceramic surface structure. Li element is the larger dissolved element which can be related to the dissolution of surface native layer generally formed at ceramic surface 43 , mostly lithium carbonate (see XPS part) as well as possible lithium/proton exchanged that are occurring quite frequently in solvent based environment 47 . However, the quantity detected hints for Li coming also from the surface ceramic structure since i) the carbonate is not very thick as hint by XPS data analysis (next subchapter) and ii) the values detected in DMF (ca. 2750 ppb) is significantly larger than reported solubility of Li carbonate in DMF (0.3 ppb) 48 . For the other elements, like Ti, Al and Ge, they hint in the direction of bulk chemistry modification as the ceramic structure electroneutrality must be maintained, and that all elements leached are positively charged, their leaching must be associated with some elements reduction as well as some oxygen being released (ceramic surface structure modification). Consequently, ceramic solvent treatment might lead to the formation of some vacancies in the ceramic that might later facilitate Li-ion transfer, thus reduces Rit.

Table 5. Chemical elements detected in ACN and DMF residual solution after ceramic immersion using ICP-MS technique.

Samples

Li [mol.g -1

Oh piece] Ge [mol.g -1

Oh piece]

Al [mol.g -1

Oh piece] Ti [mol.g -1

Oh piece]

Oh dipped in 3 mL of ACN for 20h 5.3 +/-0.1 10 -9 1.26 +/-0.07 10 -10 3.69 +/-0.03 10 -8 1.0 +/-0.2 10 -9

Oh dipped in 3 mL of DMF for 20h

1.75 +/-0.03 10 -6 1.50 +/-0.03 10 -9 4.29 +/-0.09 10 -8 2.0 +/-0.3 10 -9

Furthermore, the dissolution of ceramic in solvent raises questions about the stability over time of system made with ceramic in contact with solvent and would require further investigation. In the case of Oh solvent treatment, Oh is dipped in solvent for 1 min which can probably reduce the amount of dissolved species.

Combination of polymer plasticization and ceramic solvent treatment

In this section, we investigate the combined effect of polymer plasticization and ceramic pre-treatment on Rit. The underlying questions are: i) is there a synergetic effect of both treatment (plasticization and ceramic dipping)? ii) is the ceramic solvent treated dominating the Rit response? Does the nature of ceramic pre-treated affect the overall Rit? The results are displayed in Figure 52a.

In the case of DMF used for both ceramic and polymer, we do not find a synergetic effect since Rit remains the same. However, Rit measured at Oh_ACN/PEO0.5M-Dry and Oh_ACN/PEO0.5M-2.2wt%_DMF are almost identical indicating that the interfacial kinetics is dominated by the ceramic surface chemistry. Still, Ea remains unaffected.

The drop in Rit observed over time for both precited treatments (Figure 52b) reveals similar trend for Ohin_DMF/PEO0.5M-2.2wt%_DMF that decreases of almost 58% after 30 days storage before stabilizing. More interestingly, regardless the solvent nature or the type of treatment (polymer plasticization, ceramic dipping, combination of both), all Rit tend towards the same range over time of about 10 ± 5 Ω.cm ² .

Based on these results it is difficult to draw conclusion about synergetic solvent treatment to decrease Rit.

So far, we found two different manners to significantly reduce Rit at Oh/PEO interface. Polymer plasticization with DMF solvent is the most effective way to reduce Rit whereas for the ceramic solvent treatment it seems to be DMC or ACN. To date, the mechanisms leading to a better interfacial reaction is not clear. The hypotheses are i) the ceramic surface and solvent molecules could interact leading to a kind of "surface washing" translating into defect formation at the ceramic surface, making favourable Li-ion transfer reaction. However, solvent can be detrimental to other battery components, leading us to look for alternative. 

Heat treatment of ceramic

To remove adsorbed species from the ceramic surface, an efficient technique is to apply heat treatment coupled to vacuum (10 -2 mbar). Hence, Rit is measured using dry PEO polymer and a thermally pre-treated ceramic (Figure 53a). Rit appears lower for pre-heated ceramic than the pristine one, in average, by -54% for 1 day, and -84% for 3 days heating treatment. Interestingly, Ea varies when the ceramic is thermally treated, and increases when heating treatment last longer. When the temperature treatment increases (see Figure 53a andb) Rit seems to decrease. However, for high temperature (600°C) some structural modifications might occur. In addition, similarly as for ceramic solvent treatment, Figure 53c shows that ceramic heating treatment leads to a decrease of Rit with time but with a faster stabilisation reaching ca. 10 Ω.cm² after a couple of days only.

The interfacial capacitances Cit (Figure 53d) of heat-treated samples increase by a factor of up to 3 compared with the reference sample which may suggest a decrease in interfacial space charge layer thickness. Figure 54 displays the evolution of Rit at 70°C as function of storage time in OCV for all the PEO0.5M/Oh interface studied. Surprisingly, whatever the treatment (polymer plasticization, ceramic solvent, or heat treatment), Rit values seem to converge to a similar range of value (ca. 10 ± 5 Ω.cm², at 70°C). This suggests that all pre-treated ceramic and polymer plasticization affect similarly the interfacial charge transfer kinetics, but the stabilization is happening at a different rate. The 3 days-lasting ceramic heat treatment is the most efficient way to reduce and fast stabilize Rit and since no chemical is present in the system, it would preserve the battery from additional side effects. To get further insights about the effect of heat treatment on the ceramic, we investigate the effect of water impurities on Rit using pristine or treated ceramics (Annex A2-Note 1). Similarly, to polymer solvent plasticization, we add a known amount of water (ca. 550 ppm) in a liquid electrolyte (DEG) and measure the resulting Rit. Herein, we use a liquid electrolyte (DEG) as it was easier to add a precise amount of water in a large amount of liquid. Interestingly, effect of water impurities on Rit varies between OhHeated or pristine Oh ceramic, decreasing and increasing in presence of water impurities, respectively. Adding water to DEG leads to increase Ea compared to dry DEG. This result suggests that ceramic heating treatment might modify the ceramic surface composition which ultimately affect its reactivity with water (Li/H exchange, surface reaction OH/O surface hydroxide functions). The surface modification of the ceramic will be further discussed in the XPS part (Section 4.6).

These results (Annex A2-Note 1) give a better picture about the effect of water on Rit at CE/OE since it depends on pristine ceramic surface composition and on the water content. It complements the literature discussion in recent publications 10,49,50 that reported contradictory trends with either an increase or a decrease in Rit in presence of water traces.

Ceramic surface composition investigation

The surface of the ceramic before and after treatments (heated or dipped samples) is investigated by X-ray photoelectron spectroscopy (XPS) 4 technique. The experiment was carried out on a Quantes ULVAC-PHI spectrometer in an ultrahigh vacuum chamber (7 10 -8 mbar), using a micro-focalized mono-chromatic X-ray sources AlKα (1486.6 eV) of 100 µm diameter and 49 W. The depth of analysis is in the range of few nanometres (~ 5 nm). All XPS core level binding energies were re-aligned (calibrated) using the C1s binding energy at 284.8 eV 51 , corresponding to alkyl groups (C-C bonds). Fitting is made with pseudo-Voigt function (Gaussian (70%) and Lorentzian (30%) distributions) using Casa XPS software. To prevent any contamination due to air or moisture, all samples are prepared in Ar filled glovebox and transferred from the glovebox to the XPS instrument using an airtight transfer chamber (ULVAC-PHI).

To get deeper insight onto the surface modification of the ceramic due to the different treatments, we analyse independent all core level spectrum. Two different approaches will be followed for the surface investigation:

• the chemical composition of ceramic surface as function of the type of treatment (dipping in ACN or DMF solvent, thermally heated). • the interaction between the ceramic surface chemistry once in contact with LiTFSI doped PEO electrolyte, using post-mortem Oh piece ceramic from PEO/OS/PEO multilayer cell assembly (after ageing period and Rct measurement at 80°C).

➢ Pristine and treated ceramic investigation

At first, we characterize ceramic plate surface composition of pristine (used as received) and pre-treated ceramic plate either preliminary heated or dipped in solvent. The typical XPS survey of Oh pristine is displayed in Figure 55 along with the chemical formula of Oh. The assignment of the main elements is detailed along with their characteristic binding energy in line with literature data 43,52 . Carbon (C-C) peaks shows (Figure 55) the surface contamination such as hydrocarbon (C-C) and the presence of carbonates species (COOH, Li2CO3) on the top of ceramic surface, consistent with literature 43,53 since Yamada et al. 52 reported the presence of Li2CO3 on Oh ceramic surface resulting from ceramic surface reaction with air and moisture. 

➢ Carbon signal

C1s signal can be deconvoluted into 4 contributions: alkyl carbonate or semi-carbonate (referred as O-C=O) at ca. 288.9 eV, carbonyl or polymeric species (referred as C=O) at ca. 287.5 eV, alkoxide or carboxylate compounds (referred as C-O) at ca. 286.8 eV and finally, the major contribution assigned to aliphatic carbon (referred as C-C) of contamination at ca. 284.8 eV (used as calibrant peak) as displayed in Figure 56 a. The assignment is in agreement with previous XPS studies on Oh ceramic 43,53 . All samples display the same four contributions however, their proportion evolve depending on the surface treatment applied. To understand the difference in chemical composition, between the samples, of the C1s signal, we properly deconvolute them to obtain their respective proportions. As a direct comparison between them is not possible (without a stable reference peak), we compare them to a stable element of the structure (herein titanium and phosphorous). The ratio between carbon species to Ti and P is displayed in Table 6. For all samples, C1s spectra peaks fitting is performed as illustrated in Figure 56b and the detail of titanium and phosphorous core level spectra fitting is given in Figure 58. A significant decrease of both ratios (C/Ti ratio and C/P) is noticed with the following trend Oh pristine > Ohin DMF > Ohin ACN> OhHeated indicating a drastic decrease of carbon contribution for all treated samples, which is in line with Rit variation recorded, being the lowest for heated ceramic. This finding suggests that ceramic treatment (solvent or heating) allows to remove ("clean") carbon species from Oh ceramic surface (desorption under vacuum, dissolution in solvent, removal of native carbonate layer, could be some hypotheses) which seems to fasten Li ion charge transfer reaction. In addition, C1s spectra peaks fitting reveals some variation in the relative proportion of the different type of carbon species (Table A2-3 in Annex) with a relative reduction in the (C-C) peak proportion to the benefit of other oxygen based carbon species. The variation of C1s signal should be correlated to the variation of O1s signal since we show that the signal of carbonate and oxygen-based species adsorbed at the ceramic surface varies with ceramic treatment. For the O1s core level spectrum, displayed in Figure 57a, the asymmetry of the peak witnesses a double contribution, one attributed to metal oxide and one ascribed to sub-oxide non-stoichiometric oxygen bonded atoms such as structural surface defect (e.g. vacancies) and/or hydroxyl compound adsorbates (see Figure 57b). Similarly, to C1s spectrum, we investigate the variation of oxygen species relatively to the concentration with titanium element and as function of ceramic treatment. The results are given in Table 7.

Herein, the tendency is not clear since pristine DMF and ACN have roughly the same ratio of default/structure oxygen, which is not the case for thermally treated sample. However, it is difficult to assign properly the oxygen peak since the carbonate signal (Li2CO3, 531.8 eV) is overlapping the signal of structural oxygen (531.6 eV). Therefore, the variation of "structure oxygen" peak might also be related to the variation in carbonate signal since we observed a change in C1s signal. Based on this hypothesis, the ratio obtained in Table 7 would mean, for the Oh treated sample that the amount of carbonate drastically decreases going in line with a lower Rct. The variation in the O1s core level peak asymmetry could also witness a modification of the oxygen environment. Indeed, ICP measurements reveal that some metallic cations have been leached during solvent treatment which might lead to the formation of oxygen vacancies, or cation segregation resulting in oxygen environment modification at the ceramic surface. The structural defect, found at the surface of the ceramic may result in the modification of the ionic conductivity of the ceramic as pointed out by Adachi et al. 54 and of Yamada et al. 55 . In the later work, the authors reported an increase in LATP Li2SiO3 coated ceramic conductivity thanks to the formation of a beneficial space charge layer at LATP/ Li2SiO3 interface which compensates for the initial lithium depletion in the LATP pristine surface. ➢ Titanium and phosphorous signals Ti2p 3/2 and Ti2p ½ core level spectra can be found at 459 eV and 465 eV, respectively, in agreement with the presence of Ti(+IV) in the structure. For sake of clarity, only the Ti2p 3/2 core level spectrum is analysed in Figure 58. However, the peak presents an asymmetry towards lower binding energies requiring an additional component to minimize the fitting residue. This asymmetry suggests an apparent reduction of a small proportion of Ti(IV) into Ti (III). The fitted peak area are gathered in Table 8. Both total at% of Ti and peak asymmetry (associated to the relative at% of Ti(III)) follows this trend Ohin ACN> Ohin DMF> Oh pristine ≈ OhHeated, but it is yet to early to draw a conclusion between Rit and the Ti core spectrum investigation. At this stage, and due to the rather noisy spectra recorded, it seems delicate to conclude quantitatively on a correlation between at% of Ti and Ti(IV)/Ti(III) proportion, and Rit. In literature, Ding et al. 56 reported similar variation in Ti2p core level spectrum and assigned the asymmetrization to the reduction of Ti(IV) into Ti(III) resulting from the thermal treatment of Oh ceramic under quite reducing Ar or vacuum atmosphere.

Table 7. XPS O1s and Ti2p core level peaks fitting of different ceramic surface samples along with peak fitting atomic concentration (%).

Sample %At O/

We also observe (Figure 58c andd) an asymmetry on P2p peak witnessed by the increase of peak full widths at half maximum (FWHM) and which also suggests a variation in phosphorus element electronic environment in the structure (might result from cation leaching) and the presence of an additional contribution most probably related to the impurity AlPO4 (signal at ca. 135.3 eV, corresponding also to the Al2p core level spectrum) as seen already by XRD. In literature, Yamada et al. 52 reported an Al and Li-rich surface layer (segregation) in pristine Oh ceramic after being etched by ionic beam etching, but they did not observe any change in Ti or P composition. They explained such segregation by the redistribution of defects at ceramic surface, which can be similar to our observation. From Figure 59b, the ratio Ti/(P+Ge+Al) are rather constant for all the samples studied which suggests that Oh ceramic structure is not significantly modified by solvent or thermal treatment. This finding is in line with the recent work of Castro et al. 57 , reporting no change in Ge, Al and P signals when Oh ceramic was immersed in carbonate-based solvent. Singularly, we notice a segregation of Si element at the extreme surface for OhHeated sample to form silicate rich phase which is in line with the reported results of Yamada et al. 52 . Interestingly, we can see a different behaviour between the solvent treated samples and the heat-treated sample. Both show a decrease in Rit, but the surface investigation tends to indicate that the mechanisms behind is not similar. For the heat-treated sample, it seems that the carbonate was removed from the surface, whereas for other solvent treated samples, a modification of surface chemistry (reduction of Ti) is more likely to reduce Rct.

Based on XPS and XRF data, we can compare the difference in Oh ceramic composition between the surface and the bulk. However, as mentioned previously, it is difficult to estimate the real composition of the ceramic due to the presence of TiO2 and AlPO4 impurities (sub crystal phases). Thus, in Table 9, we calculate the ratio between the different chemical elements based on XPS and XRF quantification. We can see a depletion in Ti content at ceramic surface, in agreement with ICP results and suggest cationic vacancies formation at Oh surface. Interestingly, this depletion is also observed for pristine sample suggesting that this composition gradient might also result from Oh plate manufacturing. The relative ratios of metal ion at ceramic surface in Table 9 does not change much with ceramic solvent treatment, indicating the ceramic surface elemental depletion is not further promoted by solvent treatment. Consequently, it seems that Rct evolution is linked to several surface modification of the Oh ceramic surface as well as carbon surface species.

➢ Post-mortem investigation of ceramic plate after contact with polymer electrolyte

XPS was also used to understand the possible chemical decomposition occurring at the interface when Oh is in contact with LiTFSI doped PEO. We record the XPS spectra of PEO1M/Ohmodified samples by taking the ceramic plates out from the SPE/Oh/SPE multilayer cell assembly. The samples are denoted PEOxM_Dry/Ohy modified, with y being the type of ceramic pre-treatment (heated or dipping solvent) prior to cell assembly. In the case of PEO1M_Dry/Ohheated sample, XPS spectra in Figure 60 shows additional signals caused by the presence of polymeric chain and lithium salt residues on the surface of Oh. The characteristic binding energy of the fluorine and the sulfur elements are consistent with XPS spectra of LiTFSI salt reported here 58 . As expected, some surface signals of the ceramic are hidden by the polymeric surface layer deposited on the top of the ceramic, indicating that the organic surface film was thicker than 10 nm. Similarly, to the methodology applied for the ceramic, the evolution of Ti2p core level peak asymmetry (Table 10) is increasing for post-mortem samples compared to their respective reference. This result indicates that the titanium is further reduced once in contact with LiTFSI doped PEO (Dry), but the mechanism leading to this observation is unclear yet. On F1s XPS signal, we observe two peaks as displayed in Figure 61. The peak at 688.8 eV corresponds to the energy of C-F bonds coming from LiTFSI (CF3) and the peak at 685 eV corresponding to typical LiF 58 . The intensity of LiF signal varies between the samples but it might be due to the PEO removal that might not be homogeneous at the surface of the ceramic. However, LiF signature suggests the decomposition of TFSI anion on the surface of Oh ceramic 43,53 as showed by Busche et al. 43 reporting the formation of LiF compound using ToF-SIMS and XPS analysis at DOL:DME-LiTFSI/Oh and LIPON surface. LiF formation has also been reported by Vivek et al. 53 on Oh surface using wet (5 wt% water) DOL:DME-LiTFSI electrolyte. Li salt decomposition is further supported by the S2p core level spectrum (Figure 62). It displays a large peak at 167 eV that corresponds to -SO2 in TFSI and an additional peak at ca. 161 eV ascribed to the presence of some sulfone/shulphide fragment that result from anion decomposition at ceramic surface 59 . Again, we observe a difference on this side peak depending on the sample, that could come from the PEO removal from the surface of the ceramic (variable thickness of polymer residual film on Oh surface). Based on XPS results, we show that ceramic surface composition is modified by ceramic treatment regardless the type of treatment. The solvent or thermal treatment seems to reduce the amount of carbon species at ceramic surface, with a more intense effect for thermal treatment. Ceramic surface structure appears to be modified by treatments (oxygen defaults) and showed some segregation of cation (mainly titanium) at ceramic surface. In the case of thermal treatment, XPS experiment might show Si-rich phase formation at Oh extreme surface. In addition, the analysis of post-mortem ceramic surface reveals the presence of salt degradation product at PEOxM/Oh. Interestingly, those degradation products coupled to ceramic surface modification seem to be favourable for fast charge transfer kinetics. Unfortunately, we cannot perform reliable quantification analysis from this XPS experiments as we do not control the amount of residual polymer electrolyte on the ceramic surface. Furthermore, the variation of Rit /Ea with ceramic surface composition is, to a certain extent, analogous to the variation of Rit and Ea reported when varying surface composition of AM Electrode interface as discussed in Chapter 1. Thus, our study on ceramic surface treatment illustrates the similarities between those two types of organic/inorganic interfaces.

To further understand the effect of ceramic surface treatment, and specifically on ceramic surface property, we also investigate the variation of electrolyte wetting angle after ceramic treatment in Annex Chapter 2 Note 2. The study shows that Electrolyte/CE contact angle is decreasing when the ceramic plate was pre-treated suggesting a better wetting at the interface.

To conclude on this first part of the chapter, we show that Rit at PEO/Oh can be modified by residual solvent trapped in the SPE, even at levels where the SPE plasticization effect on ionic conductivity is barely noticeable (below 5 wt%). For instance, Rit is reduced by a factor of 6 with only 2.2 wt% of DMF in polymer. The presence of residual solvent also causes a significant decrease of Rit over time until it reaches a plateau after few days/weeks, a phenomenon not observed for solvent-free SPE. Such results suggest that the Rit data reported in the literature should be taken with precaution. This finding also implies that Rit at Oh/PEO can be controlled. A demonstration has been given using Oh dipped in solvents (for 1 min) or heated under vacuum at 250°C for 3 days, which result in a drop of Rit of more than a decade. We find out, using XPS and XRF, that ceramic treatment induces a change in extreme surface composition (2-5 nm) with a decrease of the surface carbon contamination content and a segregation of cations (Ti, Ge, P and Si) to form cation-rich surface layer coupled with the partial reduction of Ti element. Interestingly, these surface modifications result in the increase of charge transfer kinetic constant up to a factor of 10, since the Ea was not modified by ceramic treatments. Additionally, the temporal evolution of Rit coupled with XPS post-mortem analysis suggests a reactivity of the anion and polymer chain with Oh surface as evidenced by the presence of LiF and Li2S (reduction of TFSI -). Interestingly, this reactivity seems exalted with pre-treated ceramic and correlated to the extent of Rit drop.

Based on this preliminary study, we find different strategies (solvent or thermal treatment) to reduce and stabilize Rit at PEO/Oh interface. Therefore, using pre-treated ceramic plates, we can now investigate the "real" physical effects of organic electrolyte chemistry, salt concentration, etc… on Rit and identify some governing parameters. Finally, to see to which extent the results on Oh/PEOxM-LiTFSI can be generalized, we briefly investigate the effect of ceramic treatment using other ceramic materials such as the perovskite LLTO and the garnet LLZO (Annex Chapter 2-Note 3). These studies will be presented in the next sections starting by the effect of Li-ion concentration.

Organic electrolyte salt concentration

Following our investigation to decrease Rit, we investigate the effect of organic electrolyte salt concentration from 1 mM to 1 M. Rit between preliminary heat treated Oh and PEOxM(LiTFSI)-Dry solvent-free elaborated membranes is measured using blocking electrodes and above the melting temperature of PEO, in between 60°C and 100°C. The PEO/Oh interfacial resistances are displayed in an Arrhenius plot in Figure 63 along with their respective Ea. The activation energy, Ea with an average value of 0.70 ± 0.03 eV, seems independent of the salt concentration which suggests that the ionic transfer mechanism remains the same for all salt concentration and which is in contradiction with the results of Sagane et al. 5 . For SPEs with a lower concentration, Rit could not be properly determined below 60°C due to the low ionic conductivity of the SPE which induces strong frequency superposition between the interface and bulk contributions. Using a similar SPE/CE combination of PEOxM-LiTFSI (EO/Li = 16, x = 1.3 M)/Oh, Chen et al. 8 reported a break in the Arrhenius plot of Rit with Ea that doubles below the PEO melting temperature Tm (from 0.36 eV for T > Tm up to 0.81 eV for T < Tm) while Rit are similar to ours for T > Tm (at 70°C, 42 Ω.cm² compared to our value of 31 Ω.cm²). As we do not measure Rit below Tm, we cannot further discuss about this break in trend. Rit decreases linearly with x over 3 decades with parallel slopes (-0.60±0.03). However, a plateau of Rit can be noticed for x> 0.5 M. This power law dependency is consistent with charge transfer mechanism as proposed by Butler-Volmer and suggests that charge transfer is the dominant contribution as any other interface contributions (e.g. interphase) can be considered as negligeable. Brogioli et al. 2 shows similar behaviour for PEO/LLZO:Al Rit at 70°C with LiTFSI salt content up to 26 mM, however, at higher concentration, a deviation from the slope is observed as Rit is plateauing and assigned to the presence of a space charge layer on either side of the interface. Schleutker et al. 49 reported a similar trend than Briogoli et al. 2 , for EC:DMC(LiPF6)/LLZO:Ta interface, but interpreted the transition regime as an additional interfacial resistance due to the presence of an interphase. On the opposite, Gupta et al. 60 reported a linear decrease of Rit at PEO/LLZO:Ta interface with increasing LiTFSI salt concentration between 0.8 and 1.4 M but at higher concentration, Rit increased drastically due to salt precipitation at the ceramic surface hindering charge transfer.

Additionally, the exchange current density 𝑖 0 can be calculated from Rit according to Equation (8) (Chapter 1). For example, 𝑖 0 is equal to 1.4 ± 0.1 mA.cm -² at 70°C for PEO1.M-Dry/OhHeated similar to the study of Schleutker et al. 32 . The apparent kinetic constant K°, based on Equation ( 9), at 20°C of the PEO1.M-Dry/OhHeated charge transfer reaction is found equal to 1.6 ± 0.7 ×10 -6 M -0.6 .s -1 , from the y-intercept of 1/ Rit vs. 1/T. The power law dependency observed in the case of PEOxM-LiTFSI/Oh interface, is also valid when varying electrolyte nature (always using LiTFSI salt) as illustrated in Figure 65. The slope of the log Rit vs. log CLi curves varies according to the solvent chemistry, and larger values are measured for ACN and DMF solvents (~0.8) (Figure 65). Whereas TEG3 and PEO that share the same chemistry display similar slopes of. 0.6, suggesting that the dependence of Rct on CLi is related to the electrolyte chemistry. The interfacial capacitance (𝐶 𝑖𝑡 ) of PEO/Oh can be also extracted from EIS analysis and using the Equation 𝐶 𝑖𝑡 as a function of x for the different electrolytes is displayed in Figure 66. For comparison, the values measured at Oh/PEOxM at 80°C are added. For the three liquid solvents, 𝐶 𝑖𝑡 are similar in the range of 2.5 ± 1 µF.cm -2 and seem to slightly increase with salt concentration (increased by a factor of 2.5 between 1 mM and 1 M) while being independent to the temperature. For Oh/PEO interface, Cit showed a decrease with salt concentration from 1 to 0.3 µF.cm -2 between 1 mM and 1 M and is independent of the temperature. This result is similar to the work of Gondran et al. 21 on LATP/PEOxM-NaI interface and LATP/aqueous solution interface 70 with Cit in the range of 1 µF.cm -2 .

Considering that space charge layers are formed within the volume of both electrolytes, the interfacial capacitance (𝐶 𝑖𝑡 ) can be seen as two capacitances in series, i.e. one for PEO side (𝐶 𝑖𝑡 𝑃𝐸𝑂 ) and another for CE side (𝐶 𝑖𝑡 𝐶𝐸 ) such as: The value of 𝐶 𝑖𝑡 is therefore dominated by the contribution arising from the smallest capacitance. In our study, the total capacitance measured is found almost independent to the salt concentration and to electrolyte chemistry, which suggests that the interfacial capacity is dominated by the one of the ceramic side, in agreement with the interpretation of Gondran et al. 21 . For a given electrolyte chemistry, we show that Organic Electrolyte/Oh Rit followed a power law with salt concentration. At first glance, Rit are distributed over three to four order of magnitude and are larger for SPE. The largest interfacial resistance at 50°C equal to 3305 Ω.cm² is measured at Oh/PEI1M interface, whereas the lowest one, is measured at Oh/ACN1M interface and equal to 0.67 Ω.cm², at 50°C. Herein, the distribution is believed to only depend on the physicochemical properties of the electrolyte, and not on the surface chemistry of the ceramic.

1 𝐶 𝑖𝑡 = 1 𝐶 𝑖𝑡, 𝑃𝐸𝑂 + 1 𝐶 𝑖𝑡 𝐶𝐸 (20)
Regarding Ea, the dispersion is less scattered than Rit and varies between 0.52 and 1.01 eV, with an average value of 0.71 eV and a standard deviation of 0.15 eV, in line with reported data (Figure 33a, Chapter 1). The lowest and the highest Ea have been measured for Oh/ACN1M and Oh/PTMC1M, respectively. We can still notice that, similarly to Rit, the larger Ea values were measured for SPE/Oh interfaces. In the case of liquid based electrolytes, Abe et al. 4 , reported a larger activation energy at Oh/PC1M-LiTFSI than at Oh/DMSO1M-LiTFSI and ascribed this variation to the shift in electrolyte donor number which relates to more intense solvent-Li interactions.

Figure 68 illustrates the dependencies of Ea to electrolyte donor number of the liquid electrolyte from which we can deduce a similar pseudo-linear trend as reported by the group of Ogumi 4 being the larger the electrolyte donor number is, the higher Ea is. Unfortunately, no donor number are reported in literature for SPE. Thus, it would be interesting to performed series of NMR measurements on polymer electrolytes to measure their donor number and complete the Figure 68, however, such measurement is delicate and was not performed. It is worth mentioning that electrolyte donor number (solvent + salt) may differ from the solvent donor number. Still, the linear trend observed with liquid electrolytes suggests that cation desolvation/solvation step contributes for a major part in the energetic barrier of the overall ionic charge transfer process following Abe et al. 4 approach. The results show that the electrolyte chemistry drastically influences Ea and Rit. The solvent Donor Number seems to drive the Ea. Concerning the kinetics constant, it appears that Rit is smaller in the case of liquid electrolyte compared to SPE (Figure 67b). As the main difference between liquid and solid electrolyte is their bulk ionic conductivity, we propose in the next section to investigate any correlation between these parameters. bulk ionic conductivities at different temperatures. The electrolyte ionic conductivities have been measured separately using SS/Electrolyte/SS cell by EIS. For a given temperature, Rit and electrolyte are calculated or extrapolated from the Arrhenius plots of 1/ Rit vs 1000/T and the VTF fit of the ionic conductivities. Regardless the temperature, in this log-log scale, a trend emerges (valid over five decades) suggesting that Rit is correlated with organic electrolyte ionic conductivity. Thus, Rit obeys to an empiric power law with a negative power exponent indicating that the interfacial resistance will be minimized with high conductive electrolytes. The slope of log(Rit) vs. log( electrolyte) curve appears to linearly increase with temperature (in absolute value), due to different Ea between Rit and electrolyte and equals to -0.6 at 50°C. Therefore, Rit measured at Electrolyte1M/Oh interface followed a master curve whose equation is function of temperature (T) and (Equation (21)) given by:

Organic electrolyte ionic conductivity

𝑅 𝑖𝑡 (𝑇) = 𝑅°(𝑇)𝜎(𝑇) 𝑏𝑢𝑙𝑘 -𝑓(𝑇) 𝑤𝑖𝑡ℎ 𝑓(𝑇) = -0.4 -0.0035 × 𝑇 (21) 
Based on Equation ( 21), we can predict Rit at Oh/OE interface when the OE ionic conductivity is known. For instance, at 50°C, a. 4-folds drop of Rit is expected when electrolyte conductivity increases by a factor of 10.

For a given polymer chemistry, there are different ways to increase the ionic conductivity such as i) increasing salt concentration up to a certain limit (solubility threshold), ii) varying polymer chain length, and iii) plasticizing with adequate solvent. Thus in Figure 70, we add to the master curve given in Figure 69a, Rit recorded using polyether compound as model matrix for OE (similar chemistry) with difference concentrations of LiTFSI, with few x wt% of plasticizer (DMF), and with different molecular weights. The ionic conductivities of the polyether based electrolytes are displayed in Figure A2-7 in Annex and is decreasing with weight average molar mass (Mw) in accordance with reported dependency 15 .

Each series of data points follows the master curve and supports the empirical correlation between Rit and electrolyte. For a given chemistry, these results can be used as a guide to optimize both the interface resistance and OE conductivity. Additionally, the empiric relationship between Rit and electrolyte may also explain the results of Chen et al. 8 on the effect of polymer plasticization at PEO/Oh interface. In their work, the addition of TEG4 (in a ratio of [EO]: [Li + ]:[TEG4] =16:1:2) or DMC (in a ratio of [Li ]:[DMC] =1:10) into a PEO-LiTFSI polymer electrolyte results in a sharp drop of the interfacial resistance of 20% and 92%, respectively. We believe that the drop of Rit might be, at least partly, ascribed to an increase of polymer bulk ionic conductivity thanks to polymer plasticization. However, the authors did not provide dry and plasticized polymer conductivities to further discuss this point. In addition, the plasticizer can also modify the interfacial properties if ceramic surface is not pre-treated as discussed in Section 4.2.

As displayed in Figure 71a, PEOxM-LiTFSI ionic conductivity described a bell-shape curve as function of salt concentration with a linear dependency to CLi in the range of [10 -3 ; 1] M followed by a drop for CLi higher than 1 M ascribed to the formation of ion-pairing that limits free-ion concentration in the electrolyte 63 , and to the increase of electrolyte viscosity due to larger ionic interaction. The maximum value of PEO-xM does not correspond to the maximum value recorded for Rit that is plateauing for CLi higher than 1 M. Moreover, the Arrhenius trend of Rit is also preserved at temperatures down to 30°C as shown for the PEO1M-LiTFSI in Figure 71b, displaying 1/ Rit and 1/RSPE bulk (SPE bulk conductivity). This indicates that Rit is not related to the PEO bulk crystallization (at about 60°C), as reported by Tenhaeff and coworkers 64 . Near the ceramic surface, the polymer may stay in an amorphous state. This observation suggests that Rit -dependency cannot be solely explained by Rit-CLi dependency, especially in high concentration range. Furthermore, the plateau of Rit recorded for CLi > 1 M suggest that i) the charge transfer reaction rate constant in Butler-Volmer model (Equation ( 8)) might vary with salt concentration or ii) the formation of a space charge layer at the ceramic surface in the OE side. The variation in rate constant may be interpreted microscopically by either a change in the longitudinal relaxation time due to the slowing of solvent dynamics 65,66 (pre-exponential constant) or by a change in Gibbs activation energy of charge transfer reaction 66 . The latter assumption seems not valid as we observed a rather constant Ea when using PEOxM with salt concentration varying in the range of 0.9 M to 10 -3 M (Figure 63). Consequently, Rit stabilisation at high concentration might be due to i) an interfacial saturation (adsorption) with almost constant concentration of ions and polymer dynamics, or to ii) the formation of an interphase or space charge layer as proposed in literature. 32,57 . Consequently, whatever the way to vary electrolyte ionic conductivity (chemical nature, SPE molar mass, Li ion concentration, plasticizer additives, etc), the resulting Rit at the organic electrolyte/Oh interface follows a master curve. The latter can be an effective way to forecast Rit by simply knowing the organic electrolyte bulk ionic conductivity, however, the role and the chemistry of the ceramic is unclear at this stage.

Based on the results gathered on Oh/OE interface, we identified some governing parameters and can propose an empirical expression that includes the Rit dependencies recorded such as 𝑅 𝑖𝑡 = 𝐾° 𝑥 𝐿𝑖𝑇𝐹𝑆𝐼 -𝛼 𝑒 -𝐸 𝑎 (𝐷 𝑛 ) 𝑅𝑇 , with K° related to the molecular dynamics of the Li-ions in the OE, particularly to OE ionic conductivity and α that depends on the OE chemistry.

So far, we used a commercial LATP-like ceramic to investigate charge transfer kinetics at Electrolyte/Ceramic interface to identify some governing parameters. In the next section, we will vary the nature of the ceramic material using LLTO to assess the universality of our finding in Oh model ceramic.

Ceramic material

In the case of LLTO, multilayer cell impedance analysis is more difficult since Au/LLTO/Au cell spectrum reveals two different contributions, one in HF domain and another MF semi-circle ca. 8 kHz (Figure 72). The Arrhenius plot of LLTO Rbulk and Rgrain boundary provides Ea equal to 0.32 eV and 0.37 eV for those two processes, respectively. Based on the literature 67 , HF contribution is ascribed to LLTO bulk contribution whose conductivity was found equal to 1 10 -3 S.cm -1 at 20°C in agreement with the literature 68 . The second contribution (MF) is found 200 times lower at 2 10 -5 S.cm -1 at 20°C and ascribed to grain boundaries. We assess that multilayer OE/LLTO/OE effective ionic conductivity calculated from EIS spectra HF resistance perfectly corresponds to multilayer theoretical conductivity calculated using Equation (11) and using LLTO bulk conductivity (with an average deviation of ca. 28% mainly coming from the uncertainty of electrolyte layer thickness estimation). The typical Arrhenius plot recorded for PC electrolyte is given in Figure A2-6 in Annex. This result indicates that regardless the electrolyte used, LLTO grain boundaries impedance contribution may be part of MF contributions identified in multilayer cell impedance spectra.

To identify the MF resistive contribution related to LLTOgrain boundary (RLLTO,grain boundary) and to LLTO/OE interface in the EIS spectra, we used the equivalent circuit model given in Figure 73 inset to account for the different semi-circles identified. For all the OE/LLTO/OE multilayer impedance spectra, the strategy is to compare fitted MF frequency semi-circle(s) characteristic frequency, resistance, capacitance, and Ea to that of LLTO grain boundary measured from Au/LLTO/Au. Therefore, LLTO/OE Rit was subsequently assigned to the remaining MF semi-circle. The detail of the impedance spectra analysis of LLTO based multilayer cells is given in Annex Chapter 2 Note 4.

However, in the case of PEO and ACN electrolyte, the resistance of the MF semi-circle is lower than the theoretical LLTO grain boundary resistance (lower by a factor of 30% to 55% for PEO and ACN electrolyte, respectively) and suggests that LLTO/PEO and LLTO/ACN Rit may be negligeable compared to RLLTO,grain bondary and is probably buried in frequency which makes difficult its evaluation. 11. We can notice that for a given organic electrolyte, LLTO/OE Rit is larger than that of Oh/LLTO which suggest that ceramic material has an impact of Rit. However, depending on the OE used, the difference between Rit measured with LLTO or Oh ceramic materials varies implying potential specific interactions between OE and CE. Subsequently, we report Rit measured at LLTO/OE interface in Figure 74 as function of electrolyte conductivity at 50°C. Similarly, to Oh ceramic interface, Rit at LLTO interface decreases when organic electrolyte ionic conductivity increases. The slope of log(Rit) vs. log( electrolyte) appears to evolve with ceramic chemistry since we find it equal to ca. 1.12 (and 0.77 not including PTMC data point) for LLTO instead of 0.62 for Oh at 50°C. Consequently, the correlation between Rit and organic electrolyte bulk ionic conductivity appears to be valid with other ceramic material. In addition, based on this master curve, we can now estimate the overall polarization resistance Rp = Rel + Rit + Rdiff of OE/Oh/OE multilayer cell at equilibrium for the bulk transport to the transfer properties (HF, LF and MF). Indeed, we showed that Rel and Rdif can be calculated from each electrolyte bulk property and based on Ritelectrolyte correlation, Rit can also be forecasted.

Besides, the solvent and thermal treatments of the ceramic plate performed using LLTO and LLZO ceramic material (Annex Chapter 2-Note 3) did not show similar effect as for PEOxM-LiTFSI/Oh suggesting a change in surface modification mechanism that would deserve further investigations.

Salt counter anion

Until now, we have displayed the correlation between Rit and electrolyte ionic bulk conductivity that accounts for the kinetics transport of both cation and anion. As Li cation is transferred at CE/OE interface, we aim to investigate the effect of cationic bulk ionic conductivity on interfacial kinetics. To do so, we vary the nature of Li counter anion to verify the results obtained by the group of Ogumi 4 , as they reported an interfacial resistance of 85.6 Ω.cm² at the Oh/PC interface using 1 M LiSO2CF3 (LiTf), which is almost 8 times lower than the one we measured using LiTFSI. The Arrhenius plot of Rit measured at Oh/PEG using various Li salt (Figure 75a) shows no significant impact on Rit except a slight variation of Ea. Figure 75b displays the evolution of Ea of Oh/Electrolyte interface with lithium transference number. For OS and PEO solid polymer electrolyte, the transference number were measured from the fitting of the Warburg LF element of Li symmetric cell impedance spectra. In the case of PEG liquid electrolyte, the transference number were evaluated using pulsed-field-gradient spin-echo (PFG) NMR technique (see Table 12). Unexpectedly, there is a significant discrepancy between the values obtained with those two methods even if the trend remains similar: t + LiNO3 > t + LiTFSI > t + LiTDI. The values obtained using PFG-NMR are in line with reported literature 69 . The lowest Rit was measured using LiNO3 salt that provides the higher t + thus the highest + . The latter finding suggests that Rit kinetics is linked to Li cationic dynamics in the organic electrolyte phase close to ceramic surface. Regarding the variation of Ea with t + , it is hard to draw a conclusion when only considering Oh/PEG data points and even when adding Ea measured at Oh/PEO and Oh/OS (cross-linked PEO Osaka Soda Corp.) interfaces since Ea appears to be independent to t + (variation in the uncertainty of the measure). Based on this finding and on the bibliographic study reported in Chapter 1, and assuming that anions are involved in (first or second) Li-ion solvation sheath, it would suggest that Li ion desolvation step is not the rate limiting step at Oh/PEO since we would expect a variation of Ea when varying Li salt counter anion.

Polymer end function

To further investigate the impact of electrolyte Li ion bulk dynamic on interfacial kinetics, we vary the polymer chain ending function (between Poly(ethylene glycol) (TEG3-DOH) to Poly(ethylene glycol) dimethyl ether (TEG3-DME)), the latter being known to impact polymer ionic conductivity 15 . From Figure 76a, polymer ending function appears to have an impact on Ea with a larger value in the case of glycol-based ending function. This finding suggests that polymer ending function affect the overall energetic barrier of Li ion charge transfer reaction. Singularly, the values obtained using TEG3-DME and TEG3-DOH electrolyte does not follow the trend between Rct and electrolyte ionic conductivity (Figure 76b). Indeed, lower Rit is measured with TEG3-DOH electrolyte whereas its bulk ionic conductivity is lower than the one of TEG3-DME. Consequently, Oh/TEG3-DOH interface kinetics does not follow similar Rit vs. electrolyte trend. The polymer ending function can affect the ion charge transfer kinetics by several means: i) the ending function interact with Li cation or anions and thus affects its solvation and desolvation energy, and ii) the ending function can modify the special arrangement of polymer chain close to the ceramic surface due to electrostatic interactions (interaction with oxygenbased adsorbates). Indeed, -OH ending function are more hydrophilic than -CH3 and might be, to a certain extent, more compatible with ceramic surface and thus could accelerate the ionic charge transfer. Consequently, the effect of polymer ending function on Oh interfacial kinetics suggests specific interaction of polymer chain at Oh ceramic surface and/or with Li ions. It would have been interesting to record the variation in Oh wetting angle for TEG3-DME and TEG3-DOH electrolyte.

Consequently, based on the benchmark results on Ceramic/Organic Electrolyte charge transfer, we show that OE/CE/OE multilayer assembly impedance spectrum provides access to the interfacial ionic transfer resistance Rit. We also show that Rit drastically depends on i) ceramic surface composition, ii) on electrolyte salt concentration, iii) electrolyte bulk ionic conductivity, iv) electrolyte donor number and iv) on ceramic material. Thus, when combining all the knowledge gathered on Rit governing parameters, we are able to control and minimize Rit for a given Ceramic/Organic Electrolyte couple.

Interfacial resistance under polarization

So far, we have investigated the Ceramic/Organic Electrolyte (CE/OE) interfacial ionic transfer kinetics at equilibrium, but we find relevant to investigate the evolution of CE/EL Rit under polarization (as function of current) to get closer to real operating conditions.

Design cell assembly

To probe separately CE/OE Rit while applying a current, we use Li metal symmetric multilayer assembly in which a ceramic is sandwiched between two electrolyte compartments so that Li ions are forced to cross this interface. To extract Rit resistance, we can no longer use the EIS spectrum subtraction methodology since we cannot rely on a 2-electrode coin cell due to the overlap of Li/OE interface impedance that may also vary significantly under polarization. Instead, for non-equilibrium condition, we use a specific methodology that aims to measure Rit at CE/OE thanks to a 4-points (4-electrodes) impedance measurement. Thus, we design a cell inspired by the four-electrode cell proposed by the group of Ogumi and co-workers 4, 5, 70-72 and more recently by the group of Srinivasan 14 and that can be used in two configurations detailed hereafter.

➢ Configuration 1: Impedance measurement between two reference electrodes placed in each electrolyte compartments.

The illustration of the designed cell used for 4-electrode impedance measurement is given in Figure 77. Similarly, to coin cell assembly, the assembly is performed in an Ar-filled glove box. First, a piece of ceramic is placed in-between the two electrolyte compartments with a contact area tightly sealed by two flat O-rings revealing a 4 mm inner diameter that defines the contact area between the ceramic and the electrolyte. Then, the electrolyte compartments are filled with liquid electrolyte avoiding any gas that could influence the measurement. Finally, the two electrolyte compartments are hermetically sealed by 4 mm diameter screws on which a lithium metal disc has been preliminary stuck. Two very thin lithium metal strips, used as reference electrode, are then dipped into each electrolyte compartment to probe the electrochemical potential of the electrolyte. Alternative reference electrode have been used in literature as in the work of Sagane et al. 71 where a platinum electrode immerged in an I2 content solution (Redox couple I2/I3 -). In this configuration, we measure the impedance of one side of the ceramic by placing one reference electrode directly on the ceramic plate side, as illustrated in Figure 78. With a similar set-up, Ogumi and co-workers 70 investigated Oh/PC or DMSO (x M LiI2) interfaces. In their work, the ceramic potential was measured thanks to a Pt reference electrode immersed in a liquid electrolyte compartment in contact with the edge of the ceramic. In the present study, we use the same principle except that we use a separator impregnated with electrolyte to ensure the ionic contact between the lithium metal reference electrode and the ceramic edge. 

Impedance measurement and DC polarization

After assembly, the designed cell is either left in the glovebox to perform the polarization experiment or placed in an Ar filled pouch bag and then in a climatic chamber in case of temperature-controlled experiments. Due to the 4-points impedance measurement, a Solartron impedance-meter (1280) is used owing to its two reference electrodes cable (referred hereafter as Ref1 and Ref2) coupled to a working (WoE) and a counter electrode cables (CoE). The working and counter electrodes of the potentiostat are connected to each SS lateral screws on which a piece of lithium metal foil is stuck while the two other electrodes are connected to the reference electrodes immersed inside both electrolyte compartments. Therefore, in this 4electrode configuration, EIS spectra are recorded in between the two reference electrodes referred as Ref1 and Ref2. Nevertheless, we also record EIS spectra in 2-electrode configuration using Solartron impedance meter by connecting the Ref1 and WoE cable to one SS screw and the Ref2 and CoE cables plugged in the other SS screw, as illustrated in Figure 80b.

EIS was performed in the frequency range of 20 kHz down to 10 Hz using an excitation voltage in between 50 and 200 mV. The linearity of the impedance answer is always checked. We use the same temperature range, as we used for coin cells assembly (30°C to -30 °C). EIS spectra are recorded after temperature stabilization of the cells, i.e. when the EIS spectrum reach a steady state. The temperature is measured with a thermocouple type k located close to the cells.

Finally, potentiostatic step are performed between the two reference electrodes (regardless the configuration of the cell) so that a Li-ion flux is going through the cell. We chose to polarize successively positively and negatively one reference electrode, to vary the Li-ion current direction (in oxidation or in reduction) while gradually increasing the polarization amplitude (i.e. current density). Each potentiostatic step lasts five minutes to ensure that the current reach its steady state. The polarization cycling protocol is illustrated in Figure 79. 

EIS data treatment

At equilibrium, we first demonstrate that, the 4-points impedance measurement method is an effective way to separately measure Electrolyte/Ceramic interfacial impedance contributions from the bulk transport contributions. Similar frequency range is found for HF contribution, regardless the EIS measurement configuration (2 or 4 electrodes) and slightly less resistive in the case of 4-electrode measurement which is consistent with the position of the two reference electrodes (smaller distance compared to the distance between the two lateral screws) (as illustrated in Figure 77).

The MF contribution of the OE/CE/OE cell spectrum measured using 2-electrode configuration displays a very flattened and large semi-circles accounting for both Li/OE and Ceramic/OE impedance contributions. Conversely, the MF semi-circle obtained using the 4electrode configuration measurement is well-defined and smaller which suggests that only CE/OE is measured in this configuration. The MF-semi circle frequency from 4-electrode spectrum (796 Hz) is consistent with the one measured from the coin cell multilayer assembly.

Yamada et al. 71 used the same 4-electrode methodology and reported a similar Nyquist plot with one HF semi-circle and one MF semi-circle. There were attributed to the sum of the bulk ionic electrolyte layers resistances and to the interfacial resistance at CE/OE interface, respectively. Differently from our approach, the authors quantified the CE/OE Rit by subtracting the bulk electrolyte resistances from cell total impedance.

Multilayer bulk transport modelling using 4-electrode cell

Similarly, to coin cell assembly, we aim to demonstrate that the impedance method can effectively predict the designed cell impedance in terms of bulk impedance contributions. The idea is to assess if the effective conductivity calculated from the HF contribution of OE/CE/OE assembly corresponds to the algebraic sum of each electrolyte layer resistive contribution regardless the 2 or 4 electrode EIS measurement. (Generalized Equation ( 11)). Table 13 shows the adequacy of cell effective bulk ionic conductivity with theoretical values which confirms the good wetting of the ceramic surface by the liquid electrolyte (negligible gas bubbles in electrolyte compartment).

Multilayer interfacial property modelling using designed cell

At first, we aim to confirm that Rit evaluated from the designed cell is similar to Rit measured in coin cell (See Figure 81). We measure the impedance in the new cell using 2electrode configuration and without Li metal disks on the SS screws (which is equivalent to a SS/OE/CE/OE/SS coin cell assembly) and find a difference of around 23 % between the two cells. The deviation may come from i) the presence of some small gas bubbles at ceramic surface, ii) variation of ceramic surface chemistry between the coin cell and the design cell (not the same ceramic batch) and iii) the thermal inertia of the design cell (long lasting temperature stabilisation). Thereafter, we record Rit from the MF domain using the 4-electrode configuration of the new cell assembled with Li metal on SS screws. The corresponding Rit and characteristic frequency are gathered in Table 14 and compared to values measured in coin cell. Regardless, the electrolyte used, Rit values evaluated from 4-electrode EIS spectrum differ on average of 44% from the coin cell. This gap can be explained by i) a variation of the temperature inside the glovebox (not controlled, due to the activation energy of Rit a variation of 5°C leads to a fluctuation of c.a. 50% of Rit), and/or ii) a ceramic surface contamination during the cell assembly and/or, iii) the presence of some gas bubbles at the ceramic surface. Subsequently, we perform a polarization experiment by varying the potential difference between the two reference electrodes (Ref1 and Ref2) while recording the current that flows through the cell as well as the impedance response. Figure 82a displays the evolution over time of the current during a potentiostatic step that lasts 5 min. Obviously, the current reaches almost instantaneously (transient period less than 10 sec) its steady state right after the polarization step. We can still notice that this transient period seems to last longer when increasing polarization magnitude. The corresponding characteristic current vs. potential curve is extracted by taking the cell current density at the end of each polarization steps (steady state current, Figure 82a). Figure 82b reveals a clear linearity between the current measured and the potential polarization applied. The inverse of the slope corresponds to cell overall resistance equal to 1080 Ω.cm² that fits well to the total cell resistance (RHF+ RMF = 990 Ω.cm²) evaluated from EIS spectrum. This result demonstrates the purely ohmic behaviour of cell impedance under polarization. Interestingly, the apparent linearity seems to remain in Figure 82c displaying I vs E curve corrected from the ohmic losses.

Rit at TEG41M/Oh can be evaluated either from the slope of current-potential ohmic drop corrected curve or separately from EIS spectrum fitting using the equivalent circuit given in Figure 83b andc, as function of cell polarization or ohmic drop corrected cell polarization. The HF semi-circle does not evolve significantly with polarization, but the MF semi-circle is decreasing with polarization before reaching a plateau at ca. 140 Ω.cm² for polarization higher than 2 V vs. Li + /Li (0.5 V vs. Li + /Li, ohmic drop corrected). If in the case of HF resistance, an ohmic behaviour is expected, it is not the case for RMF ascribed to an ionic transfer resistance and which should not evolve linearly with polarization according to Butler-Volmer model (for polarization larger than 60 mV, out of the linear region). Consequently, the nonlinear variation of RMF to the polarization is in line with Butler-Volmer model. (Nb. We neglect the concentration polarization losses). In addition, the variation of RMF with cell polarization seems reversible as witnessed by Figure 83d. In the literature, the group of Srinivasan 14 and the group of Ogumi 70 recorded a similar linear polarization curve (I vs. E) in the case of 4-electrodes cell and using Oh ceramic in contact with EC: DEC (0.5 M LiPF6) electrolyte and PC (LiI) electrolyte, respectively. The group of Srinivasan extracted the corresponding Rit and found it in the range of 465 ± 70 Ω.cm². The authors still applied Butler-Volmer equation simplification for small polarization (< 20 mV) and provides an exchange current density of 0.57 A.m -2 at Oh/EC:DEC (1 M LiPF6). In the present study, we calculate the exchange current density close to the equilibrium potential in the range of 0.1 A.m -2 for Oh/TEG41M. In a realistic application, with a Li-ion battery providing a capacity of ca. 50 mAh.cm -2 and cycling at 1C rate (i= 50 mA.cm -2 ), the CE/El interface resistance of ca. 150 ± 20 Ω.cm² would result in a polarization loss of almost 9 V which will drastically limits cell performance.

The linearity of I vs. E might indicate that i) the variation of Rit with polarization might be too small to be distinguished from the overall cell impedance variation (RHF>> RMF) and/or that ii) RMF resistive contribution might be dominated by an interfacial passivation layer resistance that prevents to properly measure the minor Rit variation with cell polarization.

Reference electrode directly placed on the ceramic

To get further insights on the charge transfer kinetics under polarization, we measure separately the kinetics of Li-ion transfer from the electrolyte to the ceramic and on the opposite way from the ceramic to the electrolyte. Indeed, when recording the impedance between the two reference electrodes placed in both electrolyte compartments, we measure simultaneously the sum of the CE/OE interface resistance corresponding to the Li ion charge transfer reaction from the electrolyte to the ceramic and on the opposite way from the ceramic to the electrolyte. Both reactions are occurring simultaneously at one side of the ceramic, as illustrated in Figure 84. However, it is still not clear whether direction of the Li ion transfer reaction was rate limiting. Hence, it is required to clarify it by directly measuring the charge transfer kinetics of each reaction.

Figure 84. Illustration of the EIS 4 electrodes measurement of Ceramic/Electrolyte interface corresponding to the sum of Rint in CE + Rint in EL

Figure 85 shows that the ceramic potential was stable over time and close to 0 V which is consistent with the cell assembly since we measured the difference of potential between lithium metal dipped in the electrolyte compartment and lithium metal in contact with salt bridge.

Figure 85 Variation of ceramic potential at OCV.

At equilibrium, we further confirm that the reference placed on the ceramic side enables to separate the two parts of the Ceramic/Organic Electrolyte interface resistance by measuring the EIS spectrum between the ceramic and lithium metal reference placed alternatively in both electrolyte compartments (referred as Side 1 and Side 2). Figure 86 shows the good adequacy between the algebraic sum of the two EIS spectra measured between the ceramic and each reference electrode placed in one electrolyte compartment with the one measured directly between the two electrolyte reference electrodes (Table 15). The small variation observed for RHF might be due to the small displacement of the reference electrodes (their positions are not completely fixed and can slightly move along the experiment). (NB: This test is performed using TEG41M electrolyte but corresponds to two different cell assembly from the one used in Figure 80). RMF obtained from both sides of the ceramic are not the same and vary of almost 43% suggesting that either the ceramic surface composition is not the same in each side or there might be some gas bubbles trapped at one side of the ceramic surface. The frequency of the MF semi-circle measured between one of the lithium metal reference electrodes and the reference electrode placed on the ceramic are in the range of 200 Hz but slightly differs (126 Hz and 158 Hz). However, there is still a gap between the MF semi-circle frequency and resistance measured in the case of 4-electrodes measurement (either between the two electrolyte reference electrodes or between one electrolyte reference electrode and the reference placed on the ceramic) with the one of the reference impedance spectra of 2-electrode coin cell multilayer assembly.

We perform the polarization experiment between the two reference electrodes (one placed on the ceramic edge, and one placed in one electrolyte compartment), the corresponding polarization curve (characteristic current vs potential) is given in Figure 87. Similarly, to previous polarization experiment, we observe a linear evolution of the current with the applied potential difference between the two reference electrodes (one Li metal reference and one reference placed on the ceramic). The inverse of the slope of I vs E curve (275 Ω.cm² and 189 Ω.cm²) corresponds to the MF resistance evaluated from the EIS spectrum at equilibrium with 267 Ω.cm² and 187 Ω.cm² for Side 1 and Side 2, respectively. Thus, the slope well reflects the difference in RMF observed between the two side of the ceramic interface impedance (Table 15). This linear behaviour observed when placing a reference directly on the ceramic, confirms that the interfacial resistance might be independent (or slightly depends) to (on) the potential of the ceramic which questions Butler-Volmer model to describe Ceramic/Organic Electrolyte interface kinetics. Indeed, in the literature a Butler-Volmer like model is widely used to describe the Li ion charge transfer kinetics and forecast an exponential dependence of Rit with ceramic interface polarization. Additionally, the magnitude of the polarization applied should be large enough to not be in the linear region forecasted by Butler-Volmer model (larger than 600 mV).

To confirm that the polarization applied is well beyond the linear region, we increase further the polarization up to ca. 7 V vs. Li + /Li (Figure 88). For a polarization magnitude larger than 5 V, the current density seems to reach a potential plateau in oxidation and in reduction. This tendency might suggest that i) the polarization is so large that the system overall kinetics become limited by mass transport or ii) the potentiostat apparatus has reached the limit of the operating potential range at the counter electrode. Besides, at such high potential, there might have some electrochemical side reactions that can affect Oh interface and thus Rit (electrolyte decomposition occurs at potential higher than 4.3 V vs. Li + /Li). The latter must have occurred since we recorded an increase of HF resistance in the Nyquist plot of the cell and a change of liquid electrolyte colour after the experiment. In the literature, Sagane et al. 73 found at PC/Oh interface, a similar linear I vs. E behaviour and reported no Rit difference between oxidation and reduction when using a similar asymmetric 4-electrodes cell. However, they recorded a nonlinear behaviour in the case of Oh/DMSO interface, (I vs. E curve shows break in slope between oxidation and reduction, with a plateau in reduction) leading them to conclude that the kinetics of solvation and desolvation was not the same depending on the electrolyte nature. Still, the authors concluded that Oh/DMSO and Oh/PC Rit were independent to the current/polarization. Additionally, they compared Ceramic/Organic Electrolyte and Li/Organic Electrolyte interface kinetics by measuring the polarization resistance at Li/electrolyte interface using the same electrolyte formulation. Similarly, to Ceramic/Organic Electrolyte, they found out an independence of Li/Electrolyte Rit to electrode polarization with Rit on average 6.7 times lower than the Ceramic/Organic Electrolyte resistance. This result may suggest that Li ion solvation and desolvation reaction does not completely explain the large Ceramic/Organic Electrolyte resistance values measured. The authors explained the difference between those two interfaces by the fact that the lithium metal can accommodate its active surface area along cycling (for different current density) which mitigate the increase of the interfacial polarization whereas the contact area between the ceramic and the liquid electrolyte is set.

To ensure that the RMF is independent to the polarization, we also follow the evolution of RMF along the polarization experiment. Figure 89 shows a stable (variation less than 10%) Rit over the whole polarisation range and its values was found close to the one evaluated from E-I curve (Ohmic law Uohmic drop corrected = RMF * Icell). Except for the small polarization range, the CE/OE interfacial resistance was found stable with respect to the ceramic potential in oxidation and in reduction. It is important to point out that this time the MF resistance contribution is dominating the overall EIS spectrum (larger than the HF resistive contribution, RHF ca. 153 Ω.cm² against RMF=270 Ω.cm²) which means that if there were a variation of Rit along the polarization experiment, we could properly measure it which was not the case when recording the EIS spectrum between the two lithium metal reference electrodes. This result suggests that the remaining scenario that could explained such RMF polarization independence is that RMF correspond to the sur-imposition of Rit with a dominating Rint of a passivation/interphase layer that is independent to polarization/current. Herein, we find out that Ceramic/Organic Electrolyte interfacial resistance seems independent of the ceramic potential which is in line with reported data. Regardless of the cell configuration, the current-potential characteristic shows a linear curve implying equivalent kinetics for Li ions to be transferred from the electrolyte to the ceramic and vice versa. Besides, the independency of Rit to ceramic potential (i.e., current density) questioned the Li ion charge transfer mechanism since the Rit-potential independence is not consistent with a Butler-Volmer model.

Conclusion

This chapter provides an in-depth investigation of the Li-ion ionic transfer reaction at Ceramic/Organic Electrolyte interface using various ceramic and electrolyte. We used electrochemical impedance spectroscopy technique to study the interface between Ceramic/Organic Electrolyte using multilayer cell assembly at equilibrium and under polarized conditions. Multilayer cell impedance is dominated by the interfacial resistance, Rit at CE/OE interface whose values depends on some parameters such as salt concentration, electrolyte nature, ceramic surface composition, etc…. We showed that Rit at PEO/Oh interface can be drastically decreases, by more than one order of magnitude thanks to polymer solvent plasticization and ceramic plate surface treatment. Based on XPS analysis, chemical Oh surface composition plays a central role in Li cationic charge transfer kinetics. The XPS results tend to show that there is a beneficial interphase formation at Oh surface resulting from solvent or thermal treatment. This finding raises question about the physical meaning of the interface resistance measured from CE/OE multilayer impedance as it might be related to both, ionic transfer resistance Rit and to ceramic interphase resistance. Regarding the electrolyte layer, its bulk properties also have in impact on Rit and Ea. Rit appears correlated to solvated Li ion bulk dynamic in the electrolyte media. This trend was found valid in the case of Oh and LLTO ceramic material, so that potentially generalizable to other ceramic materials. Salt concentration dependency of Rit suggests that charge transfer reaction at CE/OE interface can be described by a non-symmetric Butler-Volmer model. However, the behaviour of Ceramic/Organic Electrolyte interface resistance under polarization reveals a purely ohmic behaviour which may suggest that Ceramic/Organic Electrolyte interface impedance is mainly dominated by a passive film resistance and Rit might be negligeable.

Annex Chapter 2

Figure A2-1 Conductivity of the SPE-LiTFSI-1M polymer (grey triangle), the CE Oh (blue diamonds), and the corresponding multi-layered cell SPE/Oh/SPE (red circles). The theoretical conductivity of the SPE/Oh/SPE cell is calculated using Eq.(11) from the main text (green dashed line)

Figure A2-2. Arrhenius plot of interfacial resistance at Oh/PEO interface for polymer made via solventfree method using two different cells to assess the reproducibility of the method. With an average gap of 8%. 

Note 1. Water impurities

To get further insights on the effect of solvent and heating treatment on the ceramic surface, we decide to record the effect of water impurities on interfacial kinetics. Similarly, to polymer solvent plasticization, we add a known amount of water (ca. 550 ppm) in a liquid electrolyte (DEG, diglyme) and measured the resulting Rit. We shifted from polymer solid electrolyte to liquid electrolyte as it was easier to add a precise amount of water in a liquid.

Unexpectedly, water impurities did not show similar effect of Rit depending on the ceramic pre-treatment in Figure A2-5.At 10°C, DEG1M/Oh Rit decreases from 82.7 Ohm.cm² to 30.4 Ohm.cm² (-63%) in presence of 550 ppm water impurities and using thermally pretreated ceramic, whereas it increases up to 146.4 Ohm.cm² (+77%) when using a pristine ceramic plate. In addition, the activation energy was unchanged when using "wet" electrolyte. It is worth mentioning that we do not record a change in Rit when ceramic was soaked in deionized water in Figure A2-5. So that, the effect of water of Rit seems to depend on the source and might be explained by the difference in "contact time" duration (time dependency), which is far longer in the case of electrolyte water impurity. In literature, some publication reported the effect of water contamination on Rit. In 2016, Busche et al. 1 reported for the first time an increase in LAGP/DOL:DME interface resistance after the addition of water (< 5 ppm) and that increases over time prior stabilizing. Based on XPS and ToF-SIMS investigations, the authors demonstrate the formation of a "swollen" surface film at the CE/LE interface resulting from the degradation of salt, electrolyte, and ceramic. This surface film, referred as solid liquid electrolyte interphase, SLEI, was also observed in the case of LIPON and Oh ceramic and is mainly composed of polymeric and carbonaceous species. In the presence of water, the SLEI thickness increases, and its composition evolves getting more enriched into CO3 -species. Later, Schleutker et al. 2 reported a similar increase of ca. one order of magnitude of LLZO/LE Rit after the addition 1229 ppm of water in the liquid electrolyte. This increase was similarly ascribed to the formation of a more resistive interphase (SLEI) 1 and more specifically due to the formation of HF element at ceramic surface (reaction of PF6 -salt anion with water molecules). Conversely, Vivek et al. 3 reported a drastic decrease in Oh/LE Rit upon the addition of water in the DOL:DME electrolyte. Interestingly, Rit is further decreasing as the amount of water increases (from 0.2 v% to 2 v%) and the decrease in Rit was also observed using other organic electrolytes (DMSO, ACN). The authors recorded also the variation of Rit when using other electrolyte additives (impurities, EtOH , LiF , NMF, etc…) that would present similar physical properties as water such as acidity, donor/acceptor number and dielectric constant (EtOH, HFIP, TFEtOH, etc…). However, none of the electrolyte additive tested showed similar magnitude in Rit decrease as those observed with water. Additionally, the XPS investigation of LIGCG surface after exposure to "wet" or dry electrolyte reveals no significant different in surface chemistry composition. Thus, the authors concluded on a singular effect of water on LICGC/LE kinetics that would affect the i) solvation ability of the solvent close to the ceramic surface (plasticization effect), ii) solvation shell of Li + cation with a preferential solvation by water molecules and the iii) SLEI morphology/porosity with an increase in the SLEI/LE surface area as interfacial capacitance is found to increase in presence of water.

The decrease in Oh/LE resistance reported by Vivek et al. 3 is consistent in magnitude with our results as they reported a decreased of ca. 67% of Rit after the addition of 200 ppm of water. Similarly, we recorded a slight increase in interfacial capacitance after water addition in the case of Oh preliminary heated plate (see Figure A2-5 b). However, when using pristine Oh ceramic plate put in contact with a wet electrolyte, we do not record any change in Cit. Interestingly, in the work of Vivek et al. 3 , the ceramic plate was preliminary heated at 80°C under vacuum for ca. 12 h. Thus, based on our results, we believed that the effect of water of Oh/LE interface may depends on the initial ceramic surface composition. Furthermore, in the case of high-water content impurities (ca. 2000 ppm), Vivek et al. 4 reported an Oh/wet-LE resistance almost equal to zero but at such concentration, one could wonder if solid electrolyte structural damage can occur as it is reported that Oh ceramic shows cationic Li and protonic H + exchange in acidic solution 5 .

Table A2-3. Relative atomic concentration (%) of the different bands in the C 1s XPS spectra of the samples obtained from peaks fitted area.

Table A2-4. Binding energy position (eV) of the XPS core peaks of different ceramic surface samples along with peaks fitted area and atomic concentration (%).

Oh pristine

Oh A2-5. Electrolyte/ceramic wetting angle measurement using a pristine or a pre-treated ceramic plate 6 .

The Table A2-5 gathered the wetting angles measured with several electrolyte on either a pristine or a pre-treated ceramic surface. These measurements were carried out using a highresolution camera and image processing software to measure and follow over time the wetting angle. It is important to note that all the measurement were performed in Ar filled glove bag to control the water and oxygen level. As the contact angle value decreases when the ceramic plate is preliminary treated, it may suggest ceramic treatment improve the ceramic wetting at CE/Electrolyte which may explain the enhanced interfacial kinetics recorded at pre-treated ceramic surface.

Table A2-6. n parameter (exponent of the CPE for the equivalence circuit) as a function of salt concentration for the interface between

Oh and PEOxM-LiTFSI. 6 Wetting angle measurements were performed with the help of Dr. Julien Giboz (LEPMI-Chambery) 

Figure A2-6. Arrhenius plot of the conductivities of PC electrolyte (grey triangles) and LLTO ceramic grain (blue filled diamonds) and grain boundary (blue empty diamonds) and the multilayer assembly PC/LLTO/PC (high frequency) (red circles) along with the theoretical values of PC/LLTO/PC calculated using LLTO grain conductivity (green dashed line) in the Equation (12).

Figure A2-7. Evolution of PEO-based electrolyte as function of polymer molecular weight and along

with reported data from Ref 6 .

Note 3. Influence of ceramic or polymer materials

We also investigated if solvent or heating treatment of the ceramic produced a similar effect on Rit using others ceramic/electrolyte combinations. Figure A2-8 compares the Arrhenius plot of Rit PCL1M_Dry-5 wt% DMC/Oh with a pristine Oh ceramic along with the one measured using PCL1M_Dry polymer or using Ohmodified either by a solvent dipping or by heating treatment. Herein, we used PCL polymer as it provides similar ionic conductivity as PEO (but a different chemistry) and DMC solvent instead of DMF solvent for polymer plasticization since DMC solvent showed similar effect when used as ceramic dipping solvent. When using PCL polymer instead of PEO, polymer plasticisation and Oh pre-treatment showed a higher Rit by a factor of ca. 18 and 2, respectively, compared to the reference value for PCL1M_Dry/Oh. In addition, the Ea evolves in the range of 0.73 to 0.88 eV for the different PCL/Oh interface studied but no clear trend emerges. Consequently, previous strategies that was found efficient to reduce PEO/Oh Rit seem to no longer work in the case of PCL/Oh. However, since we vary the solvent nature plasticization, it is delicate to conclude on the effect of polymer plasticization using another polymer chemistry. It would have been interesting to recorded Rit using PCL polymer plasticized using DMF solvent.

Figure A2-8. Arrhenius plot of interfacial resistance at PCL1M/Oh with a either a pristine Oh ceramic or a preliminary soaked in DMC solvent or dried at 250° under vacuum for 3 days and of PCL1M_5wt%DMC measured right after cell assembly along with the corresponding activation energy.

We also performed ceramic heat treatment on LLZO ceramic while using PEO electrolyte. Except for cyclohexane ceramic treatment for which a significant decrease of Rit is observed (Figure A2-9), all other LLZO treatments leads to an increase of the Rit. The interfacial Ea evolves with LLZO treatments with a decrease with ceramic solvent treatment. Those results show that the effect of ceramic treatment or polymer plasticization on Rit might depend on the ceramic/polymer couple. To go further an investigation of ceramic surface composition is then essential.

Figure A2-9. Arrhenius plot of interfacial resistance at PEO1M_Dry/LLZO with either a pristine LLZO ceramic or a preliminary soaked in ACN or cyclohexane solvent or heated at 250° under vacuum for 3 days.

Based on these results, it appears that when the ceramic is exposed to solvent molecules (DMF, ACN, DMC etc..) or heat treated, Rit is significantly lowered in the case of Oh/PEO, which might be ascribed to i) the removal of adsorbed species at the ceramic surface or ii) a chemical reaction between solvent molecules and ceramic surface, leading to the formation of a possible interphase. Thus, it is required to specifically probe ceramic surface composition to understand the driving force leading to a lower Rit.

Note 4. LLTO-based multilayer interfacial property: Rit identification.

Depending on the organic electrolyte used in Electrolyte/LLTO/Electrolyte cell assembly, the impedance spectra shape varies, and we can distinguish two cases regarding the number of MFcontribution identified in the MF domain (Figure 73):

• Electrolyte/LLTO/Electrolyte multilayer impedance that showed only one MF loop. It is the case for PEO1M and ACN1M electrolyte based multilayer assembly and we used the equivalent circuit model given in Figure 73a and d inset to fit their impedance spectra. • Electrolyte/LLTO/Electrolyte multilayer impedance that showed several semi-circles in the MF domain such as PC, TEG3, PTMC and PCL electrolyte based multilayer assembly. The corresponding equivalent circuit model used to fit the impedance spectra are given in Figure 73b, c, e and f inset with a series of R//CPE that stands for each MF loops. For the first case, Figure A2-10 displayed the Arrhenius plot of PEO/LLTO/PEO and ACN/LLTO/ACN MF resistance, capacitance and frequency of the resistive contribution fitted from impedance spectra and along with the Arrhenius plot of LLTO grain boundary resistance, capacitance and frequency calculated from Au/LLTO/Au spectra. The MF frequency semicircle shows similar characteristic frequency, capacitance, and Ea as LLTO grain boundary calculated from Au/LLTO/Au (close to 0.37 eV). However, regardless the electrolyte considered, MF resistance values of Electrolyte/LLTO/Electrolyte impedance were found lower than the theoretical LLTO grain boundary resistance (lower by a factor of 30% to 55% for PEO and ACN electrolyte, respectively). This result suggests that the LLTO/PEO and LLTO/ACN Rit may by negligeable in comparison to RLLTO, grain boundary and it is probably buried in frequency which make delicate its evaluation. One strategy to dissociate them rely on varying the temperature of the cell thanks to the difference of Ea of RLLTO, gb and Rit. Thus, in the case of ACN and PEO electrolyte, it is delicate to evaluate Electrolyte/LLTO interface contribution in the EIS spectra of the multilayer cell. For the other electrolytes tested (PC, TG3, PTMC and PCL), multilayer cell impedance spectra show several (at least two) MF resistances among which, one should correspond to LLTO grain boundary impedance contribution. However, when fitting cell impedance spectra with a set Rgb//CPEgb value, except for PCL/LLTO/PCL multilayer cell, we do not achieved good fitting residue since none of the MF semi-circle identified corresponds exactly in magnitude, capacitance and in frequency to the theoretical LLTO grain boundary impedance (calculated from Au/LLTO/Au) as displayed in Figure A2-11. Nevertheless, the thermal behaviour and the characteristic frequency of each resistive contribution analysis reveals that for each Electrolyte/LLTO/Electrolyte multilayer cell, one MF resistance show similarities with the one of LLTO grain boundary. For instance, in the case of PTMC base cell assembly the Ea and the characteristic frequencies of RMF-1 was found closed to the on LLTO grain boundary, equal to 0.45 eV (Rgb ca. 0.37-0.40 eV) and ca. 300 Hz at 20°C, respectively. Consequently, despite the gap between RMF-1 fitted resistance and the theoretical RLLTO gb estimated from Au/LLTO/Au spectra, we believe that R RMF-1 corresponds to LLTO grain boundary contribution in PCL/LLTO/PCL and PTMC/LLTO/PTMC multilayer spectra. In the case of TEG3/LLTO/TEG3 and PC/LLTO/PC multilayer spectra, RMF-2 resistance is assigned to LLTO grain boundary impedance. Currently, we can explain the discrepancy between Rgb measured from Au/LLTO/Au and Electrolyte/LLTO/Electrolyte cells spectra by the effect of the thermal treatment of LLTO plate prior multilayer assembly. Under intensive drying condition (heat plus vacuum), there may have of chemical desorption reaction that may promote some grain boundary modification (chemical element segregation). To assess this hypothesis, we should measure Au/LLTO/Au spectra using a thermally treated ceramic plate. In the specific case of PCL, PCL/LLTO/PCL multilayer spectra (Figure A2-11.) shows 3 resistive contributions, one HF semi circles that corresponds to the effective bulk ion migration in the multilayer (accounting for LLTO grain conductivity), two MF semi-circles RMF1 ca. 4 kHz and RMF2 ca. 220 Hz at 30°C (assigned to LLTO grain boundary) and one resistance buried with blocking capacitance ca. 1Hz (RMF3). The RMF3 contribution shows an activation energy was found close to 0.25 eV which is in the range of reported Ea at CE/Electrolyte whereas its characteristic frequency and capacitance are significantly lower and higher than the one measured at Oh/Electrolyte. Thus, this additional resistive contribution observed in the case of PC base multilayer might not correspond to Rit and it could be related to the interface between PC/SS blocking electrode owing to its capacitance. To assess this point, we should assemble and measure the impedance spectra of a novel PC/LLTO/PC multiplayer cell using other SS blocking spacer. Thus, Rit of PC/LLTO was assigned to RMF1 semi-circles in cell impedance spectra. As described in Chapter 1, fast charging ability is one of the key parameters to ensure a smooth transition to EV. Understanding the rate limiting factors in Li-ion batteries will help improving fast charging ability. Limitations can come from [1][2][3][4] :

• the lithium-ion transport inside the batteries and • the kinetics of the Li-ion transfer at the Electrode/Electrolyte interface (ionic and electronic). Generally, the fast-charging ability is addressed by tuning the electrode engineering such as optimisation of electroactive materials (coating, particle size and distribution, AM nature, etc.), the electrode architectures (thickness, morphology (porosity and tortuosity) and formulation), the electrolyte composition (salt, solvent, additives, concentration) and cell design (separator, casing). In practice 2 , the selection of suitable combination of electrode/electrolyte relies on the precise measurement of Li-ion diffusion coefficients inside each component and of Li-ion transfer resistance and kinetic constant at the active material (AM) Electrode/Electrolyte interface. In the literature [5][6][7][8] , several electrochemical methods such as GITT 5 (galvanostatic intermittent titration technique) and EIS 9 (electrochemical impedance spectroscopy) have been developed to accurately measure kinetics of charge transport and transfer processes. However, the reported data provided by the literature are very dispersed, and it is not yet clear whether Li-ion rate limitation comes from Li-ion bulk transport that account for AM solid phase and electrolyte phase and/or interfacial kinetics. The difficulties to determine the most accurate parameters comes from their interconnected relationship in a battery. We propose here a complete analysis of both Li-ion transport (Section 2) and transfer kinetics (Section 3) for a single system (a given electrode and electrolyte) to get insights on parameter controlling cell rate limiting processes. Based on those results, we discuss about the cause of battery rate limitation and compare charge transfer kinetics to mass transport rate.

Experimental methods

Positive electrode materials

LiNi0.8Co0.15Al0.05O2 (NCA) and LiNixCoyMnzO2 (NCMxyz) oxide materials are provided by SAFT. For NCM, two morphologies are provided either a polycrystalline or single crystal, here after referred as NCM-PC and NCM-SC, respectively. The morphology of AM particles are investigated using scanning electronic microscope (SEM) (Figure 90) and laser granulometry measurement. As can be seen, the polycrystalline NCA and NCM622 particles are sphere-like shape of ca. 2-10 m diameter secondary particles composed of primary particles of couple of hundreds of nanometres. On the contrary, the single crystal particles are made of single particles of ca. 3 to 5 m diameter that tend to agglomerate. The specific surface area of electrode and components powders are measured by the gas adsorption of nitrogen/krypton (ASAP 2020+) at 77 K and calculated by applying the Brunauer-Emmett-Teller (BET) 10 method. Before the nitrogen/krypton gas adsorption was performed, samples are outgassed at 80 °C under vacuum for 24 h. The results are gathered in Table 17 and will be commented later in this chapter.

The positive electrodes are prepared by conventional solvent-casting method at SAFT consisting in preparing a slurry made of a mixture of AM powder, electronic conductive agent (carbon Super P) and binder (Polyvinylidene difluoride, PVDF). First, the binder is mixed in a desired amount of 1-methyl-2-pyrrolidinone (NMP) solvent using an Ultra Turrax (Ika) blender to obtain a gel. Then, the other components are added and the whole is further mixed for ca. 10 min. The resulting ink is then left to degas for ca. 1 h prior being tape casted on an aluminium sheet by using a doctor blade to control the slurry thickness. The as-prepared electrode is dried in an oven at 60 °C for one night prior to be calendered to control the electrode porosity. The targeted electrode loadings ranged between 2 to 20 mg.cm -2 . Similar electrode protocol is used for graphite negative composite electrode except that water was used as solvent and a cellulosebased binder instead of PVDF.

Electrolyte

The organic-based liquid electrolytes are supplied by SAFT, and their exact composition remains confidential. Still, the electrolytes consist of a mixture of carbonate-based solvent (LP30 like) and a lithium salt (such as LiTFSI and LiPF6) whose concentration varies from 1M to 0.01M. Hereafter, the liquid electrolyte are denoted LP30*-x M, with x being the salt concentration.

Coin cell assembly

Coin cell assembly is done in an Ar filled glovebox (with H2O and O2 concentrations below 0.1 ppm) and are referred as complete cell (negativepositive electrodes), half-cell (Li metalpositive electrode or Li metalnegative electrode) or symmetric cell (positive electrodepositive electrode or Li -Li) depending on their assembly (Figure 91). For the complete cell assembly, a 12 mm diameter positive electrode is placed in front of a 14 mm diameter graphite counter electrode and separated with a Celgard®2325 separator impregnated with an organic-based liquid electrolyte. In the case of half-cell assembly, the graphite counter electrode is replaced by a Li-metal disk using a stainless-steel spacer as a current collector. Positive symmetric cells are also assembled using two identical positive electrodes that have been carefully dismantled from two cycled half cells and stopped at a selected potential. The potentials are chosen based on the galvanostatic profile of the cell, roughly they correspond to different state-of-charge (SOC) 10%, 30%, 50%, 70%, and 90%, which correspond to the following listed of potential for NCM-based composite electrode : 3.6 V (vs. Li + /Li) ; 3.7 V (vs. Li + /Li) ; 3.79 V (vs. Li + /Li) ; 3.97 V (vs. Li + /Li) and 4.13 V (vs. Li + /Li), respectively. In the chapter, all voltages are referred to Li + /Li couple.

Cycling protocol

Coin cells are cycled in an oven at 25 °C at least for two cycles at low current density of 5.5x10 -2 mA.cm -² (equivalent to C/20 rate) in Constant Current Constant Voltage mode (CCCV) (2 h of potentiostatic step at the end of the charge). The preliminary formation cycles are ended when a cell reaches a stable capacity with a stable coulombic efficiency, typically of 99%. Thereafter, specific electrochemical cycling tests are performed to investigate Li ion diffusivity and Li ion transfer kinetics inside the cell.

The potential range are adapted depending on the cell assembly; [2.7 V; 4.2 V], [2.7 V; 4.3 V] in the case of NCA based half and complete cells respectively and [1.5 V; 4.19 V] and [1.5 V; 4.29 V] in the case of NCM based half and complete cell, respectively. The complete cells are assembled with graphite-based counter electrode whose loading has been adapted to achieve a balancing of 1.1. As an example, the typical galvanostatic cycling profile of NCA based half-cell is displayed in Figure 92. Along the two activation cycles, the specific discharge capacity obtained is about 175 mAh.g -1 , which is the typical value reported for such material in the 2.7 -4.2 V potential range 11,12 . 

Understanding Li-ion transport in composite electrode

Composite electrode rate performance highly depends on two main parameters, illustrated in Figure 93: • the diffusion inside the AM solid phase and,

• the diffusion rate of Li-ion inside composite electrode porosity (through the electrolyte trapped in the electrode pores) It is therefore crucial to investigate those two diffusive processes and to understand their connection and impact on cell overall rate limitation. Regarding the electronic transport inside the composite electrode, it has been demonstrated that the electronic conduction 13,14 is of equal importance with Li ion transport when carbon additive content is lower than the electrical percolation threshold (especially for thick electrode) 15 . In our case, we consider that we are solely limited by the ionic transport due to the electrode formulation employed.

Figure 93. Illustration of the Li ion diffusion pathway from the electrolyte phase up to the micro-scale

diffusion inside AM lattice structure. Reprinted from ref. 16 .

For the solid state diffusion limitation within the AM, the aim is to measure the intrinsic Li-ion transport kinetics as a function of the particle morphology [17][18][19] since polycrystalline powder can lead to misleading results 20 . Indeed, polycrystalline AM particles are made of aggregate of small primary crystallites (single crystal) and can be porous leading to a more complex Li ion transport. In practice, electrochemical methods are used to determine the kinetics of Li ion diffusivity such as cyclic voltammetry 21 (CV), potentiostatic intermittent titration technique 22 (PITT), galvanostatic intermittent titration technique 23,24 (GITT) and electrochemical impedance spectroscopy 25 (EIS). The lack of standardisation protocol leads to very scattered data of the chemical Li-ion diffusion coefficient DLi 26 that might come from the fact that it is generally measured in the composite electrode with very different AM particle size and morphologies. An example is given for NCA composite electrode in Figure 94 where DLi ranges between 10 -14 and 10 -6 cm 2 .s -1 .

Figure 94. Reported Li-ion diffusion coefficients (DLi) as a function of x Li a) and cell potential b)

obtained from the NCA composite positive electrode along with the method used. Data extracted from ref. [1] 27 [2] 28 [3] 29 [4] 30 [5] 31 [6] 32 [7] 33 [8] 34 [9] 35 [10] 36 . The horizontal solid lines indicate DLi reported value for a given electrode lithium content.

Therefore, the origin of such dispersion should be elucidated, a challenge already discussed in the literature 26,[37][38][39] . To date, several effects have been identified and could contribute to this data dispersion in the determination of Li ion diffusion inside AM particle:

• the determination of the electroactive surface area (quite often linked to the particle size of the electroactive material), • the electrode potential measurement (with and without a reference electrode),

• the underlying assumption of the single-particle model used which is often far away from a realistic Li-ion battery, • the choice of the electrochemical method itself to evaluate diffusion coefficient (GITT, EIS, CV, etc..). Consequently, it is crucial to question the accuracy of the method and the experimental parameters used to determine DLi prior discussing the governing parameters of the Li ion diffusivity in a battery. Herein, a new methodology is presented and compared to existing one.

Existing methods

As explained two methods can be employed, the GITT and EIS. GITT method 5 is derived from second Fick's law and was first employed in 1977 on a Li3Sb model electrode 5 . As no detail is given on the electrode, we assume that the measurement was performed on a single crystal thin film electrode and not on a composite electrode. However, such model electrode is far away from any realistic composite electrodes. Measurements in composite electrodes [40][41][42][43] were investigated with GITT giving information about DLi in AM as a function of the electrode SOC. EIS 44 technique is also commonly used to measure effective DLi in composite electrodes 44 and can be coupled to GITT. Combining several techniques to determine DLi provides trustworthy result as demonstrated by Wang et al. 45 (PITT + EIS) since data can be confronted to each other. The consistency between GITT and EIS methods has been demonstrated using several electrode materials like Mattson et al. 46 on LiWO electrode and Gao et al. 16 on Ni-rich positive electrode. For NCA electrode material, Ding et al. 28 reported a Li-ion diffusion coefficient along cycling in the range of [4 10 -9 -5 10 -13 cm².s -1 (100%SOC) 47 ], investigated by GITT technique whereas Uygur et al. 30 reported a higher diffusion coefficient in fully delithiated NCA active material (100%SOC) of 7.10 -13 cm².s -1 using EIS method. Both papers reported a similar mass loading of ca. 11 mg.cm -2 , with the same electrode composition but still different Li-ion diffusion coefficients. This demonstrates the difficulty to rely on literature data for a proper estimation of DLi.

Additionally, the methods used to measure DLi are suffering from the complexity of the data analysis coupled to longue duration of the measurement 48 . Besides, the duration makes difficult their combination with other characterisation techniques such as operando techniques which would enable a correlation between lithium diffusivity and other electrode physical properties (structural (XRD), morphological (tomography) evolution). Long lasting experiments are also incompatible with battery manufacturers that required fast and efficient method to control battery rate. Thus, time-saving alternative methods are required. In 1994, Doyle et al. 49 proposed an electrochemical technique based on rate capability test to characterize DLi. This technique was then improved recently and applied to solid-state batteries by Devaux et al. 50 . Briefly, the measurement starts with a fully charged cell that undergoes successive discharges cycles starting from the fastest discharge rate and ending with the slowest one without charging step in-between. Based on cell discharge power curve, an effective diffusion coefficient (Deff) can be calculated using Sand theory. Chien et al. 51 opted for an optimized GITT named intermittent current interruption (ICI) and based on transient current interruption while a constant current step is applied.

Herein, we propose a new method to determine in a faster manner DLi, namely, the Backand-Forth GITT (B&F GITT). We will compare the results of our new method to the classical, GITT and the Sand-based method. The aim is to discuss the source of data dispersion and the "meaning" of the Deff evaluated from cell rate performance.

Classical GITT method

Classical GITT experiment, illustrated in Figure 95, begins with a cell preliminary charged at a low constant current density (equivalent to a C/10 rate) and stays at the selected potential for either 2 h or when the current density decreases to a value corresponding to a ca. C/100 rate. Then, a discharge constant current pulse (CP) (eq. C/25 rate) is applied for 1 h followed by a relaxation period (RP) of 4 h to reach a steady-state value (Eeq). This sequence of CP+RP (Figure 96 inset) is repeated until the cell is fully discharged, and reach is lower cutoff potential. A similar cycling procedure can be adapted in charge.

Figure 95. Illustration of GITT experiment showing the evolution of the current and cell potential.

Reprinted from ref. 52 .

Figure 96 displays the typical cell potential evolution during classical GITT experiment of a Li/NCM cell, while the inset shows, in more detail, a given CP + RP sequence. During the relaxation period, the electrode potential described a logarithmic like behaviour before stabilizing around a steady state potential, denoted Eeq. Based on Weppner and Huggins theory 5, 53 , DLi in AM particles can be calculated using Equation (22), assuming a semi-infinite diffusion:

𝑫 𝑳𝒊 = 𝟒 𝝅 ( 𝑽 𝑴 𝑺 𝑭 𝒛 𝒊 ) 𝟐 [ 𝑰 𝟎 ( 𝒅𝑬 𝒅𝜹 ) ( 𝒅𝑬 𝒅√𝒕) ] 𝟐 (𝐭 ≪ 𝑳 𝟐 𝑫 ) (22) 
with: 𝑰 𝟎 the applied current (mA) of the pulse, VM corresponding to the molar volume of the electrode material (for NCA VM = 41.27 cm 3 .mol - 1 28, 34, 54 The use of Equation (22) relies on several assumptions that are listed below: i) dense and planar electrodes, ii) one-dimensional (1D) Li ion diffusion across a plane of dense electrode geometry, iii) uniform current distribution inside the electrodes volume, iv) constant diffusion coefficient during the current pulse, v) negligible volume and structural changes during the measurement duration, vi) neglect all other phenomena that could alter the cell potential evolution during current pulse (overpotentials: concentration profiles due to ion migration in the electrolyte and at electrode/electrolyte interface are assumed negligible, and the electrochemical double-layer capacitance is ignored) Based on the complexity of the electrochemical system which are far away from a model system, those assumption can be discussed/debated and can impact the accuracy of the resulting DLi. Given 𝐼 0 ,VM, 𝐹 , 𝑧 𝑖 and S parameters are known (still debated for S as it can be assumed as electrode geometric area or AM powder BET, this point will be discuss in detail in a following subpart), the remaining unknows in Equation ( 22 With 𝑬 𝒆𝒒 𝒏 and 𝑬 𝒆𝒒 𝒏-𝟏 which correspond to the cell potential equilibrium, potential reached during the n th and (n-1) th RP (rest period) 𝒙 𝑳𝒊 𝒏 for n in the range of [0 ; 25]and that correspond to electrode lithium content as the end of the n th CP. This parameter is quite controversial since no consensus is reached yet to calculate this parameter that can drastically influence the DLi value 48, 55 . To date, it may partly explain the scattered DLi found in literature (Figure 94)

At first, we assume a fully discharged electrode where 𝑥 𝐿𝑖 𝑚𝑎𝑥 = 1, neglecting the possible irreversible lithium loss. Then, subsequent Li content is calculated according to Faraday's law and using the discharge capacity delivered (Qeffec) by the cell after its initial formation cycles following Equation ( 24):

∆𝒙 𝑳𝒊 = 𝑸 𝒓𝒆𝒗 * 𝑴 𝑨𝑴 𝑭 (24) 
With MAM molecular weight (96.05 g.mol -1 and 96.93 g.mol -1 , for NCA and NCM based electrode, respectively), and, Qrev, being the reversible cell capacity (Ah.g -1 ), assuming a complete AM lithiation, F the Faraday constant (26.8x10 -3 Ah.mol -1 ).

Consequently, Li content in the electrode after the n th current pulse is calculated according to Equation (25).

𝒙 𝑳𝒊 (𝒏) = (𝒙 𝑳𝒊 𝒎𝒂𝒙 -∆𝒙 𝑳𝒊 ) + 𝒏 × ∆𝒙 𝑳𝒊 𝑵 (25)

where N stands for the total number of current pulse (herein N=25). In charge, i.e. delithiation, lithium decreases in AM particles (+ sign has to be replaced by -).

Finally, the last quantity to be estimated in Equation (22) is 𝑑𝐸 𝑑√𝑡 which corresponds to the slope of cell potential evolution during the CP within a given time range. The choice of this slope is highly arbitrary and leads to a large source of error. As an example, the very first data points of E vs. t 1/2 curve should be ignored since they are influenced by cell overpotential such as ohmic drops and interfacial kinetics overpotential. Based on Weppner and Huggins theory 5 , Equation (22) is valid within short times assumption that implies to only consider the data points below a characteristic diffusion time (td) limit. The latter quantity is defined by Equation (26).

𝒕 𝒅 = 𝑳 𝟐 𝑫 𝑳𝒊 (26) 
With 𝑳 corresponding to the characteristic diffusion length and, DLi to the Li ion diffusion coefficient.

Therefore, diffusion time limit is directly conditioned by the medium (liquid and solid phase) in which Li ion mass transport limitation occurred. Consequently, the fitting of E vs t 1/2 curve required to assume a priori the medium in which Li ion mass transport limitation occurred and that must be confirmed after data processing.

The well-established GITT method is still nowadays debated in literature since several parameters are sources of errors that influence DLi determination, leading to a series of questions:

• How can we limit the arbitrary choice in the evaluation of E vs t 1/2 curve slope?

• What is rate limiting phenomenon evaluated with GITT method (the AM primary, AM secondary or the composite electrode)? Does it really correspond to DLi in the solid phase? • Finally, can we decrease the experiment duration of classical GITT?

Sand-based method

Historically, Sand theory was used to calculate DLi within the electrolyte but quite recently it was demonstrated by Devaux et al. 56 that it can also be used to measure the Li ion effective mass transport kinetics in the cell. The working principle is to extract an effective Deff from cell discharge power curve (Qdischarge vs. jdischarge) as illustrated in Figure 97. The discharge power curve can be obtained either using a classical rate capability test or using a fast discharge protocol 49 and a comparison is given in Annex Chapter 3 Note 1. The discharge power curve obtained using the latter protocol are referred, hereafter, as "fast discharge power curve" and reflects well a conventional battery power performance. The main advantages of this cycling protocol rely on i) its duration and, ii) the rather simple data analysis (fast and less arbitrary choice). Figure 97 displays the variation of cell cumulative discharge capacity that corresponds to the sum of successive discharge capacity cycles as function of discharge current density from the highest to the slowest cycling rate one and without charging step in-between. We observed a typical power curve with a sharp drop of discharge capacity above a given limiting current density referred as jlim (highlighted by the red diamond in Figure 97). For j > jlim cell performance is strongly decaying due to Li-ion mass transport limitation. Sand equation 57 (Equation (27)) implies that the cell electrochemical performance is limited by Li-ion mass transport which is the case at high discharge rate (j > jlim), thus it provides the value of cell effective Li-ion diffusion coefficient.

𝝉 𝒔 = 𝝅𝑫( 𝒏𝑭𝑪 𝑳𝒊 𝟐 𝒋 ) 𝟐 (27) 
with n the number of exchanged electrons, F the Faraday constant, CLi the Li concentration in the media in which mass transport limitation occurred and, j the applied discharge current density.

DLi is then calculated from the slope of 𝜏 𝑠 vs. 1/j² (obtained from the discharge power curve) with jdischarge (j) > jlim and with 𝜏 𝑠 corresponding to the discharge time (see Figure 97b).The extrapolation of 𝜏 𝑠 vs 1/I² is valid since we recorded a linear regression in Figure 97b. More specifically, there are two ways to estimate the rate limiting current (jlim):

• Graphically, by estimating the current density above which the cumulative discharge capacity drops sharply, referred as jlim, graphically (see Figure 97a) • By extrapolation of the curve 𝝉 𝒔 vs 1/I², where the jlim, linearity corresponds to the minimum current density for which the linear regression is still valid. (Figure 97 b) Similarly, to the GITT method, the calculation of DLi requires to calculate several parameters, among them CLi and S, with an a priori assumption of the medium in which the mass transport takes place during fast discharge cycle. Additionally, one can wonder if the fast discharge protocol does not cause severe irreversible capacity losses and electrode damage. Indeed, it is known that a fast discharge rate can lead to material damage due to shrinking/expansion of the structure 58 and intensify electrolyte decomposition due to overpotential. This involves checking that the power performance is always the same for two successive fast discharge tests and that the cell returns to its nominal capacity after the fast discharge protocol. From Figure 98, it appears that fast discharge protocol does not affect subsequent cell cycling performance. 

Consequently, Sand theory methods is also raising some questions:

• What is the rate limiting phenomenon evaluated with Sand-based method (Liion diffusion within the electrolyte or AM)? • Does DLi evaluated with Sand-based method corresponds to the one measured from GITT?

Regardless the method employed, we can also question the impact of the counter electrode on the Li-ion diffusion coefficient since we used a 2-electrode set-up. The following chapter will then address the questions raised by the GITT and Sand methods by proposing a new approach to properly measure DLi.

2.2.

A new methodology: Back and Forth GITT (B&F GITT)

Back and Forth GITT (noted hereafter B&F GITT) helps reducing the experiment duration by probing the reversibility of the redox reaction around a specific potential (charge and discharge probe quasi simultaneously) while providing DLi. The main idea is to select a potential of interest and to perform current pulse for charge and discharge (loop around the potential) as illustrated in Figure 99.

More specifically, the cell is charged up to a certain SOC at C/10 rate for 2 h followed by 4 h rest. After this resting period (RP), a sequence of four small current pulses (CP) (corresponding to a C/25 rate) alternatively positive and negative (to investigate charge/discharge process) is applied to the cell, each of them followed by 4 h rest. The CP + RP sequence is chosen so that, at the end, the cell returns to its initial state of charge/potential. This cycling protocol is drastically faster than classical GITT by ca. 80% (3 days against 16 days) since we measure DLi in charge and in discharge within the same cycling test (but with less data points). Another advantage is that it can be adapted to symmetric cells which allows to avoid potential artefact that may come from counter electrode. Finally, the working principle of the B&F GITT technique is the same as classical GITT technique indicating that Equation ( 22) is still valid. B&F GITT experiment was applied to NCA positive electrode material as can be seen in Figure 100. Four different cell potentials 3.62 V, 3.74 V, 3.87 V, 4.04 V (vs. Li + /Li) were selected corresponding roughly to SOC 20%, 40%, 60% and 80%. In the present case, B&F GITT started with a fully charged cell. 

Methods comparison

To ensure the reliability of the B&F GITT, we apply the classical GITT method followed by the B&F GITT on the same cell. Figure 101 shows the electrode equilibrium potential as function of 𝑥 𝐿𝑖 , obtained using GITT and B&F GITT methods. 𝑥 𝐿𝑖 in NCA positive composite electrode is defined according to Equation (25). The inset of Figure 101 is focusing on equilibrium potentials recorded when performing B&F GITT method around a given electrode potential value i.e. SOC. Eeq displays a nearly linear potential decrease as function of electrode lithiation for both GITT and B&F GITT methods, in accordance with the literature 36 . First, for the GITT method, Eeq is almost similar between the lithiation and delithiation in the range xLi from 0.9 to 0.6 (in discharge ca. 3.8 V, potential where Ni 4+ are reduced into Ni 2+ ) with an average gap of ± 5 mV. However, for xLi < 0.6, the results diverged since for a given Eeq, xLi is shifted to higher value for the charge process compared to the discharge process, indicating a Li loss during oxidation/reduction. As an example, for a similar Eeq, i.e. 4 V, xLi is 0.43 for the discharge whereas it is 0.5 for charge. Additionally, for xLi < 0.45 in charge, Eeq is quasi constant suggesting that the cell reached its maximum delithiation state whereas it is linearly decreasing in discharge. From this observation, the difference in xLi between charge and discharge potential can be estimated to ca. 0.088 and the shifted Eeq vs. 𝑥 𝐿𝑖 curve in charge is displayed in Figure 101 b. This difference can be due to:

• The calculation of xLi which is relying on previous electrochemical performance at similar rate (but without relaxation) and assuming a 100% coulombic efficiency. • The parasitic reactions occurring in NCA positive electrode, mainly, the electrolyte decomposition, the transition metal leaching, which are difficult to quantify and know to be more pronounced at higher potential 59 , • A structural feature in NCA material that leads to the formation of small percentage of rock-salt structure, known to influence the GITT response 60 and also known to be catalysed by electrolyte decomposition at high voltage 59 .

The corrected (xLi) curve shows an overlap for values of xLi below 0.6 between charge and discharge step for the classical GITT. However, for values of xLi higher than 0.6, this correction is somehow too pronounced, which suggests that the accurate estimation of xLi is not straightforward.

In the case of B&F GITT, there is no noticeable difference observed between the Eeq recorded in oxidation and in reduction (Figure 101 a inset) indicating a better reversibility of the reaction mechanism in small xLi range 35,36,61 . This example illustrates that the B&F GITT is a well-suited technique to investigate DLi in a fast manner and that it can lower the impact of parasitic reactions.

Based on B&F GITT, we calculate, using Equation (22), DLi for each current pulse applied and compared it to the classical GITT as seen in Figure 102a andb. DLi has been calculated considering the electrochemically active surface area (AM BET surface area) an approximation that will be discussed in more detail later. Classical GITT and B&F GITT give similar DLi showing that B&F GITT can be applied instead of classical GITT methods, leading to time saving method (3 days against 16 days). DLi measured by GITT methods (Figure 102) are mostly stable during cycling (charge and discharge) except at extreme delithiated stage (oxidation) and lithiated stage (reduction) where DLi can vary from one to three order of magnitude. Those results are consistent with the literature (Figure 94) where several hypotheses are discussed to explain the extreme stage. The sharp change in DLi can be caused by i) to a solid state diffusion kinetics hindrance imposed by a structural change 28 at the end of lithiation/delithiation (stronger interaction between Li and host structure in Li slabs) and/or ii) H2 phase formation in which Li ion solid phase diffusivity might be slower 62 .

Figure 102. Li-ion diffusion coefficients (DLi) determined from the GITT and B&F GITT curves for the NCA composite positive electrode cycled vs. Li as a function of (a) xLi in Li/NCA and (b) electrode potential (Eeq).

Even if the B&F GITT helps probing faster electrode materials during cycling, one question remains: Do we measure DLi inside positive composite electrode? Or do we measure a DLi that could be affected by the counter electrode?

B&F GITT applied on positive symmetric cells

Thanks to B&F GITT method, we can use symmetric cells avoiding the influence of the counter electrode. Generally, lithium-ion transport is limited by solid phase lithium-ion diffusion inside positive AM particles 1,26,36,63 . However, this assumption is barely verified. In fact, in a 2-electrodes cell, the potential evolution of the counter electrode may have a non negligeable impact on the recorded cell potential responses, and ultimately affect DLi (E vs. sqrt(t) curve response). Dees et al. 36 compared the results obtained from a 2-electrode cell to a 3-electrodes cell to show the influence on the resulting DLi. They reported a difference of almost one order of magnitude of DLi (overestimated in 2-electrodes cell) and pointed out that a third electrode is necessary for a better accuracy.

Consequently, we aim to verify this hypothesis by using the B&F GITT method on symmetric positive electrode cells. We use five different NCA symmetric cells whose initial SOC are the following: 10%, 30%, 50%, 70% and 90% corresponding to xLi values of 0.97 ;0.903; 0.84; 0.63 and 0.712. xLi are calculated using the same approach as described in Equation ( 25). Here, the cycling protocol consists of applying the same current density for the CP as the one used for with half-cell measurements (eq. 4% SOC), then the amplitude was gradually increased in order to probe SOC or xLi value that are further away from the initial "central" SOC (see Figure 103 and Figure 104a). The evolution of the potential during the current pulses applied on symmetric cells is like the one recorded with half-cell (Figure 103). The reversibility of the processes can be assessed by the overlap of potential values between point 1, 3 and point 5 (Figure 103).

A proof-of-concept experiment, where CP current magnitude was varied between 4% to 20% SOC (duration set), was performed on a NCA symmetric cell whose electrodes were cycled and stopped at a SOC of 50% (corresponding to xLi of ca. 0.63). The obtained DLi are displayed in Figure 104a and are compared with data obtained from classical GITT collected using half-cell. Even over a wide range of xLi, DLi measured from B&F GITT with symmetric cells overlaps perfectly (within the error bars) with DLi measured using classical GITT method. Interestingly, DLi measured at ca. xLi = 0.63 (that corresponds to initial SOC of the symmetric cell electrodes and that corresponds to DLi measure in step 3 and 5) during successive CP sequences, is becoming higher than the initial value. This deviation can be due to i) parasitic reaction that consume part of the capacity (faradic efficiency lower than 100%) and to ii) the inaccuracy of electrode potential variation during each CP since we used a two-electrodes set up.

Figure 104. Proof-of-concept experiment comparing B&F GITT to classical GITT. The B&F GITT experiment was performed on a symmetric cell with NCA at 50% SOC using various constant current value; a) data from classical GITT measured in half-cell and b) data from B&F GITT measured in symmetric cell.

As the proof-of-concept is successful, we apply this methodology to the full range of SOC. Figure 105b displays DLi calculated from the B&F GITT performed on NCA symmetric cells and the ones obtained using B&F GITT and classical GITT method on complete cells 7 . At first sight, a good agreement is found between DLi obtained using B&F GITT with complete cell or symmetric cells, for electrode SOC between 30% to 10%. DLi was found around 1.1 10 - 12 cm².s -1 in line with the literature (Figure 94). However, the symmetric cell corresponding to extreme SOC (90%) shows a decrease in DLi which is consistent with the decrease observed on half-cells using classical GITT, where a value of 1.7 10 -13 cm².s -1 was obtained. This phenomenon was already described and most probably related to the AM lattice structural evolution. Surprisingly, in the present case, the lithium metal counter electrode did not significantly modify DLi since the value obtained in half-cells and symmetric cells are rather similar with a maximum difference of ca. 20% which is in the error bar of the measurement. Slight deviation of the Li metal counter electrode potential evolution due to lithium SEI passivation layer instability under polarized condition can modify cell electrode potential profile (during CP steps) and therefore DLi. But since the cell is cycling in the reasonable oxidative condition (upper cut off at 4.2 V vs. Li + /Li) coupled to small current densities, there is little chance for unstable SEI. Similar measurement should be performed up to 4.8 V vs. Li + /Li, where NCA is known to decompose as well as the organic electrolyte 64 .

B&F GITT method provides similar DLi when using half-cell or symmetric cells indicating that Li counter electrode slight affect cell potential. Therefore, DLi measured using GITT based method are related to Li ion diffusion in positive composite electrode. However, the question regarding the physical rate limiting process behind such DLi is still unresolved.

2.5.

Accuracy and physical meaning of D Li evaluated by GITT method

Electrode active surface area

Dispersion in DLi reported data can be partially explained by the choice of the electrode active surface area given the quadratic relationship between DLi and A (Sea) in Equation (11) 48 .Table 16 displays DLi data from the literature with their corresponding electrode active surface for NCA AM electrode. B&F GITT AM powder BET 2.0 x10 -11 AM powder BET corrected by binder coverage rate and blending effect.

Eq. ( 30)

2.4x 10 -8

Electrode geometric surface area Using electrode geometric surface area provides relatively high DLi (10 -10 -10 -9 cm².s - 1 ) caused by an underestimation of the real electrode active surface area. In most of the cases, the active surface area determination is based on BET method 68 which does not take into account the possible coverage of the electroactive material particles by other composite electrode component. Based on this, some approximate the electrode surface area to a fraction of the AM powder BET 69 whereas others tries to evaluate it by analysing AM particles microstructure 48 (bimodal microstructure of AM : primary and secondary particles). Recently, Nickol et al. 26 , reported a variation by a factor of almost 2.5 in active surface area (diminution) value when considering either AM electrode powder BET or electrode BET area which implies a variation of DLi by a factor of 6. This value can even be multiplied by a factor of 30 when considering the active surface area estimated using electrode microstructure 26 . Landesfeind et al. 70 and Malifarge et al. 71 estimated the electrode tortuosity using symmetric cells impedance spectra to determine the electrode active surface area, leading to an exaggerate surface since it accounts for the entire electrode wet surface (electrochemically active and not). The issue in determining the proper surface area is illustrated in Figure 106a The AM powder BET is not considering the coverage of the particle during the electrode engineering process. On the other hand, when composite electrode BET is measured, electrode components developing large surface such as conductive agents, drastically increase the overall BET 48,72 .

Consequently, the choice of the electrode active surface area has a strong impact on the resulting DLi and the appropriate choice of electrode active area is not yet clear 39,48,72 . In the following part, we aim to tackle this challenge by providing a method to determine the real electrode surface area. We propose to correct AM powder BET by correcting the AM coverage rate. Whereas the correction of composite BET value consists in subtracting the contribution of the non-electroactive components present in the composite electrode. For this purpose, several electrodes are made such as AM : binder and SuperP : binder composite electrodes while maintaining the relative proportion of each components. The idea is to isolate the coverage rate of AM and SuperP by the binder. BET is measured using an ASAP 2020+ device and with either N2 or Kr gas depending on the sample specific area (Kr is preferred when samples provide a smaller surface area than 1 m²) 8 . The results are summarized in Table 17. The corresponding isothermal adsorption curve are given in Figure A3-2 in Annex.

Figure 106. a) Illustration of a composite electrode with AM particles covered by the polymeric binder and conductive agent. b) and c) SEM picture of composite electrodes that evidenced AM particles polymeric film coverage. d) EDX cartography of the (d) composite electrode.

Additionally, we also measure the BET of the Al current collector and binder to ensure that they do not interact with nitrogen or krypton gas (first two rows of Table 17). Surprisingly, the BET of a PVDF film is not null but rather equal to 0.22 m². g -1 which may suggests that binder can also contribute to overall composite electrode BET. Both BET values for AM powder and SuperP powder, are in agreement with supplier information. In our case, we use two different approaches to determine the AM surface area considering the BET value and the morphology of the particles that may agglomerate inside composite electrode. SEM (Figure 107) and particle size distribution (Figure 108) measurement were then employed to give additional morphological information. NCA particle morphology observed by SEM (Figure 90) shows typical ca. 7 µm diameter secondary particles (in agreement with the particle size distribution, Figure 107) made of agglomerates of primary particles of ca. 550 nm. Considering solely the primary particles, we find an equivalent active surface of 2.3 m².g -1 whereas it is found equal to 0.18 m².g -1 when considering secondary AM particles as ideal sphere, using Equation (28).

𝑨 𝑺𝑬𝑴 = 𝟔 𝝆 𝒅 𝑨𝑴 (28)

With 𝝆 corresponding to AM density and dAM the characteristic size of the AM particles (determined either from SEM picture or particles size distribution) and assuming spherical particles. The difference of AM surface area evaluated from morphological (SEM observation) investigation and the gas adsorption (BET) indicate the probable agglomeration of the particles leading us to conclude that neither gas molecules (Kr or N2) nor liquid electrolyte can penetrate the particle, as seen also in secondary particle fractured displayed in Figure 107. Based on those data, we estimate NCA secondary particle surface roughness of the order of 38%. From the composite electrode (b) (Table 17), we can estimate AM surface coverage rate by the binder, with a BET (0.5 m².g -1 ) slightly lower than raw powder (0.56 m².g -1 ), suggesting that 16% of the surface of the particle is not accessible once covered by the binder in the electrode formulation. However, mixing the powder in NMP solvent (referred as blended NCA powder in Table 17), leads to an increase of the BET surface area (up to 0.62 m².g -1 ), indicating that the particles might have been fracture and/or some closed porosities at the surface got open during the high efficient stirring process (ultra turax). These hypotheses are supported by SEM observation of stirred NCA powder in Figure 109 and by granulometry measurements (Figure 108). It indicates that with the blending process and the addition of the binder in the mixture, the AM secondary particles are most probably more covered and agglomerated than the estimated value of 16% for composite electrode (b).

Figure 107. SEM images of NCA particles showing a particle fractured into two pieces.

Samples

This basic investigation already demonstrates that the determination of electrode surface area based on AM powder BET is not accurate as it leads to an underestimation of electrode active surface area since the powder is impacted by electrode elaboration. Instead, we propose to use blended AM BET. Consequently, we propose to use the following Equation (30) that accounts for the AM particles scrambling/pulverisation and coverage rate inside the composite electrode.

𝐒 𝐄𝐀𝐒 = (𝟏 -𝛕 𝐜𝐨𝐯𝐞𝐫𝐢𝐧𝐠 𝐀𝐌 ) 𝛃 𝐀𝐌 * × 𝐦 𝐀𝐌 (30)

With 𝒎 𝑨𝑴 , 𝜷 𝑨𝑴 * and 𝝉 𝒄𝒐𝒗𝒆𝒓𝒊𝒏𝒈 𝑨𝑴 , being electrode AM mass in g, blended AM particles BET in m².g -1 and composite AM particles coverage rate (herein 𝝉 𝒄𝒐𝒗𝒆𝒓𝒊𝒏𝒈 𝑨𝑴 = 𝟎. 𝟏𝟔)

The corresponding corrected DLi was found ca. 15% higher than the one measured using raw AM powder BET (see Table 16).

With composite electrode (a) (Table 17), an overestimation of AM surface area is caused by non-electroactive component, such as carbon additives. Consequently, we measured the BET of the composite electrode (c), only made of SuperP and binder. As expected, the super P carbon is embedded in the binder thus reducing the BET from 63 m 2 .g -1 to 44 m 2 .g -1 , i.e., 1/3 of SuperP surface is covered. Consequently, when the composite electrode BET is considered as electrode active area for DLi calculation, an error of almost 80% is made. Consequently, we can correct composite electrode BET by subtracting the contribution of SuperP (44 m².g -1 x mSuperP) and polymer binder (0.22 m².g -1 x mBinder). However, this correction is exaggerated as it implies an overall composite electrode coverage rate of 25% whereas we measure experimentally ca. 47%. In other words, the estimated contribution of SuperP and binder is larger than the BET measured for composite electrode (a). This finding suggests that the interactions of polymer binder with SuperP and AM particles differs between three or two components (binder + AM or SuperP). To get further insights on the interaction between binder, AM and SuperP inside composite electrode, it would have been interesting to measure the BET AM:SuperP:Binder (x:y:0.04) composite electrode, varying the relative ratio of AM/SuperP while leaving the wt%Binder constant.

Consequently, based on Table 16, it clearly emerged that using electrode geometric surface area in DLi calculation leads to a very large error (ca. 2 order of magnitude) and when AM surface coverage and blended are not corrected it leads to a 1.5-fold change. Therefore, the cumulative error can impact up to 3-order of magnitude on DLi which is consistent with dispersion of reported literature.

Thanks to our surface area correction, we determine that one source of data dispersion is, partly, caused by the poor estimation of the electroactive surface area. It directly impacts DLi by a factor of almost 10 3 . Now, we will use the corrected AM surface area (AM powder blending and coverage rate correction Equation ( 30)). Proof-of-concept has been made with NCA based composite electrode, but similar results were obtained with NCM based composite electrode.

Despite, all care taken to better estimate the surface area, it cannot solely explain the scattered DLi reported in literature. Other parameters implied in DLi calculation (such as "dE/(d√t)" quantity) need to be considered and will be discussed in the rest of the chapter, using NCM composite electrode, that showed similar results for BET experiments.

Time range to evaluate E vs d√t curve slope

Few publications, using GITT method, detailed the selection of dE/(d√t) from E vs. sqrt(t) curves 28 and in particular the time range from which the slope of E vs. sqrt(t) curve is considered for DLi. According to Weppner and Huggins theory 5 , based on a planar model electrode, a linear dependency of electrode potential to the square root of the current pulse time is expected. Delacourt et al. 73 reported that a similar linear behaviour should be also observed in the case of conventional electrode using spherical AM particles. Figure 110 displays a typical electrode potential evolution during a current pulse as function of the square root of time which clearly differs from the ideal case (theory) that should display a clearly linear trend. Here, we see a continuous evolution of the potential with no distinct linear region, as a consequence, the slope of E vs. sqrt(t) curve changes depending on the selected time range. As illustrated in Figure 110, the linearity is approximated, at first graphically, when considering short time (t < 10 s 1/2 ).

In the literature, similar E vs. sqrt(t) curves has been reported 74,75 in the case of NCM electrode but whose analysis (time range selection) and physical meaning is barely detailed 28 . Kang et Chued 38 discussed the uncertainty of DLi caused by the arbitrary choice of the potential relaxation curve fitting methods and proposed a novel fitting procedure 74,38 . Instead of taking E vs. sqrt(t) curve slope, they proposed to fit 𝐸 𝑣𝑠. √𝑡 𝑟𝑒𝑙𝑎𝑥 -𝜏 -√𝑡 𝑟𝑒𝑙𝑎𝑥 (with trelax : relaxation period and 𝜏, the pulse duration) curve to identify the adequate time range and separate surface from bulk diffusive processes contribution. Other strategies are proposed to directly fit the whole E vs. t curve, without selected a specific time region, by applying a model curve from which a diffusion coefficient can be evaluated 76 . However, the model used requires the input of other electrochemical parameters whose determination are also questionable (reaction rate constant, charge transfer resistance, etc…).

In short, one of the difficulties in DLi calculation is related to the selection of the proper time range defined by a lower-and upper-time limit, tmin and tmax, respectively, to evaluate E vs. sqrt(t) curve slope.

• The upper time limit, tmax, is related to short time assumption of GITT theory and corresponds to the characteristic diffusion time defined by Equation (26). However, this limit is function of the medium in which mass transport limitation is occurring. • Since GITT theory implies a purely Fickian behaviour (cell overpotential variation only due to mass transport limitation, i.e. concentration gradient), the other sources of cell potential variation such as Ohmic drop, kinetics overpotential and any change in the total cell resistance during the current pulse (negligeable change in electrode potential due to lithium content variation inside the AM particles i.e. small current pulse) must be neglected. Consequently, the very first data points in Figure 110 are also excluded and defined, the lower time limit, tmin. Herein, we chose, at first, to use half-cell EIS spectrum to guide the choice of the appropriate time range, tmin and tmax refereed as the "short time region". Figure 111 displays the typical EIS spectrum of Li/NCM cell at 4.3 V vs. Li + /Li in which we can identify two domains: the HF + MF domain and the LF corresponding to a typical Warburg open impedance response 9 . The Warburg element is related to the diffusive processes kinetics and can be due to one or several mass transport limitations such as the Li-ion mass transport in the electrolyte separator, in the composite electrode tortuosity as well as in AM solid phase. At first, we assumed the LF element response is dominated by solid phase diffusion. This assumption will be further discussed afterwards.

Considering the ohmic drop and the interfacial kinetics processes embedded in the HF and MF domains, the tmin limit is taken at a frequency higher than 833 mHz, thus equal to 1.25 s (√𝑡 𝑚𝑖𝑛 )= 1.12 s 1/2 ). Additionally, the LF domain can provide the characteristic time constant (td) of the diffusive process related to Warburg open impedance (e.g. finite length Warburg) equivalent and assigned to tmax (in the case of NCM positive electrode, tmax = 135 s).

Consequently, based on the EIS spectrum analysis, E vs. sqrt(t) curve slope was evaluated in the time range of [1.2; 135] s (equivalent to 1.12 < sqrt(t) < 12.9). This shows that graphically, one can estimate the slope of E vs. sqrt(t) curve by considering the tangent at small time t < 10 s 1/2 in in Figure 110. It is worth mentioning that according to Weppner and Huggins theory 5 , tmax must be significantly lower than td. Therefore, it would have been more appropriate to evaluate the slope within [1.2; 13.5 (td/10)] s time range. However, we found that E vs. sqrt(t) curve slope was not evolving so much when varying tmax from 135s to 13.5s, so that we kept the large time range to have a larger number of data points. However, EIS spectrum does not 'directly' inform about the physical diffusive processes that is related to tmax. In the literature, it is largely accepted that this time constant corresponds to solid state Li ion diffusion in the AM particles 30 . However, when looking at the AM electrode microstructure, it is difficult to know if DLi corresponds to Li-ion diffusion in primary or secondary particles. To get insight on the later point, we can use the characteristic diffusion time (td) evaluated from Warburg open element and estimated a corresponding DLi using Equation ( 26) with AM particles radius as characteristic diffusion length (L= rAM). The equivalent DLi, is equal to 10 -10 to 10 -7 cm².s -1 when considering primary and secondary AM particle radius, respectively. When using GITT methods, DLi value is close to the one obtained from primary particles radius which may suggest that limiting diffusion process evaluated from LF impedance element corresponds to Li ion diffusivity in primary AM particles. Moreover, Warburg LF element allowed, in some condition, to probe lithium-ion diffusion inside composite electrode porosity. The latter measurement will be discussed hereafter.

Consequently, DLi evaluated with GITT method and using the short-time range appears to best reflect the Li-ion diffusion in the primary AM electrode particle. However, the ambiguity about the physical meaning of the rate limiting process remains. In the next part, we will vary some cell parameters such as i) AM particle morphology, ii) electrolyte concentration, iii) electrode loading and iv) temperature to estimate the better tmax-tmin and the corresponding DLi.

AM morphology

We investigate two different particles morphology i) a polycrystalline one (referred as NCM-PC) and ii) a single crystal one (referred as NCM-SC). The morphology of NCM-SC is drastically different due to the absence of spherical secondary particles (Figure 112). The particle diameter ranges from 0.8 to 6.7 µm (2 µm on average) with agglomerates. The average particle sizes, determined by granulometry10 (Figure 113), is consistent with SEM pictures and the Dv50 corresponds to the particle aggregates. The specific surface area was estimated from SEM image and being 0.63 m².g -1 for NCM-SC AM particle (assuming an AM density of 4.76 g.cm -3 and 2 µm average diameter) which is close to the one obtained by BET (0.79 m².g -1 ). This result suggests a rather limited particle surface rugosity which is consistent with SEM pictures which differs for the polycrystalline powder. NCM-PC power BET was found equal to 0.25 m².g -1 whereas by using the microstructure the surface area estimation drops to 0.14 m².g -1 . Based on SEM images, we can easily see a very high surface rugosity in agreement with the BET reported value.

Figure 112. SEM images comparing the morphology of polycrystalline NCM (refereed as NCM-PC) to single crystal NCM (NCM-SC).

Consequently, when varying particle morphology from PC to SC, Li-ion diffusion length (L) inside AM primary particles may vary by a factor of ca. 2. If we consider the diffusion length inside the secondary particle aggregate for NCM-PC, L will vary by a factor of ca. 5. Therefore, a variation in E vs. sqrt(t) curve should be observed in the diffusive process probed by GITT method correspond to Li ion diffusion within secondary AM particles. GITT measurement performed on NCM-PC and NCM-SC shows similar equilibrium potential (Figure 114). Only a little deviation can be seen at the end of the lithiation for both electrodes coming most probably from xLi evaluation. Surprisingly and despite the change of particle morphology, the analysis of the E vs. sqrt(t) curves reveals no change between PC or SC particles (Figure 115). According to the theory, a change in E vs. sqrt(t) curve is expected if we assume Li transport limitation in NCM-PC coming from secondary particles as the lithium diffusion length in AM particles is 5-time higher for NCM-PC, therefore a variation of diffusion characteristic time of 5². Since no change is observed in Figure 115, DLi seems to correspond to Li-ion diffusion inside primary in the case of NCM-PC. Additionally, the Warburg open element fitting 68,77 of NCM-SC based cell EIS spectrum provides a characteristic diffusive time constant of 189 s (sqrt(1189)=13.7 s 1/2 ). This value is ca. 1.4-time larger than the one measured for NCM-PC based electrode (135 s).

Besides, this variation is of the order of the difference between AM radius variation between NCM-SC and NCM-PC (primary particles) which further supports that the diffusive processes in the short-time range is related to the diffusion inside AM primary particles. We also compare the evolution of the E vs. sqrt(t) slope as function of lithium content as can be seen in Figure 116. the E vs. sqrt(t) curve short-time slopes were found very similar in between the two composite electrodes, suggesting that the same limiting process is occuring. Therefore, we conclude that the morphology has a minor impact on E vs. sqrt(t) curve shape and short-time slope.

Figure 116. E vs. sqrt(t) curve slope evolution with electrode lithium content evaluated from GITT experiment using NCM-PC or NCM-SC particles.

Then, DLi are calculated for both morphologies (Table 18) taking account the corrected AM powder BET surface area (assumed similar surface coverage as for NCA AM powder). As E vs. sqrt(t) curve slopes are similar, the gap between the Li-ion diffusion coefficients of NCM-PC or NCM-SC-based composite electrode is only due to the difference in AM specific surface area, leading to a difference of one order of magnitude in favour of NMC-PC morphology.

Table 18. Mean DLi (average in the central range of xLi where DLi shows a plateau) calculated using NCM-PC and NCM-SC along with the AM powder BET.

AM Morphology

NCM-PC NCM-SC DLi GITT [cm².s -1 ] 8.7 10 -12 8.2 10 -13 AM powder BET [m².g -1 ] 0.25 0.79

To be more accurate on DLi, we again assess the electrode active surface by EIS and found that Rint was on average 1.2-fold-lower for NCM-SC than NCM-PC different from the ratio estimated by BET (3.1). This difference might come from i) the wetting of the electrode and/or ii) AM powder morphology may change during electrode elaboration processes (particles cracks, surface coverage, etc…). By using EIS, Trevisanello et al. 63 investigated the impact of NCM-811 particles morphology on DLi and found almost 100 times lower DLi for SC compared to PC, difference being caused by a change in surface specific area. Interestingly, they found that DLi of NCM811-PC evolves during cycling while NCM811-SC remains constant and assigning this deviation to a change in specific surface area caused by particles fracture (in the case of polycrystal particles).

Consequently, to specifically isolate the effect of particles morphology on DLi, it would have been necessary to use various morphologies with equivalent specific surface area as attempted by Oswald et al. 78 . Unfortunately, in their work, they only record the rate capability of the cells that was found poorest in the case of SC-based AM composite electrode. In perspective, it could be interesting to record GITT experiment when using NCM-SC with reduce particles size (e.g., ball milling of NCM-SC powder) to further assess that GITT probes Li ion diffusion in primary AM particles.

In sum, the results obtained when varying AM morphology, tend to state that GITT measurement allows to probe the Li ion diffusion inside primary AM particles. Since NCM-PC primary and NCM-SC particles dimensions are close, we recorded similar DLiSBET ² .However, there are still ambiguities in diffusive process evaluated with GITT as it may also correspond to the effective Li ion diffusivity in composite electrode.

2.5.2.2.

Electrode loading NCM-PC composite electrodes with various loading (from 2 mg.cm -2 to 18 mg.cm -2 ) are elaborated and measured using classical GITT experiment 11 . Figure 117 displays cell potential as a function of square root of time (E vs. sqrt(t) curve) during the first current pulse in discharge where little changes can be seen. To highlight any differences, normalised potential as function of the square root time were plotted (Figure 117b). Still little differences, especially regarding the slope, can be noticed which suggests a similar Li ion mass transport limitation regardless the electrode loading. Figure 118 displays the evolution of DLi as function of the electrode loading. Those diffusion coefficients were measured from short time slope of E vs. sqrt(t) curves and using raw AM powder BET (0.25 m².g -1 ) as electrode active surface area. Obviously, DLi coefficients were found independent to electrode loading (in average equal to. 8.4 10 -12 +/-3 10 -12 cm².s -1 ). This result supports the idea that GITT method assesses Li-ion diffusion coefficient inside AM particles, since the Equation ( 26) forecasts a dependence of the characteristic diffusion time to the square of diffusion length. Indeed, for a set electrode porosity, varying electrode loading is equivalent to varying electrode pores length, herein it varies by a factor of ca. 100 when electrode loading varies from 2 mg.cm -2 to 21 mg.cm -2 . Regarding the characteristic diffusion time evaluated from LF Warburg open element in the EIS spectra (Figure 147), it was found rather constant for the different cells using various loaded electrode (maximum variation of a factor of 3).

Figure 118. Evolution of DLi evaluated using classical GITT method with E vs sqrt(t) short time slope as function of electrode loading (NCM-PC). The time range has been adapted for the different loading and from half-cell EIS spectra analyses.

Consequently, we showed that DLi evaluated using GITT was independent of electrode thickness supporting the idea that GITT evaluated Li ion diffusivity in primary AM particles.

2.5.2.3.Electrolyte concentration

To further assess our assumption, we vary the electrolyte concentration (CLi) over 3 decades (from 0.01 M to 1 M) and perform classical GITT methods. The corresponding equilibrium potential as function of electrode lithium content are plotted in Figure 119, using either NCM-PC or NCM-SC based composite electrodes. If the Eeq vs xLi curves of the cells using 1 M or 0.1 M liquid electrolyte are similar, the one using 0.01 M is shifted to the right due to a poor cycling ability (increase of cell internal impedance (Figure 149)) when using diluted electrolyte, leads to fast cut-off voltage).

Nernst theory forecasts cell equilibrium potential evolution with electrolyte concentration according to Equation (32) and assuming Equation (31).

𝑳𝒊 𝒙 𝒎𝒂𝒙 𝑵𝑪𝑴 ↔ 𝑳𝒊 𝒙 𝑵𝑪𝑴 + (𝒙 𝒎𝒂𝒙 -𝒙)𝑳𝒊 (31)

With <Li>; < > and Li + standing for Li ion occupied side and vacancies in AM host structure and ion at electrode/electrolyte interface.

𝐸 𝑒𝑞 = 𝐸 0′ + 2.303 𝑅𝑇 𝐹 𝑙𝑜𝑔( (𝑥 𝑚𝑎𝑥 -𝑥) 𝐶 𝐿𝑖+ 𝑥 ) ( 32 
)
with E°, R, T and F being half-cell standard equilibrium potential, gas constant, absolute temperature, and Faraday constant. 𝑪 𝑳𝒊 , 𝒙 and (𝒙 𝒎𝒂𝒙 -𝒙) being salt concentration in the electrolyte, electrode lithium content and electrode available lithium site, assuming an activity coefficient equal to one.

Figure 119. Pseudo equilibrium potential as function of electrode lithium content with various concentrated liquid organic electrolyte and using a) PC-NCM and b) SC-NCM based composite electrodes.

Figure 120 shows the evolution of Eeq as a function of the logarithm of the salt concentration at different xLi. The slope of Eeq vs. log (CLi) for NCM-PC based electrode is about 0.06 for xLi >0.85, which perfectly corresponds to the pre-logarithmic factor in Nernst equation at 25°C (2.303RT/F = 0.0591 at 25°C). However, for xLi < 0.75, the slope of Eeq vs. log(CLi) deviates from this value, for highly diluted electrolyte 0.01 M as already reported in the literature 79 . In the case of NCM-SC based electrode, Eeq vs. log (CLi) slopes are found significantly lower than the theoretical values which is difficult to explain at this stage. A fluctuation on xLi is always possible in between the three cells, but we believe that the error should be the same whatever the particles morphology. The analysis of the EIS spectrum in Figure 149 reveals an increase of both ohmic and interfacial resistances coupled to a shift towards lower frequencies for low concentrated electrolyte. In the case of 0.01M, we estimated tmin of 370 s (frequency Rbulk + Rint = 2.7 10 -3 Hz), equivalent to sqrt(tmin)=19 s 1/2 . However, in the case of 0.1 M, tmin slightly increases to 1.6 s compared to 1 M (1 s) cell due to the small shift in HF cell resistance. In the case of 0.1 M electrolyte, the diffusive characteristic time was found equal to 298 s (sqrt (298)=17.3 s) which is close to that obtained with 1 M (144 s), suggesting that it may correspond to the same process. Thus, in the case of 1 M and 0.1 M, the E vs. sqrt(t) curve slope has been evaluated within the same time range but not in the case of 0.01 M, since it could not be evaluated in the EIS spectrum (no Warburg element visible). The shift in diffusion time constant may suggest that the limiting mass transport processes might have change when using diluted electrode, having a limitation in liquid phase instead of solely in solid. Thus, we decide to evaluate the E vs. sqrt(t) curve in the range of [19; 50] s. Figure 122a displays the evolution of E vs. sqrt(t) curve slope as a function of xLi using various salt concentration and along with the corresponding diffusion coefficient (Figure 122b). The slope is 3-time lower with 0.01 M than with 1 M.

Figure 122. a) Variation of E vs sqrt(t) curve as function of xLi evaluated within adequate time range using various salt concentration electrolytes along with b) the corresponding diffusion coefficient.

Table 19 gathered the mean DLi (average values for xLi range of 0.4 to 0.9). These values are far below the 10 3 -fold and 10 2 -fold change in lithium salt concentration expected in case Li ion mass transport limitation into the electrolyte indicating that at low concentration, a mixed limiting mass transport can occur. It will mean that, in the case of diluted electrolyte, GITT probes an average Li ion diffusion in the cell from solid phase and liquid phase Li ion diffusion. With conventional electrolyte (1 M) concentration, GITT methods measure solely the solid-state diffusion of the AM. However, in the case of diluted electrolyte (0.01 M), DLi might correspond to a mixed Li ion diffusion in liquid and solid phase.

2.5.2.4.Temperature dependency

To further confirm the physical meaning of DLi, we also vary the temperature in the same cell while performing the classical GITT (from hight temperature to lowers). Figure 123 displays Eeq as function of xLi at several temperatures, and so far, it seems that the temperature has a limited impact on the electrode equilibrium. Surprisingly, the curves are crossing each other, which is in contradiction with Nernst law 80 that forecasts a linear evolution of Eeq as function of temperature, thus a linear translation regards to y axis should be excepted. Our working hypotheses to explain such behaviour are i) a difference in electrode SOC caused by parasitic degradation reaction enhanced at elevated temperature) and to ii) xLi calculation. The second hypothesis is always debated, and it is difficult to find alternative to calculate xLi accurately. For the former, it seems supported as the curve recorded at 35°C is out of the trend and as the last measurement was performed at this temperature. For sake of clarity, Figure 125 displays the E vs. sqrt(t) for all temperatures recorded so far. The tendency is the same for -10°C and 0°C than for other curves, except for the additional contribution seen at short time and attributed to ohmic drop and interfacial polarization. The assignment of the initial drop in E vs. sqrt(t) curve to ohmic drop is further supported by the analysis of the EIS spectra. In the literature Nickol et al. 26 discussed the evolution of E vs.sqrt(t) curve for LCO single particle at -40°C. The authors ascribed the initial transition region (until 100 s) to the effect of the electrical double-layer capacitance and charge transfer polarization. This finding is in line with the present observation. 126a, we clearly observe a drop in E vs. sqrt(t) curve with the temperature decrease resulting in a diminution of DLi (Figure 126b). Additionally, the decrease of DLi observed at high lithium content seems to occur at lower xLi as much as the temperature decreases. The thermal dependency of DLi at the end of NCM lithiation might be attributed to i) activation energy of electrostatic interaction of Li-ion and TM in NCM slabs and to ii) slowing down of Li ion insertion/deinsertion kinetics at low temperature (i.e. kinetics limitation, especially at high lithium content where the kinetics is the slowest). Even though DLi vs xLi curves were found rather "noisy", we obtained an activation energy of ca. 0.20 eV of Li-ion diffusion in NCMC622 using the average value in xLi range of [0.3;0.8] (Figure 142c). It is worth mentioning that this activation energy is close to that of liquid electrolyte (See Chapter 3 Section 3) which might contradict the previous results as it suggests that DLi measured using GITT maybe related to Li-ion diffusion in the liquids electrolyte. However, due to the large uncertainty on the Ea, it is delicate to conclude on this value. In addition, for xLi > 0.9, Ea of DLi significantly increases and reach ca. 1.0 eV (for xLi = 0.95) suggesting that the rate limiting process at very high lithium content might differ from the one at low lithium content. In the literature, Cui et al. 1 shows that DLi coefficient increases with temperature from -25°C to 50°C and slightly vary with lithium content. They reported an activation energy of 0.475 eV and 0.457 eV for xLi = 0.33 and xLi = 0.50 in NCM622, respectively. Wei et al. 84 reported the existence of two diffusion paths in NCM622 depending on electrode lithium content. The first one corresponds to the diffusion between octahedral sites through the oxygen dumbbell, which is preferred at high lithium content, and the second one involves hopping between tetrahedral sites at low xLi < 0.33. Nickol et al. 26 reported an activation energy in the range of 0.2 -0.46 eV, for NCM523 in the range of -40°C to -10°C. Kang et al. 74 reported a parabolic variation of DLi activation energy with lithium content in NCM111 in the range of 0.1 to 0.5 eV. For other positive electrode materials, Ea is also generally around 0.5 eV 85,86 .Consequently, the activation energy estimated from our experimental data are in the range of reported ones, in spite of the large uncertainty.

The thermal behaviour of E vs. sqrt(t) curve suggested that the rate limiting process probed by GITT as a rather limited dependency to the temperature owing to its low activation energy. Through this paragraph, we probed several parameters to understand the physical meaning of DLi. Based on our investigation on the effect of electrode loading and AM morphology, electrolyte concentration and temperature, we conclude that GITT method may probe Li-ion mass transport limitation inside primary AM particles. However, further investigation on E vs. sqrt(t) curve shape when varying MA morphology are required to further support this finding because in some cases (low concentration) we might have a mixed diffusion limitation which may bias our interpretations.

D Li evaluated from cell rate capability performance

To further confirm our previous statement, we evaluate the effective Li ion diffusion coefficient in the cell by another method based on cell rate performance. We use a timeeffective method based on Sand theory to record cell discharge power curve within only 15 h experimental time, far less than the time required for GITT and B&F GITT methods. The details of the specific cycling protocol and data analysis are given in Chapter 3, Section 2.1.2. for a fair comparison we used the same NCM based composite electrodes and electrolytes than the one used for GITT experiments.

The cumulative discharge capacity obtained over the discharge series as function of the applied discharge density is represented in Figure 97a. The typical drop in cell discharge capacity above a threshold current density corresponds to mass transport limitation. The limiting current density (jlim) can be approximated graphically to 32.9 mA.cm -2 (eq. to a 22 C rate). More accurately, the limiting current density can also be estimated using the current value of last point for which the discharge time vs. 1/I² curve is still linear i.e obeying to Sand equation. We find a limiting current density of 21.9 mA.cm -2 (eq. 15C rate). The discharge curve recorded using fast discharge protocol is in agreement with the literature despite not using the same methodology 1,87 . We can use the cell rate limiting value (𝐶 𝑑 ) to estimate the corresponding DLi assuming the characteristic length of diffusion that can varies from AM particle radius to electrode pores length, using Equation (33) 88 .

The corresponding DLi evaluated for NCM-PC based composite electrode using Equation ( 33) are gathered in Table 20.

Table 20. DLi estimation for NCM-PC electrode using cell rate limiting current, characteristic diffusion length assessed by SEM, and electrode thickness measurement applying Equation (33).

Diffusion length

Primary AM particle Secondary AM particle Electrode porosity rp [cm] 4.2 10 -5 4.7 10 -4 2.6 10 -3 DLi, rate [cm².s -1 ]

1.1 10 -11 1.4 10 -9 4. 1 10 -8 In the case of mass transport limitation inside primary AM particles (rp = 425 nm), we find a DLi of 1 10 -11 cm².s -1 which is in the range of reported DLi for NCM-based AM and in agreement with the data obtained from GITT experiment and from EIS spectra analyses (using primary AM particles radius).

DLi can be also calculated using the slope of discharge time vs 1/I² as displayed in Figure 97b, assuming solid phase diffusion mass transport limitation and using corrected AM powder BET as electrode active surface area. It was found equal to 1.7 10 -12 cm².s -1 . As the fast discharge power curve provides an effective DLi without considering xLi, we first average the DLi obtained by the GITT and B&F GITT method and compared them in Figure 128.

𝑪 𝒅 = 𝟑𝟔𝟎𝟎 𝑫 𝑳𝒊 𝒓 𝒑 𝟐 (33) 
With Cd, DLi and rp being cell rate limiting in hour -1 , Li-ion effective diffusion coefficient and AM particles radius. Sand-based method provides ca. 6-fold lower DLi than the one measured with GITT method. This difference can be explained by the fact that Sand theory method gives an average diffusion coefficient of all the diffusion processes occurring in the cell and/or that Sand based methods does not probe the same mass transport limiting process (i.e. different from solid-phase diffusion in AM). As for the GITT methods, we would like to understand if Sand method probes the solid-state diffusion in AM and/or inside the electrolyte. Thus, we applied similar methodology as the one reported for the GITT method.

Electrode loading

We record the discharge power curve of various electrode loadings from 2 mg.cm -2 to 18 mg.cm -2 (Figure 129). At first glance, the jlim seems to evolve with the electrode loading. The corresponding cell effective diffusion coefficient have been calculated and displayed in Figure 130. The diffusion coefficients are determined using current density for which the discharge time vs. 1/I² is still linear. In Figure 130,DLi measured by Sand method decreases with the electrode loading. Herein, the highest DLi is measured for the thinnest electrode (2 mg.cm -2 ) and is close to 4 10 -12 cm².s -1 at 25°C, whereas it reaches 8 10 -13 cm².s -1 for the thicker electrode (18 mg.cm -2 ), assuming solid-phase diffusion limitation and AM corrected BET surface area in Equation ( 27). Therefore, those results show that both methods (Sand and GITT) are not probing the same mass transport phenomena. Interestingly from Figure 130, we observe a non-monotonous variation of DLi as a function of the electrode loading with an abrupt increases at 2 mg.cm -2 , whereas Yu et al. 89 reported a continuous decline in cell rate capability when increasing LFP-based composite electrode loading. In their work, they reported a power-law relationship between cell limiting current and electrode loading. The difference between the two studies can be coming from i) the difference in primary particle size, LFP being a well-known carbon coated nanoparticles (200 -300 nm) ensuring a good electronic percolation, and/or, ii) LFP possesses a very particular behaviour at high rate changing from a biphasic reaction process to a solid solution one leading to a better 1 D Li diffusion at fast charge, a process not existing in NCM material and/or iii) a mixed mass transport limitation may involve a continuous variation of DLi with electrode loading. Interestingly, when using low loading, DLi-Sand tends towards DLi-GITT showing that the similar mass transport process is under investigation and might reflect an AM solid diffusion limitation since at low loading we are close to a model electrode, thus we believe that we do not have a liquid mass transport limitation. This trend is in line with the work of Malifarge et al. 90 that simulated the change in cell discharge power curve when varying graphite electrode loading and observed a shift from solid phase diffusion limitation in the case of thin electrode to liquid phase limitation for thicker electrode. They explained solid phase mass transport limitation in the case of thin electrode by the larger Li ion pore-wall flux at the particle surface (lower active surface area per geometric surface area).

Thus, in Figure 130, we illustrate the DLi as a function of the main limitation occurring in the cell. For loading > 6 mg.cm -2 , the limitation comes from Li ion transport in the electrolyte whereas for low loaded electrode it is limited by a mixed liquid and solid phase limitation.

Consequently, the effect of electrode loading on cell rate capability and thus on cell Liion effective diffusion coefficient have been investigated and suggests that Sand based method probes the diffusion coefficient of the rate limiting process that depends on electrode loading whereas GITT method measures Li ion diffusion inside AM solid phase.

Electrode porosity

At low loading (2 mg.cm -2 ), porosity should play a key role on cell rate performance since reducing it improves the overall cell performance (Figure 131). When the electrode porosity is reduced from 73% to 50%, the cell rate capability is roughly the same showing no impact of the electrode calendering. However, at 38% porosity, the cell shows a high current density limitation which can be related to an increase in cell effective diffusion coefficient (Figure 131c). The evolution of the rate capability as a function of the electrode porosity has already been reported in literature 1,89,91,92 and showed a "bell-shape" variation of cell limiting current density when increasing electrode porosity. For instance, Heubner et al. 93 showed for NCM622 composite electrode, a deterioration of the cell rate performance when decreasing the electrode porosity from 45% to 32% in agreement with Zheng et al. 91 in NCM111 electrodes. Surprisingly, Bolsinger et al. 92 reported an improvement of cell rate performance when decreasing NCM-composite electrode porosity from 28% to 20%. Consequently, depending on the range of electrode porosity and loading, the variation of jlim with the electrode porosity and the position of the optimum vary.

In our case, we used 2 mg.cm -2 loaded composite electrode which is far away from any realistic loading compared to the literature 91 . However, since we observed some effects on our electrochemical results, it tends to say that with higher loading the effects will be even more pronounced. Consequently, it would have been preferable to repeat this study using more loaded composite electrode (ca. 20 mg.cm -2 ). Besides, reducing porosity is not without consequence on the material integrity since, as can be seen in Figure 132, the particles can be pulverised and/or electronically disconnected (fresh surface would not be covered by any carbon/binder).Thus, the accurate evaluation of electrode surface area (under or overestimation) will be difficult resulting in a significant uncertainty in DLi-Sand value. At this stage, cell rate limitation tends to be limited by the Li ion mass transport inside the electrolyte wetting the electrode porosity.

AM morphology

Two particles morphologies polycrystal (PC) or single crystal (SC) NCM are cycled using the fast power discharge protocol at a given loading of 6 mg.cm -2 (Figure 133). NCM-SC composite electrode cell reveals a slightly limited rate capability in comparison to NCM-PC one (20 mA.cm -2 against 22 mA.cm -2 , respectively). The difference might come from the electrode engineering of the NCM-SC composite electrode observed in Figure 134 showing electronically isolated NCM-SC particles compared to NCM-PC composite electrode. In the literature, limited rate capability for single crystal materials have also been reported 94 and explain by lithium diffusion length increase 94 . Herein, this argument is no longer valid since NCM-SC average particles diameter were found only ca. 1.3 times lower than that of secondary NCM-PC AM particles based on particles size distribution displayed in Figure 113. Therefore, the small difference observed between the rate performance using NCM-PC or SC might indicate that the diffusion process evaluated by the Sand-based method is not related to solid phase diffusion in AM particles.

Figure 134. SEM images of the pristine (not-cycled) composite electrode morphology with either NCM-PC and NCM-SC

We evaluate the corresponding DLi from the curve displayed in Figure 133 b and using the AM powder BET as electrode active surface area. Depending on AM morphology, the fit is different in terms of adequacy and slope. Following the Sand equation, the linear regression should be passing through zero which is fulfilled for PC particles and not for SC (despite removing the data points at very high discharge rate due to the capacitive effect). This deviation can be explained by a non-uniform electronic and ionic path in the electrode, as seen in Figure 134, causing deviation from Sand equation.

When examining the affine regression obtained in Figure 135, the tdischarge vs 1/I² curves are almost parallel whatever the AM morphology suggesting a similar limiting process. Therefore, the corresponding effective DLi only differs from the BET leading to 1.5 10 -13 cm².s -1 and 1.3 10 -12 cm².s -1 , for SC and PC-based composite electrode respectively. Finally, the 3-fold larger specific area of SC compared to PC increases the area specific current density (at similar electrode loading) resulting in a charge transfer overpotentials diminution by the same factor; Rct. Thus, it implied that charge transfer kinetics is not rate limiting since the SC displayed poorer rate performance while providing lower charge transfer overpotential. This observation supports a cell rate limitation by a mass transport and not by a charge transfer kinetics.

Electrolyte concentration

Figure 136 displays the impact of electrolyte concentration on cell rate capability with a sharp drop in discharge capacity at lower current density for low concentrated electrolyte accompanied with a change in the shape of the power curve. For 0.01 M, we observe an additional transient region at high discharge rate caused by the capacitive effect. Yet, it is difficult to conclude on the origin of cell rate capability limitation at low concentration since it may be due to i) Li-ion mass transport limitation in liquid, and/or ii) the slowing down of other processes such as charge transfer kinetics. Whatever the electrode loading, or the type of AM used NCM-PC or NCM-SC, we observe a linear dependency between the cell rate limiting current and 𝜏 𝑠 vs 1/I² slope with the electrolyte concentration in log-scale (Figure 137a andb). According to Equation ( 27), the limiting current density is proportional to lithium salt concentration of the medium/phase in which lithium-ion mass transport limitation occurred. Therefore, the dependence of jlim to salt concentration further supports that cell rate performance is limited by mass transport in the liquid media and thus DLi, Sand corresponds to Li-ion diffusion in the electrolyte.

The offset from the theoretical slope equal to 1 comes from the uncertainty in jlim estimation. In the case of 6.3 mg.cm -2 electrode loading for NCM-PC-based composite electrode, we find log (Jlim) vs log (CLi) slope equal to 1.4 which is within the error bar of the measurement and the evaluation of jlim. For diluted electrolyte (C < 0.1M), the deviation from unity is larger than the error bar leading us to conclude that other phenomena are limiting or at least interfering with mass transport limitation causing a misleading estimation of jlim such as a high cell internal impedance. From Figure 137b, the linear variation of the slope of 𝜏 𝑠 vs 1/I² with salt concentration in a log-log plot with a slope equal to 0.63 that is close to 1, further confirmed the dependence of jlim to salt concentration. The deviation of the log-plot slope from the unity is related to the uncertainty of the data point recorded for diluted electrolyte for which we have fewer data points in Figure 136 b. At first, this result demonstrates the consistency of Sand equation to describe cell rate limitation, but it also suggests that rate performance is not limited by Li-ion diffusion inside the AM particles but rather by Li-ion mass transport inside the liquid electrolyte.

Since rate performance improve as a function of the loading, the thinner = the better, we were wondering if the dependence of 𝜏 𝑠 vs 1/I² curve slope is also observed for thin electrode (2 mg.cm -2 ) for which the dependence of 𝜏 𝑠 vs 1/I² curve slope to concentration (Figure 137b) is significantly lower than 1 (i.e. 0.24 slope in the log-log plot) and different to the one measured at higher loading (6 mg.cm -2 ). The finding supports a mixed cell rate limitation; mixed between liquid and solid phase mass transport limitation as discussed already 71,90 in the case of thinner electrode.

In addition, for a given current density (normalised by electrode geometric area and equivalent electrode loading), Li-ion flux at the AM particle surface should be lower in the case of NCM-SC AM composite electrode than with NCM-PC based one for the same electrode loading. Following Malifarge et al. 90 theory, cell rate limitation should be more affected by liquid mass transport limitation in the case of NCM-PC-based composite electrode than for NCM-SC one which is consistent with our results, with a lower slope for log(jlim)-log(CLi) (Figure 137). This result suggest that cell rate performance is rather limited by a mixed solid/liquid phase transport limitation in NCM-SC compared to PC for which there might be only a liquid mass transport limitation.

Consequently, for 6 mg.cm -2 loaded NCM-PC electrode, the dependence of cell rate limitation to electrolyte concentration suggests that the effective DLi corresponds to Li ion transport in the electrolyte. It implies that some parameters in Equation ( 27) should be modified such as lithium concentration in the electrolyte instead of lithium concentration inside AM particles and the electroactive surface area to be considered. For the latter, there is still a last question related to the location of liquid mass transport limitation which might occur either in the electrode pore volume and/or inside the porous separator. Beside, we assumed a concentration-independent electrolyte transference number of 0.33 which was measured by EIS and found in agreement with the literature 95 . To identify the location of Li-ion mass transport limitation in the liquid electrolyte (in composite electrode or separator), we propose to separately estimate liquid electrolyte effective DLi inside porous electrode and separator by knowing their respective porosity and tortuosity, using Equation (34).

𝑫 𝒆𝒇𝒇 = 𝜺 𝝉 𝑫 𝟎 (34) 
With 𝜺 and 𝝉 being the porous media porosity and tortuosity. D0 corresponds to the intrinsic electrolyte diffusion coefficient.

More specifically, Deff calculation required the measurement of i)

𝜺 𝝉
, that corresponds to the inverse of the MacMullin number (Mc) and ii) 𝑫 𝟎 quantities.

2.6.4.1.Determination of separator MacMullin number

In the case of Celgard®2325 polyethylene-based separator, MacMullin number has been determined experimentally by measuring the ratio between the effective ionic conductivity of the separator impregnated with the liquid electrolyte to the intrinsic electrolyte conductivity (measured using a conductivity cell, test cell conf. Chapter 4) and found equal to 10.3 in agreement with reported values 70 .

2.6.4.2.Determination of composite electrode MacMullin number

In the case of composite electrode, the determination of MacMullin number is not straightforward since it relies on an empirical relationship (generalized Bruggeman relation 96 ) that provides the electrode geometric tortuosity knowing its porosity, according to Equation (35).

𝝉 = 𝜶𝜺 -𝜷 (35) 
With 𝜺 and 𝝉 being the porous media porosity and tortuosity. α and β corresponds to Bruggeman relation parameters that depends on AM particles morphology, composite electrode formulation and elaboration protocol.

If the composite electrode porosity can be calculated by knowing composite electrode thickness and weight from Equation (36) 93 , Bruggeman parameters have to be determined from experiments.

𝜺 = 𝟏 - 𝒎 𝒆𝒍 𝑳 𝒆𝒍 × ( 𝝎 𝑨𝑴 𝝆 𝑨𝑴 + 𝝎 𝑩 𝝆 𝑩 + 𝝎 𝑪𝑨 𝝆 𝑪𝑨 ) (36) 
with mel, Lel, ωi and ρi being electrode mass loading, thickness, mass fraction and density of electrode composite components (i= AM, Binder and Conductive Agent) respectively.

In the present case and using 6.3 mg.cm -2 electrode, the porosity was found equal to 38% (𝑚 𝑒𝑙 = 6.88 mg.cm -2 , 𝐿 𝑒𝑙 = 26 µm and mean composite density taken as 4.23 g.cm -3 ). However, reported Bruggeman parameters are scattered and highly depends on AM particles morphology, size distribution as well as electrode elaboration protocol. For instance, Ding-Wen Chung et al. 97 measured experimentally Bruggeman parameters of 𝛼 = 1.01 and 𝛽 = 0.54 using NCM111 spherical based composite electrode (average radius of 6 µm), whereas, Usseglio-Viretta et al. 98 reported, in the case of NCM(523) spherical based AM composite electrode, a power law dependency of 𝜏 with 𝜀 using various methods (and whose Bruggeman parameters were found equal to 𝛼 = 0.81 and 𝛽 = 1.1). Consequently, and based on both aforementioned examples, composite electrode MacMullin number can vary from 4.88 (𝜏 = 1.85) to 6.18 (𝜏 = 2.35), respectively for a porosity of 0.38.

For a better accuracy on the tortuosity measurement, we used the impedance spectra analysis of positive symmetric cells 71 . More specifically, EIS spectrum of pristine blocking (uncycled) positive electrode symmetric cells displayed a typical Warburg open element (See Figure 138) and whose resistance values provides an estimation of composite electrode tortuosity (𝜏 𝑒 ) using Equation (37).

𝝉 𝒆 = 𝑹 𝒊𝒐𝒏 * 𝑨 𝒅 * 𝝈 𝒆𝒍𝒆𝒄 * 𝜺 (37) 
With Rion , A, d 𝒂𝒏𝒅 𝜺, being the ohmic resistance of liquid electrolyte trapped in electrode porous network and determined by EIS measurement as described in Ref. 70 , cross-sectional area (geometric surface area), thickness and porosity of the electrode. 𝝈 𝒆𝒍𝒆𝒄 corresponds to the electrolyte intrinsic ionic conductivity measured separately.

Using an electrode loading of 21 mg.cm -2 or of 6 mg.cm -2 (NCM-PC) and a porosity of 38% with 0.01 M electrolyte concentration (to increase Li-ion migration resistance in electrode porosity), we obtained a rather constant electrode tortuosity close to 3.1 and 4.2, respectively. It is also worth mentioning that Warburg open element resistance showed similar activation energy as the one of liquid electrolyte ca. 0.12 eV (See Figure A3-3 in3 Annex), that supports the assignment to Li ion migration in the electrode porosity. Thus, the corresponding MacMullin number is in the range of [8.2 ; 11], depending on the electrode loading, which is smaller than the one calculated from Bruggeman equation, in agreement with Malifarge et al. 71 data that reported for NCM523 composite electrode, tortuosity parameter in the range [2.5 -8]. 

2.6.4.3.Estimation of electrolyte effective diffusion in separator and electrode composite porosity

We use two different methods to estimate electrolyte intrinsic diffusion coefficient i) PFG-NMR (Pulse Field-Gradient NMR) diffusion and ii) EIS impedance spectroscopy (Li metal symmetric cells) 12 The electrolyte ambipolar diffusion coefficients (Damb) measured for different lithium salt concentration are gathered in Table 21. In the case of PFG-NMR and EIS method the diffusion coefficients are close to each other (10 -6 cm².s -1 ) and in agreement with the literature 99 100 101 . Using the electrolyte diffusion coefficient measured from PFG-NMR method in Table 21 and the different MacMullin number of electrode and separator calculated previously, we estimate DLi in Table 22 using Equation (37). Based on Table 22, DLi-eff into the electrolyte separator porosity is limiting owing to its higher MacMullin number. Besides, for 6.3 mg.cm -2 loaded electrode, DLi-eff measured from the Sand based method (DLi, Sand) was found equal to 3 10 -6 cm².s -1 , ca. 15 times larger than DLi-eff calculated in Table 22 using separator MacMullin number. This time the DLi-Sand has been calculated from discharge vs. 1/² curve slope and assuming mass transport limitation in the electrolyte, therefore electrolyte concentration and electrode geometric surface as parameters in Equation ( 27). However, due to the uncertainty on the tortuosity parameter and to the vary similar MacMullin number of composite electrode and separator, the rate limitation can come from a mixed mass transport limitation.

We can conclude that cell rate capability is limited by mass transport inside the electrolyte and specifically inside composite electrode porosity when using NCM-PC composite electrode in our experimental condition. As a result, Sand based method probes Liion diffusion in electrode porosity.

Temperature dependency

Figure 139 displays the discharge power curves using 6.3 mg.cm -2 NCM-PC based composite electrode and 1 M liquid electrolyte at various temperature. First, the cells were preliminary charged at 25°C, then the rate capability test was performed as a dedicated temperature. For temperature below 25°C, the discharge power curve is shifted towards lower current densities reflecting poorer rate performance. The slope of the discharge time vs 1/I² is also decreasing when the temperature is lowering (see Figure 139 inset). 

Conclusion of Li-ion transport investigation

We thoroughly investigated Li-ion diffusivity in Li-ion battery using three different methods: classical GITT/B&F GITT, EIS and Sand based methods. We demonstrated that DLi highly depend on the experimental method used, but also on the data analysis, which partly explains the scattered reported data. In the case of GITT, it is highly necessary to discuss how to properly evaluate E vs. sqrt(t) curve slope depending on the method used, different order of magnitude for DLi is obtained corresponding to different mass transport limiting process (Figure 141).

Figure 141. Evolution of DLi measured using GITT, EIS or Sand based method as function of electrode loading (NCM-PC) along with the location of mass transport limitation probed.

Regarding the investigation of several cell parameters and electrode engineering and their impact on DLi, we found out that cell rate performance is limited by lithium-ion mass transport inside the electrolyte either in the electrolyte separator or in electrode porosity when using high loaded polycrystalline composite electrode. Thus, the Deff evaluated from Sand based method corresponds to Li-ion effective diffusion coefficient in the electrolyte, whereas, with GITT measurement, DLi appears to correspond to solid phase Li-ion diffusion in primary particles. Although, depending on electrode loading, the cell rate performance might shift from Li-ion mass transport limitation through the electrolyte (pores or separator) to a solid-state diffusion limitation. To further support our findings, it could be interesting to perform GITT experiment while increasing current pulse density (from ca. C/25 up to 10 C) close to Jlim and to assess if the corresponding DLi-GITT obtained from E vs. sqrt(t) is increasing and reached DLi of liquid electrolyte (translation along the y-axis in Figure 141).

Li ion transfer at Electrode/Electrolyte interface

To date, the battery rate performance can be limited by bulk transport properties or interfacial charge transfer reaction kinetics at the Electrode/Electrolyte interface due to complex determination of kinetics parameters. A deeper understanding of the bulk and interfacial properties is required and can be provided by EIS since Li-ion insertion/deinsertion reaction kinetics can be directly measured via the charge transfer resistance, often denoted Rct. An EIS spectrum can be divided into three frequency domains; i) HF ascribed to cell bulk contribution such as ionic migration resistance, ii) MF that contains all the interfacial contributions and specifically Rct 102 and, iii) LF involving the slowest processes such as Li-ion diffusion. In the literature, Rct at Electrode/Electrolyte was found to be the dominating resistive contribution and reached maximal values at electrodes cut-off potentials [103][104][105] . Based on the pioneer work of Aurbach and co-workers 8 on a wide range of electrode materials, the Butler-Volmer model has been widely adopted to describe the Rct-potential curve and model lithium-ion insertion/desinsertion kinetics. However, studies about Rct potential and operating conditions dependency are still limited and some recent results 5 opened discussion on the validity of Bulter-Volmer model which raised questions about lithium-ion insertion rate limitation. Consequently, understanding Rct -voltage relationship is required due to the misleading information found in the literature for Rct, i.e. charge transfer reaction kinetics limitation, growth of surface rock-salt layer 106 (modification of AM particle surface structure), active surface area decrease, variation of positive electrode passivation film (CEI), structural constraints evolution with lithium content. A possible explanation for the misleading interpretation of Rct comes from the interpretation of cells impedance spectra, especially in the MF domain 104,107 . Additionally, the complexity of data interpretation comes from the overlapping of the well-known SEI/CEI process occurring at Electrode/Electrolyte and whose impedance response is, generally, within the same frequency range (middle frequency). To overcome this issue, several strategies have been proposed, including the use of a reference electrode and of symmetric cells 106, 108 . Nevertheless, most studies are focusing on electrode passivation film resistance and chemical composition, whereas Li-ion insertion/deinsertion reaction kinetics, associated to Rct and its governing parameters, are barely investigated.

A thorough analysis of full-cell impedance spectra based on symmetric cells and half cells is undertaken to identify positive electrode impedance contribution and recorded the Rct as a function of lithium content. Then, a charge transfer reaction mechanism at the positive electrode interface, based on the Butler Volmer equation, is proposed. Finally, the activation energy and the standard kinetic reaction rate of lithium-ion charge transfer kinetics at NCM622/electrolyte interface are also evaluated.

Methodology

NCM half-cells are cycled following a GITT protocol (See previous Chapter 3 Section 2) and EIS spectra are recorded after each cell relaxation period at several SOC. Figure 142a shows the Nyquist plots of NCM half-cell at several potentials. A particular focus is given to EIS spectrum recorded at 4.3 V vs. Li + /Li (Figure 142b). In addition to the Real (axis) intercept contribution, four resistive contributions are visible: 1) HF domain (50 kHz): flat semi-circle feature apparently independent to lithium content in electrode except at extreme lithiation state where it sharply increases. The HF resistance is associated to the electrolyte ionic resistance (Rel) in series with the ohmic drop arising from the set-up (Rc). 2) MF domain (0.4 kHz to 0.4 Hz) that contains three semi-circles. The first MF semicircle, from 0.4 Hz to 12 kHz and referred as MF-1 does not change along cycling whereas the second and third MF-semi-circles, MF-2 (12 kHz to 80 Hz) and MF-3 (80 Hz to 0.4 Hz) significantly evolves with electrode potential with a sharp increase at the end of the discharge. 3) LF domain (ca. 50 mHz), displays a 45° inclined segment that ends with a vertical line that appears stable in amplitude along cycling. Specifically, the shape of the LF loop does not perfectly fit with a purely Warburg open impedance suggesting that several diffusion processes might be related to this LF impedance response (solid phase diffusion, liquid phase in electrode composite and separator tortuosity diffusion). Those Nyquist plots are similar in shape and characteristic frequencies with the ones reported in literature using similar electrode (NCM622) 107 but also with other electrodes material 40,109,110 . Ohashi et al. 111 reported a series of 3 semi-circles whose characteristic frequencies are closed to those observed herein in the MF range (MF-1 to MF-3) for NCM(111) half-cell with EC/EMC (30/70 vol%) 1 M LiPF6 liquid electrolyte. The authors provided several causes for MF-1 and MF2 contributions, i) a contact resistance between current collector and AM, ii) cathode surface passivation film, and iii) resistance due to the electrode composite (ionic/electronic percolation within the electrode). Last contribution (MF-3) was ascribed to the charge transfer resistance. Goodenough and coworkers 112 support the assignment of the resistive contributions in Li/LiCoO2 cell impedance spectra, owing to their evolution when varying some parameters (electrode preparation method, time dependence). Tatara et al. 113 did the same by using carbon-free and binder-free LCO electrode pellet and varies electrolyte concentration and electrode pellet pressure.

Still, the assignment of each resistive contribution is difficult, and several interpretations/contribution attributions can be discussed using the same equivalent circuit to report different processes 108,[114][115][116][117] .

In the present study, we use an equivalent circuit (Figure 142a inset) without making any assumption on the physical meaning and try to assigned Rct to one R//CPE element by varying several cell parameters (electrode loading, AM morphology, electrolyte concentration and electrode SOC) 13 At LF, a R//CPE element was used was used to fit only the first points of the -45° line and to ignore the LF impedance loop. We chose this simplification since the LF loop is highly unreproducible, frequency distributed and might contain the impedance response from several diffusive processes. Besides, lithium-ion diffusivity characterisation is out of the scope of this subchapter as it has been already studied in the first chapter section.

For sake of clarification, we use positive electrode symmetric cells to further confirm the EIS measurement. The results are described in the subpart below and key findings are summarised in Table 26. In the case of half-cell, it is worth mentioning that the EIS spectra recorded in two electrodes set-up also contain the impedance response of Li metal counter electrode, and especially the one related to Li/Electrolyte. Therefore, the use of positive symmetric cell is of interests to discuss impedance contribution relative to Li metal electrode. 

Positive electrode symmetric cells

Five different symmetric cells are assembled and investigated at several xLi, as follows, [0.97; 0.94; 0.82; 0.67; 0.55; 0.43] corresponding respectively to [5%; 10%; 30%; 50%; 70%; 90%] electrode SOC. The experimental procedure is detailed in Part 1.1.3. Figure 143 displays the impedance spectra of the symmetric cells with a small buried semi-circle in MF domain, referred as MF-1 followed by two well separated semi circles, referred as MF2 and MF-3 which ends with the typical signature of lithium-ion limited diffusion in LF domain (45° line followed by a vertical straight line). The characteristic frequency of MF-2 and MF-3 contribution are around 6 kHz and 16 Hz, respectively. As lithium content increase, a significant increase in MF-3 semi-circle coupled with a slight frequency shift towards lower frequencies (ca. 1 Hz and 0.1 Hz for 10%SOC and 5%SOC symmetric cells, respectively). On the contrary, the other EIS contributions (Z-axis intercept, MF-2 and MF-1 semi-circles) appear rather stable. This variation is in agreement with Petibon et al. 118 who reported a similar significant change in second MF semi-circle in the case of NCM442 based symmetric cells impedance. The apparent potential-dependence of MF-3 semi-circle in symmetric cell impedance spectra suggests that it may correspond to Rct, while MF-2 may reflect the impedance response of electrode surface film (CEI/SEI) as it does not change with potential, and its characteristic semi-circle is still observed in blocking electrode (pristine/un-cycled electrodes) symmetric cells impedance spectra.

In addition to the similar potential dependence of MF-2 and MF-3 in half and symmetric cells impedance spectra, they also show in Figure 143 similar frequencies (620 Hz / 2 kHz and 10 Hz / 11 Hz for half and symmetric cells spectra, for MF-2/MF-3 respectively) and magnitude (eq. 50%SOC, 35 Ω / 29 Ω and 7 Ω / 19 Ω, for complete and symmetric cells spectra, for MF-2 / MF-3 respectively). The similarity between half-cell impedance spectrum and symmetric cell impedance spectrum leads us to conclude that MF-2 and MF-3 are similar in both cases. They appear more "distorted" in half cell impedance spectra due to i) the influence of the counter electrode impedance response and/or ii) a frequency distribution of MF impedance responses (MF-2 is more distributed in frequency).

Thus, it is easier to deconvolute MF resistances and discuss about their evolution using symmetric cells impedance spectra.

Temperature dependency

The thermal evolution of EIS spectra provides precious hints on the physical causes behind each resistance. EIS spectra of the NCM-PC symmetric cells at 50% SOC and half-cell at 20% SOC are recorded at different temperature between 0°C and 35°C (Figure 144). We use the same equivalent circuit model (See Figure 142) to fit the EIS spectra of half and symmetric cells. We evaluate the activation energy of each process thanks to the slope of the 1/Ri vs 1000/T curve. The Ea values along with the Arrhenius plot are gathered in Figure 145. At first and regardless cell configuration, Ea of the HF Z-abscissa intercept is found in the range of 0.15 eV and close to the activation energy (0.19 eV) of the electrolyte. MF-1 semicircle, whose typical frequency is in the range of 100 -10 kHz, possesses a very low activation energy ca. 0.08 eV, which is characteristic of electronic conduction process 108, 119 ( < 1 kJ.mol - 1 ), suggesting it is related to the electronic percolation within the composite electrode. For MF-2 Ea is higher and close to 0.63 eV which is in the range of Ea reported for Li-ion migration through the CEI/SEI at Li metal/carbonate based liquid electrolyte interface 120 . Regarding RMF-3, its Ea is similar in both configuration (half cells and symmetric cells) 0.43 eV and 0.49 eV respectively. Those values are in the range of reported literature for charge transfer resistance (0.41-0.62 eV) 121-126 . Zhao et al. 127 reported an activation energy of 0.74 eV for Rct at NCM523/ EC : DMC -(1 M) LiPF6 interface which is higher than the one measured in the present work, whereas, similar charge transfer activation energy value has been reported at LCO/EC-EMC interface (0.43 eV) 113 and at NCM111/EC:DEC interface (0.44 eV) 91 . Based on the bibliographic analysis provided in Chapter 1, charge transfer activation energy depends on electrode active material, electrolyte formulation and only slightly on electrode potential and thus a fair comparison is always difficult.

Figure 146. Evolution of the fitted resistive contribution activation energies along with electrode lithium content from NCM symmetric cells (filled markers) analysis from symmetric and half cells (empty markers) EIS spectra, a) for the RMF-1 process and b) for RMF-2 and RMF-3.

Figure 146 shows the variation of Ea with xLi for the different resistive contributions identified in half and symmetric cell impedance spectra. Ea appears rather constant with lithium content with a good consistency between symmetric and half-cells. We can still notice, in the case of symmetric cells, that Ea, R-MF3 appears to increase at the end of lithiation in line with the work of Portalis et al. 128 that reported a continuous decrease of Ea, Rct with electrode SOC increase at LFP/EC-based electrolyte interface. To the best of our knowledge, we do not find similar data for NCM/electrolyte interface. However, it is difficult to assess the process occurring at the end of lithiation/delithiation since, in the present case, MF-3 semi-circle drastically increases and shifts towards LF which complexifies the fitting (distorted and not complete semi-circle) at the end of lithiation. All in all, Ea appears to be independent from lithium content.

Positive electrode loading

To further confirm the assignment of MF-3 contribution to positive charge transfer resistance, we record the variation of half-cell impedance spectrum as function of electrode loading, i.e., thickness. The electrode loading varies from 5.8 mg.cm -2 to 17.8 mg.cm -2 with a similar porosity in the range of 33 to 35 %. The evolution of the impedance spectra resistance with the inverse of electrode loading is displayed in Figure 148, with data fitted using Figure 142 inset equivalent circuit. As can be seen, Rel and RMF-1 are independent of positive electrode loading. In the case of RMF-1, this finding further confirms the assignment to composite electrode impedance response (ionic and electronic resistivity) that is mainly related to the electronic conductivity of the porous electrode. In contrast, RMF-2 and RMF-3 display a linear variation with the inverse of electrode loading. In the case of RMF-3, this dependence to electrode loading is in line with the expected variation of Rct that is directly proportional to the electrochemically active surface area (A), according to Equation (38).

𝑹 𝒄𝒕 = 𝑹𝑻 𝒏𝑭 𝑨 𝒊 𝟎 (38)

With R, T, n , F, A and i0, being the gas constant (R = 8.314 J.K -1 .mol -1

), the temperature (K), the number of electron exchanged, the Faraday constant (F = 96485 C.mol -1 ), the surface , the exchange current density (A.cm -2 ), respectively.

Figure 148. Variation of Li/NMC cell EIS spectra fitted resistive contributions as function of the inverse of electrode loading.

This approach of varying the electrode loading while examining EIS resistive contribution has already been adopted in the literature 93,129 . Ogihara et al. 129 reported that charge transfer resistance at NCA/electrolyte interface is inversely proportional to the positive electrode thickness supporting the attribution of RMF-3 to charge transfer resistance. Conversely, Heubner et al. 93 reported an increase in the mid-frequency resistance (fc = 1 Hz), ascribed to the NCM622/electrolyte charge transfer resistance, with the electrode loading varying from 30 mg.cm -2 to 50 mg.cm -2 . They ascribed this tendency to an increase in particle-particle contacts due to the compression during calendering process leading to a larger charge transfer resistance for highly loaded electrode. In addition, the dependence of RMF-2 to electrode loading is consistent with the variation of AM passive film behaviour since it is also proportional to electrode active surface area. The singular results reported by Heubner et al. 93 might be due to range of electrode loading tested, significantly higher than the one investigated herein. Moreover, the RMF-2 and RMF-3 vs. 1/electrode loading dependency observed in the present study, suggests that the wetting of the electrode by the liquid electrolyte remain similar regardless positive electrode loading.

Electrolyte concentration

To report on the effect of the electrolyte concentration, a given electrode loading is selected at 6 mg.cm -2 . Figure 149 shows Nyquist plot of Li/NCM cells using electrolyte with various lithium salt concentration varying over 3 decades, from 1 M to 0.01 M. For each EIS spectrum, three well separated semi-circles are visible, and are shifting to lower frequency as a function of electrolyte salt concentration decrease. More precisely, when decreasing the electrolyte concentration, the HF contribution shifts towards higher Re(Z) values and reflects the decrease in liquid electrolyte ionic conductivity. The ionic conductivities of the various concentrated electrolytes have been measured separately and compared to the effective conductivity measured from HF Z-abscissa intercept. The two data set (Figure 150) returned similar values confirming the correct attribution of the HF phenomena. In addition, the MF domain is significantly modified when using diluted electrolyte. For 0.01 M, the MF-semi circles associated to RMF-1 and RMF-2 appear distorted, flattened and distributed in frequency. Consequently in Figure 151, we decide to probe the variation of the sum of both (RMF-1+ RMF-2) with electrolyte concentration measured at a given xLi. It is worth mentioning, that MF resistances (RMF-1 and RMF-2) are normalised by electrode AM BET surface area to account for the Electrode/Electrolyte active surface area. Surprisingly, the resistance RMF-1+ RMF-2 appears to follow a power law to salt concentration as they show a linear dependency to salt concentration in a log-log representation. The power exponent that corresponds to the slope in a logRMF-1 + RMF-2 vs. LogCLi curve is of -0.84 for xLi = 0.9. The origin of such lithium salt dependency is still unknown and may arise from the variation in CEI passive film resistivity with electrolyte concentration as well as the variation of counter electrode impedance with salt concentration. The evolution of RMF-3 is also displayed in Figure 151b and varies also with electrolyte concentration in a similar way as RMF-1+ RMF-2 but with a different slope. Visually the linear regression of log(RMF-3)vs log(CLi) curve is rather good for central range of lithium content (xLi) and degrades when reaching xLi limits . We still have a regression coefficient χ 2 of 0.98 for xLi = 0.7 in Figure 151b. For 1 M and 0.1 M, we are confident in the variation of RMF-3 with concentration, however for lower concentration (0.01 M) there might have some additional processes limitation or overlapping processes in the MF domains that leads to a deviation from the trends. To improve the quality of the regression, it would have been interesting to record the variation of RMF-3 vs. CLi with intermediate salt concentration values in the range of 1 M-0.1 M. Besides, it would allow to check the tendency and to discuss about the threshold concentration value at which we observed the deviation from the trend.

The power law coefficient of RMF-3-CLi is found to vary with electrode lithium content, as displayed in Figure 152. The log(RMF-3) vs. log(CLi) curve slope is stable in the range of [0.2 ; 0.9] and decreases with xLi for higher electrode lithium content (for which we have a lower accuracy in slope regression). On average the slope is equal to -0.74 +/-0.04.

Figure 152. log(RMF-3) vs log(CLi) curve slope as function of electrode lithium content

The variation of Electrode/Electrolyte MF resistance has been reported in literature 113 and specifically in the work of Kobayashi et al. 130 and Nakayama et al. 131 for LCO and La1/3NbO3 electrode materials, respectively. They also reported a power law dependence with electrolyte concentration. Kobayashi et al. 130 assigned Rct to one MF semi-circle owing to its dependence on electrode potential and showed a dependence to electrolyte concentration with a power factor of 0.68. On the contrary, a second MF semi-circle, rather stable with electrode potential and assigned to AM/current collector contact resistance and electrode passivation film showed a different power law factor 0.7. In contrast, Nakayama et al. 131 reported a lower power factor for Rct La1/3NbO3 interface. In the case of NCM AM, Ohashi et al. 111 reported also a power law dependency of one MF resistance to salt concentration, with a power exponent rather stable with electrode SOC and close to 0.6, which is in line with the present study.

The variation of RMF3 with electrolyte concentration agrees with the theoretical Rctconcentration dependency forecasts by Butler Volmer model. Consequently, the RMF-3 vs. CLi dependency is an additional argument that reinforced the assignment of Rct to the third middle frequency contribution in the EIS spectra.

We also evaluate the variation of RMF3 contribution with electrolyte salt concentration using positive symmetric cells. RMF3 showed a similar power law dependence but with a lower power factor of 0.42. It is worth mentioning, that in the case of Li symmetric cell, we assume that electrode surface salt concentration corresponds to the concentration of the final electrolyte which can be debatable, as the electrodes are not washed between the two experiments (electrode preliminary cycled in half cell using 1M electrolyte and stop a given potential prior disassembling).

In addition, the interfacial capacitances related to RMF-3 are in the range of 10-50 µF.cm -2 in the case of 1 M and 0.1 M which is in the range of double layer capacitance in Figure 153. However, CMF-3 increased by almost one decade for diluted electrolyte 0.01 M (300 µF.cm -2 ) and is no longer in the range of Electrode/Electrolyte double layer capacitance. Besides, the recorded variation when decreasing salt concentration is not consistent with the behaviour of a double layer capacitance, since the length of the diffuse layer of Gouy-Chapman model should increase when salt concentration decreases and thus results in the diminution of the capacitance. Therefore, this variation might be linked to other processes such as i) the impedance contribution of Li metal counter electrode which may no longer be negligible in comparison to NCM/Electrolyte resistance and to ii) ionic specific adsorption might modify the interfacial capacitance at low concentration. This finding is calling for further investigations especially regarding the impedance behaviour of Li metal counter electrode using diluted electrolyte. 

Electrode lithium content

We probe the variation of the resistance identified in the MF domain as a function of electrode lithium content i.e. positive electrode potential/electrode SOC (for a given electrode loading) in Figure 154a andb, respectively. For half-cells impedance spectra, RMF-1 and RMF-which further confirms their assignment to electrode composite and electrode passive film impedance response, respectively.

However, RMF-3 drastically evolves with electrode potential and appears relatively stable for 𝑥 𝐿𝑖 [0.3 ; 0.8] before noticing an abrupt increase when 𝑥 𝐿𝑖 is above 0.8. In the range [0.3 ; 0.8], the resistance is, in average, around 360 Ω.cm² and tends to diverge when the positive electrode reaches its maximum lithium content. This trend confirms that RMF-3 is behaving like Rct since Butler Volmer model 132 forecasts a parabolic shape of Rct vs. xLi as illustrated by the simulated curve in Figure 154b (using charge transfer coefficient equal to 0.5, the optimisation of the parameter will be discussed below). Similar Rct values and xLi variation were found from the symmetric cell in Figure 154a.

The similar values of RMF-3,half cell with RMF-3symmetric cell suggest that Li metal interface contribution may be neglected (ZCE << Zwe ) herein, and we can thus evaluate, with a good accuracy, Rct corresponding to positive electrode/electrolyte from RMF3 resistance in Li/NCM half-cell EIS spectra. This typical parabolic Rct vs. xLi curve shape was already reported in literature in the case of LCO 133 ,LMO, NCM [134][135][136][137] and its derivative NCA 138 using liquid based electrolyte (Conf Chapter 1). In comparison to literature 139 , we do not observe a sharp increase of RMF-3 for small xLi value, but rather a continuous linear increase for xLi below 0.63 toward lower lithium content. This difference can be explained by a rather low upper cut-off potential value (4.3 V vs. Li + /Li) that results in a not completely delithiated positive electrode so that the second parabolic branch is not observed.

Kinetics parameters of Li-ion insertion reaction at NCM622/Electrolyte interface can be estimated by fitting Rct vs xLi experimental curve using Butler-Volmer model according to Equation (39). Since, we only have 5 values for RMF-3 evaluated from symmetric cells, we cannot conclude precisely on the adequacy of the BV model mainly when xLi > 0.8. However, since we show that RMF-3 evaluated from symmetric cells are similar to the one measured in half-cell, we focus on RMF-3-xLi recorded with half cells.

In the case of half-cell EIS spectra analysis, Rct vs xLi curve does not match with the Butler-Volmer model (xLi,max=1) especially when xLi > 0.8. When varying xLi,max (up to 0.98), the fitted model reveals a better adequacy to experimental data. The deviation of xLi,max parameter from unity suggests that the SOC of the positive composite electrode, i.e xLi is probably incorrect, as we assumed xLi,max =1. This can be due to electrode irreversible capacity losses during cycling, side reactions that consumed Li making difficult xLi estimation. In the literature, very few studies detailed 140, 141 the calculation of lithium content value, 𝑥 𝐿𝑖 , whereas its calculation requires assumptions that need to be discussed. For instance, Bultel et al. 142 calculated 𝒙 𝑳𝒊,𝒎𝒂𝒙 value to account for cell irreversible lithium loss using to the following equations: Based on Equation ( 40) and (41), RMF-3 vs. xLi curve can be shifted towards lower lithium content value (xLi calculation 2) and coupled with a decrease in lithium content increment between the data points as displayed in Figure 157. The Butler-Volmer model of this translated curve showed similar fitting parameters. 35)and (36).

Additionally, RMF-3 vs. xLi curve fitting can also be improved by excluding the data points corresponding to the end of the lithiation since at such lithium content, the MF semicircle fitting is not reliable since it becomes more flatten and distorted (Figure 142).Besides, the exclusion of extreme lithium content data point is also supported by the fact that equilibrium conditions (close to Ox/Red equilibrium potential) might not be fulfilled at such potential (therefore, equation linearisation is no longer possible) ➢ Second parameter: charge transfer coefficient α.

The Butler-Volmer model (with variable xLi,max parameter) provides a transfer coefficient in the range of [0.3 -0.4], which is below the theoretical values of 0.5. Additionally, when fitting RMF-3 vs. xLi curve using symmetric cells, the transfer coefficient drops to 0.2.The rather low transfer coefficient raises questions and may suggests that Li-ion insertion reaction at NCM/LP30 is a complex multistep mechanism, such as an EC-type mechanism involving an electrochemical step and an chemical step (adsorption reaction, desolvation, decomposition reaction). Therefore, Butler-Volmer model cannot faithfully describe the variation of Rct at NCM/LP30 interface.

Besides, according to Equation ( 39), the transfer coefficient, α, evaluated from Rct vs. xLi curve fitting should correspond to the α coefficient evaluated from Rct-CLi dependency and that corresponds to "1log(RMF-3) vs. log(CLi) curve slope". From Figure 152, the α coefficients varies with xLi in the range of [0.2 -0.8] with an average value of ca. 0.28 ± 0.08. Consequently, we can still report a reasonable consistency between transfer coefficient evaluated from Rct vs CLi and Rct-xLi. Figure 158 shows the good consistency between the curve calculated from Butler-Volmer equation with a set α coefficient to 0.28 and the experimental data. It is worth mentioning that the transfer coefficient values estimated from Rct vs xLi fluctuates of a quantity of almost 0.1 depending on xLi calculation and on the range of selected data points. In the literature, only few papers reported the Rct vs. xLi evolution curve 135 , and even fewer attempted to fit this curve to evaluate some charge transfer kinetics parameters, such as transfer coefficient. Ansah et al. 107 reported the evolution of charge transfer resistance along cycling at NCM622/carbonate based liquid electrolyte interface and whose curve is fitted according to a Butler-Volmer (BV) like model in Figure 159. The BV like model with variable xmax parameter reveals a charge transfer coefficient ca. 0.34 close to the one obtained in our study. As discussed above, the value of α also depends on xLi,max calculation that may differ in our study from the one used in the work of Ansah et al. 107 . Recently Chaouachi et al. 142 reported a significantly higher α close to 0.9 for NCM622/Electrolyte interface. However, in their work, the authors highlighted the asymmetry of (1/Rct) vs. xLi curve and proposed a different model introducing an additional parameter 'n' to properly fit their experimental curve (Equation (42)). They obtained a good fitting adequacy for n= 2 and α = 0.9 and justified the variation of "n" parameter to account for the limited number of lithium insertion active site at the electrode/electrolyte interface (i.e. charge transfer reaction is not completely symmetric).

𝒊 𝟎 = 𝒊′ 𝟎 𝒙 𝑳𝒊 𝜶 (𝟏 -𝒙 𝑳𝒊 ) 𝒏-𝜶

Consequently, reported α are scattered and depends on the model use to fit Rct vs. xLi as well as range of xLi considered. For instance, excluding the extreme RMF3 value at high electrode lithium content results in the decrease of α. Therefore, the variation of α parameter when selecting specific region of Rct vs. xLi curve may suggests that charge transfer coefficient is function of potential and which is supported by the recorded variation of log(RMF3) vs. log(CLi) curve slope with xLi in Figure 152.

In the literature, the potential-dependent α coefficient has already proposed. Zang et al. 144 demonstrated that classical Butler-Volmer model did not predict accurately cell voltage vs. SOC experimental at LCO/electrolyte interface and introduced a SOC dependent α(xLi). Subsequently, Hess et al. 145 reported the deviation of Butler-Volmer model with experimental data and proposed to modify it with a SOC-dependent α coefficient and rate constant (k°) (asymmetry between charging and discharging Rct curve). They reported that α was in the range of [0.45 -0.51] and was increasing with LCO electrode lithiation degree, whereas it was the opposite tendency for the reaction rate constant (in the range 2-8 10 -8 (mol.m -3 ) - (1-α) ). Vassiliev et al. 146 introduced two different α coefficients (equal to 0.5 and 0.39) depending on electrode potential range to describe at LCO electrode/electrolyte interface. The variation of charge transfer coefficient with electrode potential was assigned to a shift in rate limitation step from charge transfer kinetics control to ion desolvation step kinetics. Finally, the charge transfer rate constant, (k°) can be evaluated from RMF-3 vs. xLi curve fitting. This kinetics parameter is contained in the pre-exponential constant K from BV model used to fit RMF-3 vs. xLi curve. We obtained for 1 M electrolyte and at 25°C, a standard Li-ion insertion rate constant equal to 2.6 10 -6 cm.s -1 which is rather high compared to reported rate constant at LCO electrode material 147 .

Conclusion of Li-ion transfer investigation

Thanks to the EIS investigation on half-cells and symmetric cells, and the studied parameters, namely, thermal behaviour, electrode loading, AM morphology, electrolyte salt concentration, and xLi, all the contributions could be ascribed. Table 23 summarizes the different contributions in frequencies and associated contribution in the EIS spectra along with their assignment. The study of Rct vs xLi curve showed a good consistent with Butler-Volmer model and provides a transfer coefficient close to 0.4 ± 0.1 that is consistent with the transfer coefficient evaluated from Rct electrolyte salt concentration dependency. In addition, we also reported Li insertion reaction rate constant in the range of 2.6 10 -6 cm.s -1 and with an activation energy of 0.45 eV at NCM622/Electrolyte interface.

Conclusion

In this chapter, we were able to separately investigate Li ion diffusion (DLi) and charge transfer kinetics (Rct) using NCM-based composite electrode. Whatever the parameter considered, DLi or Rct, their accurate measurement was found difficult. For DLi, we used three different methods (classical GITT, Back-and-Forth GITT and Sand-based method) to evaluate it using half or symmetric cells. Based on our investigation, we determine the relevant parameters that influence DLi and concluded that GITT and Back-and-Forth GITT method might probe Li-ion diffusivity in primary AM particles. For Sand based method we showed that cell rate performance limitation was caused by Li mass transport limitation inside the electrolyte for 6 mg.cm -2 loaded composite electrode. When using thinner electrode, cell rate performance limitation is shifted from liquid phase to solid phase mass transport limitation or a mixed mass transport limitation.

Regarding Rct, we showed that it was contained in one of the MF-semi-circle of Li/NCM impedance spectra and its potential and electrolyte dependency was found in line with Butler-Volmer model.

Altogether, the measurement of Rct and DLi using similar NCM-PC AM, allow to discuss on the limiting processes of the overall Li-ion insertion/desinsertion reaction. To determine whether Li ion insertion/desinsertion reaction is governed by interfacial kinetics or solid phase diffusion, we can calculate the corresponding electrochemical Biot number 148,149 . This dimensionless parameter corresponds to the ratio between the exchange current density (j0) evaluated from Rct-potential dependency and the mass transport limiting current in AM primary particles according to the Equation ( 43 

With j0, rAM, Eeq, DLi ,and CLi being the exchange current density (calculated from Rct), AM primary particle radius, electrode thermodynamical equilibrium potential, Li-ion diffusion coefficient in AM (evaluated from GITT experiment) and electrode lithium concentration.

Herein, we calculated an electrochemical Biot number in the range of [150 ; 600] that shows a bell-shape variation with electrode lithiation content. This result suggests that Li ion insertion reaction might be limiting by Li ion diffusion in AM primary particles. The magnitude as well as the variation of Biot number are in line with the work of Kang et al. 74 in which the authors showed the kinetics at AM secondary particles might be improved and shifted to kinetic rate-control in reducing the AM particle size.

We measured Rct using a two electrodes set-up (coin cell) and we shows that Li/NCM MF impedance was dominated by the impedance contribution of NCM positive electrode. However, it might be interesting to separately investigate the behaviour of Li/Electrolyte interface, which is the goal of Chapter 4. With classical rate capability test, poorer cell rate performance are obtained since the discharge capacity drops occurred for a lower current density (jlim, graphically = 35 mA.cm -2 and 19.5 mA.cm -2 for fast discharge and classical rate capability, respectively). However, the slope of tdischarge vs 1/I² curves demonstrates the good consistency between Li ion effective diffusivity between the two methods, suggesting that the same limiting process is governing regardless the type of rate capability tests performed. As detailed in Chapter 1, Li metal is the ultimate electrode in the quest of higher energy density battery, but specific challenges need to be addressed at first, particularly regarding its surface reactivity when it is put in contact with an electrolyte. Indeed, due to its very low potential at which almost no electrolytes are thermodynamically stable, the formation of solid electrolyte interphase (SEI) is observed [1][2][3] . This passivation layer that acts as a protective layer is composed of solvents, additives and salt anion reduction by-products. Unfortunately, this protection is not completely effective and continuous Li metal corrosion and passivation is often observed, resulting in the growth of the surface film under operation that consumes Li-ion and solvent molecules, which leads to low faradic efficiency and shorten cycle life. Moreover, lithium dendrites nucleation and growth are additional challenges that need to be addressed since dendrites can lead to unreactive (dead) Li and internal short circuit which induces safety hazard.

Annex

Several surface sensitive techniques have been employed to characterize Li metal/electrolyte interface. Some of them, such as atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), energy-dispersive X-ray spectroscopy (EDX) etc. are employed to understand lithium metal surface chemical composition 4 , morphology 5 , and topology 6 . Other techniques like EIS emerged as a method of choice to characterise its electrochemical properties. In the literature, Li/electrolyte interface impedance using PEO-based solid electrolyte at 80°C has been studied and showed diverse resistive contributions that can be fitted using several equivalent circuit models. Initially in the 90's, the MF semi-circle ascribed to Li/Electrolyte contribution was assigned to Li dissolution/deposition charge transfer resistance (Rct) [7][8][9] as it is commonly assumed for an Electrode/Electrolyte interface (see Chapter 3). However, since the evidence of the existence of SEI at Li metal surface and its temporal evolution 10,11 (a growth as a function of time-root), many authors assigned this impedance loop to Li-ion migration through the SEI. Moreover, the shape of Li/electrolyte impedance appeared to strongly depend on the temperature, electrolyte composition, Li metal pristine surface composition and morphology 11 , and on cell ageing. For instance, Aurbach et al. 12 proposed a series of 5 R//CPE to account for Li metal interphase multilayer structure based on XPS and FTIR analysis. Some investigations 13,14 on Li metal deposition and dissolution kinetics revealed that Rct resistance was negligible compared to SEI resistance (RSEI) which motivates some authors to take into accounts the passivation film resistance to fit the MF semi-circles when using carbonate or ether based liquid electrolytes. A decade later, Bouchet et al. 10 used a bi-layer SEI model made of a compact native layer in series with a growing outer layer that allowed to perfectly fit Li/polymer electrolyte MF impedance semi-circles. Recently, Srout et al. 11 , the authors assigned two deconvoluted semi circles identified in the MF domain to Li ion migration in the SEI and to Rct, respectively, and advocate that both contribution depend on Li surface morphology and electrolyte composition. Specifically, owing to the different activation energy of Rct and RSEI, 15,16 Li/Polymer impedance responses drastically differs to that of Li/carbonate or ether based liquid electrolytes measured at RT which showed an additional MF-semi circle that might be assigned to Rct. For now, the linked between Li/polymer and Li/liquid electrolyte interface impedance is not clear. Nevertheless, the interface analysis is not unequivocal and the debate it still intense 17 .

In the present Chapter, we propose to investigate the variation of Li metal interface impedance as function of ageing time, salt concentration (from 2 M to 1 mM), temperature and electrode potential to get further insights on the role of the SEI in the overall charge transfer reaction mechanism. We also compare two reference electrolytes; LiTFSI doped PEO electrolyte above polymer melting temperature (> 60°C) and a carbonate LiPF6 based liquid electrolyte at RT.

Experimental methods

Electrolyte formulation and cell assembly

All electrolytes are prepared in an Ar filled glovebox (Jacomex, H2O, O2 content < 1 ppm). Electrolytes made of PEO (100 kg.mol -1 , Alfa Aesar) and LiTFSI (Solvay) are formulated using a solvent-free method. Weighted amounts of polymer and lithium salt are, first, gently mixed at room temperature to homogenize the two components. The precise amount of LiTFSI salt is calculated for targeted salt concentration in the range of 2 M up to 0.001 M and assuming a homogenous mixture. The mixture is then heated up to 80°C and steadily mixed for 1 h until a homogenous mixture is obtained. The final mixture is finally processed as a film using a hot press. To control polymer layer thickness and area, thin discs of polymer electrolyte are placed and hot pressed in the centre of an insulating polypropylene-based ring whose thickness (60 µm) and internal area (8 mm diameter) set the cell geometry factor. The exact lithium salt content of the polymer membrane is then assessed using ICP method whose results are presented in Table 24. The deviation between targeted concentration and ICP measurement is larger in the case of very diluted electrolyte which the amount of salt weighed was low and close to the accuracy of the balance. In the following, the concentration obtained from ICP will be used. The polymer electrolytes are denoted hereafter PEO-LiTFSI-x M, with x being the LiTFSI salt concentration ranging from 10 -3 M to 2 M. For Li symmetric cell assembly, two Li metal (12 mm diameter) discs are placed on both side of the polymer-filled ring and the whole is laminated at 80°C and 3 bars to get intimate contact. The resulting assembly is then placed in CR2032 coin cell and sealed. They are referred as Li/ PEO-LiTFSI-x M /Li.

For the ionic conductivity measurement, stainless steel (SS) symmetric cells are assembled using a similar procedure but this time the polymer-filled spacer is directly deposited on SS spacer. They are referred as SS/ PEO-LiTFSI-xM /SS. Carbonate-based liquid electrolytes (whose composition is confidential but close to the one of classical LP30 battery grade, EC:DMC (1:1 in vol.) + x M LiPF6) with various salt concentrations (from 1 M to 0.01 M) are used for comparison. Liquid-based symmetric cells are assembled similarly to polymer-based ones, except that an impregnated Celgard®2325 separator is placed in between the Li metal electrodes. Herein, liquid-based cells will be referred as LP30*-xM, x being lithium salt concentration.

Thermodynamic properties

Differential scanning calorimetry (DSC) are performed using a 1 STARe System from Mettler-Toledo under nitrogen flow (40 mL.min -1 ) and a heating/cooling rate of 5 K.min -1 . The experiment is performed on a standard-type aluminium DSC cap that contained approximately 10 mg of PEO-LiTFSI-xM membrane hermetically sealed under argon. For each sample, the program is composed by two heating scans and one cooling scan from -100°C to 180°C. The data are analysed for the second heating only. The polymer glass transition (Tg) is assessed from the mid-point of the characteristic step in the thermogram, while melting temperature (Tm) was determined as the onset of the melting peak.

Impedance measurement

The coin cells are placed in a climatic chamber for the impedance measurement. Impedance spectra are continuously recorded with a VMP300, Biologic. Electrochemical impedance spectroscopy was performed in the frequency range of 7 MHz down to 100 mHz (and to 0.5 mHz in the case of low frequency (LF) measurement) using a 50 mV input signal magnitude.

Right after the cell assembly, the cells are placed in a climatic chamber whose temperature is adapted depending on the nature of the electrolyte (80°C for polymer electrolyte and 25°C for liquid electrolyte) and the impedance spectra were recorded at the OCV every 30 min, so that we can investigate the isothermal ageing of Li symmetric cells. It is worth mentioning that coin cell thermal stabilization period lasts approximately 30 min to 1 h, for liquid or polymer-based cells.

Once the bulk and interfacial contribution stabilized (stabilization period 3-4 days), impedance spectra are collected over a wide range of temperature from 30°C to 100°C and -10°C to 30°C, after temperature stabilisation of the cells, for polymer and liquid based cells, respectively. The chamber temperature program began with a first heating ramp from room temperature (RT) to 100°C and followed by a decreasing temperature ramp with 1 h isothermal steps every 5°C until 70°C. Then, the programme sets 1 h isothermal steps every 10°C down to -10°C. Finally, the temperature program ends with a final heating ramp with isothermal steps every 20°C until 70°C to ensure that the thermal behaviour of the cell is reversible. In the case of liquid-based electrolytes, the thermal range is adapted to -30°C to 40°C. Potentiostatic polarization experiments are performed at 80°C and 40°C for polymer and liquid-based cells, respectively. The experiment consists of (Figure 161) one rectangular potentiostatic pulse combined with three AC impedance measurements before, during and after the potential pulse. Potentiostatic pulse duration has been adapted depending on PEO-LiTFSI-xM to reach a steady state from 30 to 90 min. The sequence of OCV + DC Potential + OCV is repeated several times (6 times) and potentiostatic step amplitude is gradually increased so that current density is in the range of 10 to 200 µA.cm -2 and increases in crescendo. Cell current is monitored as function of time until it reaches a steady state value. 

Polarisation tests

PFG-NMR measurement

Self-diffusion coefficient of lithium and fluorine are measured by pulse field gradient nuclear magnetic resonance (PFG-NMR) using a 9.4 T Bruker Advance 400 device with a diffusion probe of 5 mm. The measurements are performed at 80°C on an NMR tube (4 mm diameter) that contains a piece of PEO-LiTFSI-xM membrane, hermetically sealed under argon. Li ion transference number of polymer electrolyte can be determined by PFG-NMR using self-diffusion coefficient of Li cation and anion ( 19 F) following Equation (45):

𝒕 + 𝑵𝑴𝑹 = 𝑫 𝑳𝒊 𝑫 𝑳𝒊 + 𝑫 𝑻𝑭𝑺𝑰 (45)
With DLi and DTFSI being Li + and TFSI-self-diffusion coefficients, respectively.

Results and discussion

Thermogravimetric analysis

We first investigate the thermal behaviour properties of PEO-LiTFSI-x M electrolyte using DSC technique to ensure that our polymers have comparable bulk properties to those reported in the literature. The typical thermogram over the range of -100°C to 120°C is displayed in Figure 163a and exhibits exothermic and endothermic peaks that are attributed to polymer crystallisation and melting, respectively. The analysis of those thermograms is given in Table A4- In the region between -60°C to -20°C, a typical thermal signature of a glass transition is observed and the Figure 164 showed the variation of the corresponding Tg as a function of salt concentration. Tg vs r (Li/EO) curve is increasing with PEO salt concentration. Given the poor resolution of the glass transition step and measurement uncertainty, we estimate an error of ca. 20% on Tg. In the range of concentration studied, the soft increase of Tg with salt concentration is in line with data of Hoffman et al. 20 (PEO 10 kg.mol -1 ), Minier et al. 21 , Lascaux et al. 22 (4 kg.mol -1 ) and Perrier et al. 23 . However, our data are on average 30% higher than reported values, but so far, this deviation can be due to a difference i) in polymer molar weight, ii) in PEO crystallinity (crystalline phase constrains the amorphous one and increase the Tg) and iii) a low thermal scan speed (5°C.min - 1 while other authors used 10°C to 20°C.min -1 ) (more accurate at high speed). Based on Table A4-1, we estimate the degree of crystallinity of PEO polymer 24 larger than 50%, which explains why the glass transition step is not clearly noticeable herein. In addition, PEO-LiTFSI-xM Tg is getting closer to that of pure PEO when decreasing salt content (reported ca. from -54°C 25 and measured at -53°C) which is expected. 20,22,26 .

Moreover, PEO-LiTFSI-x M melting (Tm) and crystallisation temperature (Tc) are relatively constant with salt concentration and close to 60 -64°C and 38 -41°C, respectively, whereas the melting peak area decreases with the salt concentration in line with reported data 27 .

EIS spectra data treatment ➢ PEO-based electrolyte

Figure 165 displays a typical EIS spectrum of Li symmetric cells using PEO-LiTFSI-1 M electrolyte at 80°C. This spectrum is consistent with published data 11 . Four distinct frequency domains can be identified, and we use the electrical equivalent circuit shown in the inset of Figure 165 to account for the different contributions identified: i) the high frequency (HF) that corresponds to the X-axis intercept or to a flattened semi-circle, depending on electrolyte salt content. It is assigned to Li-ion bulk migration (associated to REl) properties in the electrolyte superimposed with the cable and circuit contact resistance and inductance (Rc and Lc). ii) the middle frequency (MF) contribution, between 300 kHz and 200 Hz, is generally assigned to the interfacial impedance of Li/Electrolyte interface. When looking carefully at the shape of this MF loop, it appears distorted and flattened with a "shoulder" at the base of the semi-circle (very HF region) which suggests that there might be (at least) two contributions (referred as Rint-1 and Rint-2 in Figure 165 inset) in series. In practice, we used a series of two R//CPE contributions to describe the deformed MF semi-circle and to ensure constant element phase parameter higher than 0.8. iii) In the middle-to-low frequency (MLF) domain, centred at 10 Hz, a small and highly distorted (quasi-flat) semi-circle is observed. For now, we do not have a physical explanation of this contribution whose amplitude and shape appears to vary with cell parameters (concentration, ageing, Li foil, etc...) and to be highly non-reproducible 10 . Especially, this contribution is not observed for concentration below 0.1 M. This contribution has already been reported in literature 10 (for 1M LiTFSI), but no consensus was reached about its physical meaning as it may be related to the presence of small amount of impurities (water) or to interfacial contacts. Therefore, when present, this contribution is fitted with a conventional resistance in parallel to a CPE, denoted R*, its precise investigation is out of the scope of this study. iv) The Warburg element (referred as Ws) stands for the low frequency (LF) domain where a typical limited-length diffusion loop is observed as witnessed by 45° slope line that ends with a semi-circle. In literature, various equivalent circuit models have been explored to fit Li symmetric cells impedance spectra 10,11,28 , such as the "classic" Randle [29][30][31] circuit that is largely used. Herein, in Figure 165 inset, we used a simplified Randle circuit in which the Warburg element (Ws) is not in parallel with the double layer capacitance but in series with the R//CPE elements associated to Li/PEO interfacial processes (SEI, Rct, etc…). This simplification is motivated by the large frequency gap observed between diffusion dynamics and that of interfacial polarization and this will be validated later by considering the diffusion coefficients values obtained from EIS spectra fitting.

➢ Liquid based electrolyte

In the case of liquid-based symmetric cells, a typical EIS spectrum, recorded at 25°C, is displayed in Figure 166. The overall amplitude and shape of the impedance are rather similar to the spectrum previously described. In comparison to PEO-LiTFSI-1 M electrolyte, the MF loop is more distorted for liquid electrolyte, while medium lower frequency (MLF) contribution herein is reproducible, and its magnitude and frequency depend on salt concentration and electrolyte formulation. Therefore, similar equivalent circuit model will be used to describe and fit Li symmetric cell impedance spectra using either a liquid or a polymer electrolyte. Since the EIS spectra of polymer or liquid-based electrolytes are recorded at considerably different temperatures (large difference of 55°C) the processes associated to EIS spectra contributions may differ. In particular, the medium low frequency loop that was associated to an impurity present at Li metal interface in the case of polymer electrolyte based symmetric cells (R*), might be related to a charge transfer resistance at the Li/Liquid electrolyte interface for liquid based symmetric cells, this is why it is referred as Rint-3, herein. Recently, Srout et al. 11 reported similar impedance spectrum for Li symmetric cells using liquidbased electrolytes (DOL:DME-1 M LiTFSI, LP30-1 M LiPF6) with one intermediate frequency semi-circle (referred to Rint-1 and Rint-2 in the present study) followed by a highly flattened semi-circle towards LF domain (referred as Rint-3). In our experiment, depending on the electrolyte nature and salt concentration, the magnitude, the frequency distribution and to a certain extent, the shape of Li symmetric cell impedance evolve. However, the equivalent circuit proposed in Figure 165 and Figure 166 insets perfectly fit the experimental impedance spectra with a  2 >0,99 using Z-view (Scribner Associates inc.)

Based on this observation, we firstly investigate the variation of Li impedance spectra in open circuit condition along with isothermal aging.

In practice, for a given PEO-LiTFSI polymer electrolyte, we assemble several cells while using different lithium metal foils. For the highest concentrated PEO-LiTFSI electrolyte especially (1 M and 2 M for which Rsei is dominating), the MF loop assigned to Li/PEO interface varies by more than a factor of 20 over the series of cells. This significant variation of the SEI impedance might be related to a change of Li metal SEI native layer that is known to vary greatly depending on storage condition, ageing and is very difficult to control (highly unreproducible) 10,11 . Consequently, for the rest of the work, we only consider series of cells assembled using the same lithium sheet and simultaneously. Using this procedure, the dispersion between two similar cells is limited to less than 30%.

Electrolyte bulk liquid and polymer ionic transport properties

Prior examining Li/Electrolyte interface, we focus on the characterisation of electrolyte bulk transport properties in terms of ionic conductivity, diffusion coefficient and Li-ion transference number. All these electrolyte properties obtained from by Li symmetric cell impedance spectra as detailed, hereafter.

Electrolyte ionic conductivity ➢ PEO-based electrolyte

Instead of taking Li/Li symmetric cells, the electrolyte (PEO or liquid based based) ionic conductivity () are measured using stainless steel (SS) blocking electrodes from the HF contribution Rel and the cell constant (ratio of the electrolyte thickness (measured post-tests) over the active surface area, l/S)). Indeed, in Li symmetric cell configuration, RSPE estimation is less accurate due to the overlap of MF loop assigned to the Li/Electrolyte interface as it has been reported by Hoffman et al. 20 and Galluzzo et al 32 . A comparison of the results using both configurations is given in Annex Chapter 4-Note 1.  is determined as a function of lithium salt concentration and temperature (T).

Figure 167 displays the Arrhenius plot of the ionic conductivity of the PEO-LiTFSI-x M electrolytes measured. The data are extracted from the cooling scan. As expected, the ionic conductivity decreases when the temperature lowers and a sharp drop is clearly observed at about 45°C, corresponding to the PEO crystallisation, in agreement with the thermograms of PEO-LiTFSI-x M plotted in Figure 163. The thermal behaviour of  in the molten state is well described by the Vogel-Tamman-Fulcher (VTF) equation 33 that considers an ionic motion that relates closely to the polymer chain free volume redistribution and given by Equation ( 46):

𝜎 𝑉𝑇𝐹 = 𝐴 √𝑇 𝑒 - 𝐵 (𝑇-(𝑇 𝑔 +50)) (46)
With A, B, T and Tg being preexponential factor (S.cm -1 .K -0.5 ), activation temperature (K -1 ), temperature (K) and glass transition temperature, respectively. Above PEO crystallization temperature i.e., 45 °C,  increases with lithium salt concentration until a maximum for 1 M prior decreasing. Such decrease at high concentration is due to i) the ion pairing phenomenon that limits free-ion concentration (decrease of salt dissociation) 34,35 and to ii) the increase of polymer viscosity 36 . This behaviour is exemplified in Figure 168 which displays  as a function of the salt concentration at 80°C. The experimental results are very consistent with the reported tendency while being slightly higher in our case 20,22,37 . Therefore, our PEO-LiTFSI-x M electrolytes are comparable with reported results in term of conductivity.

Figure 168. Variation of PEO bulk ionic conductivity as a function of salt concentration x-LiTFSI (measured from ICP

) along with reported variation from the literature from ref 22,38 .

From Figure 168, in diluted electrolyte (for x LiTFSI lower than 0.5 M), PEO bulk conductivity is proportional to salt concentration (slope of 1 in Figure 168) (assuming a constant viscosity). Thus, according to Nernst Einstein 38 Equation (47), we would expect a constant (DLi + DTFSI) when varying salt concentration, CLi, from 0.5 M to 0.001 M, assuming an ideal solution and a limiting increase of the viscosity of the electrolyte due to Li + /O interactions. It should also imply that Li transference number (t + ) in PEO-xLITFSI is constant for x LiTFSI below 0.5 M.

𝜎 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒,𝑁𝐸 =

𝐶 𝐿𝑖 𝐹 2 (𝐷 𝐿𝑖 + 𝐷 𝑇𝐹𝑆𝐼 ) 𝑅𝑇

With electrolyte, CLi, and DLi being ionic conductivity, Li + free ion concentration, Li + charge and self-diffusion coefficient.

➢ Liquid-based electrolyte

Similarly to polymer electrolytes, we measure the bulk ionic conductivity of liquid electrolyte using a conductivity micro-electrode cell (Hack Lange), immersed in the liquid electrolyte placed onto a heating plate 38 . The Arrhenius plot is displayed in Figure 169 and the results using Li symmetric cell HF impedance spectra is given in Annex Chapter 4-Note1. The values measured as well as pseudo-activation energy found close to 0.2 eV are in very good agreement with reported data 39,40 . For instance, we found LP30*-1 M conductivity at 8 mS.cm -1 at 20°C which is close to the 9 mS.cm -1 reported by Zhan et al. 41 using LP30 electrolyte. In addition, Figure 169b displays a non-linear variation of liquid electrolyte conductivity with salt concentration which is consistent with the work of Tatara et al. 39 . This non-linear curve may be related to LiTFSI salt activity coefficient (nonideal) and to a variation of the electrolyte viscosity. However, as we only have 3 data points and we did not measure the viscosity of the liquid, we cannot discuss further on salt dissociation. 

Diffusion coefficient and lithium transference number. ➢ PEO-based electrolyte

The LF domain in Li/Li symmetric cells (see Figure 170) provides information on the diffusion process in the electrolyte and it is fitted with a Warburg short element. Therefore, we can extract two parameters that characterize the ionic transport in the electrolyte: i) the ambipolar diffusion coefficient (Damb) from the diffusion time constant (Equation (48)), and ii) the lithium transference number (t + ) from Rel and RDiff resistive contributions (Equation (50)) 10,42,43 . Figure 170 shows LF impedance spectra normalized by RDiff impedance spectra recorded at 80°C, for various salt concentrations, showing the good adequacy between the experimental EIS LF range spectra and the fits. Interestingly, except for PEO-LiTFSI-1 M, the normalized Warburg loops are perfectly overlapped for the different PEO-LiTFSI-x M with a characteristic frequency given by Equation ( 48) and that appears rather stable in the range of 500-250 s for x > 0.01 M and drop by almost a factor 10 for PEO-LiTFSI-0.001 M. In addition, the characteristic frequencies obtained from LF Warburg loop are in fair agreement with the characteristic diffusion time calculated from Damb measured using potential relaxation method (Equation (48)). For instance, we find fc, Diff =1.2 mHz for PEO-LiTFSI-0.1M using Damb, DC whereas the LF Warburg element provides fc, Diff = 2 mHz indicating the consistency between the two methods. This finding supports the use of a simplified Randle equivalent circuit (Warburg element out of the double layer capacitance loop), a posteriori. 

For PEO-LiTFSI-1 M, our values (2.7 10 -8 cm².s -1 , at 80°C) from both EIS and relaxation method (DC polarization) seems rather small compared the one reported by Bouchet et al. 10 (1.4 10 - 7 cm 2 .s -1 , at 90°C) and by Rey et al. 46 (9.1 10 -8 cm².s -1 , at 80°C). For PEO-LiTFSI-0.01 M, the Damb measured by the three methods (NMR, EIS and relaxation method) are very close in the range of 9 10 -8 -2.4 10 -7 cm 2 .s -1 . Therefore, Damb appears rather constant in the range of 1 M to 0.01 M salt concentration when considering Damb,NMR for PEO-LiTFSI-1 M instead of Damb-Warburg. In the literature, several works 33,34,47,48 reported a decrease of Damb with salt concentration for concentration higher than 1 M. Timachova et al. 47 assigned the drop in Damb at high lithium content, in the range of 0.26 M to 1.7 M, to the increase in polymer viscosity (i.e increase of Tg) due to the physical "crosslinking" between polymer chains containing ether oxygen group and Li + ion as well as to the formation of ionic clusters due to ion-ion interactions. In our study, the decrease of Damb at high concentration is only obtained by NMR measurement.

In contrast, we record a sharp drop of Damb for very diluted PEO-LiTFSI-0.001 M electrolyte which is not expected according to the vs. x-LiTFSI recorded and displayed in Figure 168. Indeed, for x-LiTFSI < 0.5 M, is, in a first approximation, proportional to salt concentration which would implies, according to Nernst-Einstein equation (Equation (47)) 46 a constant Damb for x< 0.5 M. This deviation from theory might suggest that LF loop account for additional diffusive processes (in addition of Li ion diffusion in the polymer electrolyte) such as the Li ion diffusion through SEI passive film that may be slowed down at low concentration. Besides in diluted electrolyte, the assumption of a fast and non-limiting charge transfer kinetics at Li/Electrolyte interface is debatable and may also explained unexpected drop of Damb.

Figure 171. PEO-LiTFSI-xM ambipolar diffusion coefficient variation as a function of salt concentration, x,

(measured from ICP) at 80°C measured using EIS, relaxation of potential, and PFG-NMR techniques and compared to literature from ref. 10,20,49 .

Thereafter, t + is calculated according to Equation (50) 50,51 thanks to Rel and Rdiff from impedance spectra HF electrolyte resistance and LF Warburg resistance (see illustration in Figure 165) assuming mass transport limitation:

𝒕 + = 𝑹 𝒆𝒍 𝑹 𝒆𝒍 + 𝑹 𝒅𝒊𝒇𝒇 (50)
To improve t + calculation accuracy, it would have been convenient to estimate Rel resistance from Li symmetric cell parameters (polymer thickness and geometric area) and polymer ionic conductivity measured separately using SS blocking electrodes.

Figure 172 displays the evolution of PEO-LiTFSI-xM lithium-ion transference number determined by EIS and NMR. For xLi above 0.1 M, our results are consistent with the reported literature data 20,28,29 , with NMR data slightly higher than EIS ones. We find Li + transference number of 0.11 in the case of PEO-LiTFSI-1 M at 80°C by EIS and 0.2 in the case of PEO-LiTFSI-0.5 M at 80°C by NMR measurements. However, we found a t + for PEO-LiTFSI-0.001 M close to zero (t + = 0.004). To the best of our knowledge, there is no reported data in the literature to compare with. We believe that the underlying assumption of Equation (50) may not be fulfilled in the case of diluted electrolyte, especially regarding the Li + mass transport limitation inside the electrolyte and the fast kinetics and reversibility of Li deposition/dissolution at Li/SPE 52 .Thus, it would have been preferable to measure t + for diluted electrolyte using PFG-NMR method since it only probes Li diffusion in the polymer electrolyte. However, PFG-NMR measurement of diluted PEO was impossible due to the very low signal level (directly proportional to ion concentration) and would require further optimisation which was out of the scope of the study. (determined by ICP), measured at 80°C and along with reported data from ref. 20,46,49,[53][54][55][56][57] .

The difference between electrochemically and NMR determined Damb values could be related to uncomplete salt dissociation. In the literature, salt dissociation is often evaluated by the mean of the Haven ratio (H) whose variation from unity (complete salt dissociation) suggests ion pairing formation. We calculate the Haven ratio 58,59 for PEO-LiTFSI-0.1, 0.5 and 2 M in Figure 173 from the ratio between PEO-LiTFSI ionic conductivity (measured using SS symmetric cell impedance) and the one calculated from Nernst-Einstein relationship (using DLi and DTFSI-, NMR). In Figure 173, the Haven ratio is lower than one, suggesting that Li salt dissociation is not completed in the electrolyte with ion pairing formation, and decreases, as expect with salt concentration as reported here 60 . Finally, based on Damb and t + measurement for the different PEO-LiTFSI x M, we can calculate the mass transport limiting current density in Li symmetric cells using Equation ( 51). This limiting current value that corresponds to the threshold current value above which cell performance is limited by mass transport process will be used to discuss the I vs. E curve recorded during the polarization experiments. The mass transport limiting current are given in Table 25 and are calculated using Damb and t + measured previously. In the case of diluted electrolyte (0.001 M) for which t + and Damb values are not consistent we use the average values obtained from 0.1 M and 0.01 M. (According to Nernst-Einstein they should not vary with salt concentration). Besides, for 1 M we assume a complete salt dissociation and use the average values obtained from 0.1 M and 0.01 M. Therefore, jlim calculated for very diluted or concentrated electrode are biased but gives a first estimation. 26. Below 1 M, it was difficult to monitor the LF signal since the system was not stable in this domain (too long recording period). Regardless the salt concentration, diffusion coefficients were found in the range of 10 -6 cm².s -1 which is in line with reported data 40,41 . Damb decreases when salt concentration increases which is consistence with reported concentration dependencies 40,41 . Indeed, the drop in Damb is related to the increase in electrolyte viscosity with the salt concentration. Additionally, t + was found rather constant with salt concentration in agreement with Landesfeind et Gasteiger 61 . First, we investigate the evolution of PEO based Li symmetric cell impedance recorded at OCV as a function of time storage (isothermal condition 80°C). We record every 30 min the impedance spectrum of the cell that have been preliminary placed in a climatic chamber for 2 h, right after the assembly, to achieve the thermal stabilisation. The typical evolution of Li symmetric cells impedance spectra recorded during the ageing at 80°C is displayed in Figure 174a and showed a decrease of HF resistance coupled with an increase of the MF loop. In order to highlight the variation of the different resistive contributions in the impedance spectra, we used an approach similar to Morales-Ugarte et al. 62 . The methodology is detailed in Figure 174b and consists of subtracting the impedance spectrum recorded at a given aging time t to the initial spectrum for each frequency to see only the evolution of the impedance response without any a priori parameterization of the data. The typical resulting spectrum is displayed in Figure 174b and showed a HF loop in positive Im(Z) area which is consistent with the decrease recorded for Rel along aging. We can notice a MF loop implying an increase of Rint along ageing period. Interestingly, the spectrum obtained after subtraction showed a shift of the MF loop towards lower frequency (shift of the apex of the MF loop along ageing).We apply this methodology to the whole data set and the variation obtained for ∆Rint and ∆Rel as function of the square root of ageing time obtained are displayed in Figure 175a andb. • The first period, that lasts ca. 0.5-7 hours depending on the concentration, shows slight decrease of Rint. When excluding PEO-LiTFSI-0.1 M that is out of the trend (not considered further in the following discussions), it seems that the transient time increases with salt concentration and lasts from ca. 30 min to nearly 3.5 hours for PEO-LiTFSI-0.001 M and 1 M, respectively. This transient period might be related to the thermal stabilisation of the cell and to the enhancement of the interfacial contact inside the cell. • The second region shows a linear increase of ∆Rint for ca. 7-10 hours whose slope appears to decrease with salt concentration, except for PEO-LiTFSI-0.1 M whose variation is out of the trend. This typical √𝑡 temporal dependency is in line with the formation of a passivation film on metallic Li electrode 10, 62 63 . Therefore, it suggests that SEI contribution is dominating in the MF loop and/or that the SEI growth is correlated to the increase of Rct. Morales-Ugarte et al. 62 showed that the increase of Rint and its growth rate are related to the nature of salt anion that is decomposed at Li metal surface. In addition, Figure 175c displays the relative variation of ∆Rint (∆Rint/Rint(tend transient period)) that showed the similar linear variation followed by a plateau at long time. The stabilized value of ∆Rint/Rint(tend transient period) (plateau) increases with salt concentration which suggests that the magnitude of the increase of Rint is correlated to the anion content and supports the work of Morales-Ugarte et al. 62 . However, according to Morales-Ugarte et al. 62 , we would expect similar ∆Rint vs. √𝑡 growth rate (slope of the linear region) for all PEO-LiTFSI-x M samples as we use a given salt, which is not the case. Herein, the ∆Rint/Rint(tend transient period) growth rate (evaluated from the slope of ∆Rint/Rint(tend transient period)

vs. √𝑡 in the linear region) appears to increase with salt concentration. For instance, Li/PEO-LiTFSI-0.001 M exhibits a less pronounced ∆Rint/Rint(tend transient period) growth than PEO-LiTFSI-1 M, with 70%/√ℎ and 300%/√ℎ respectively. Therefore the growth rate of Rint is more pronounced at high concentration which is in line with Dey et al. 64 and Peled et Yamin 65 and assigned to the increase of salt impurities content and/or to the incorporation or adsorption of anion into the SEI. The recorded variation of ∆Rint/Rint as function of ageing time may suggest that anion degradation at Li metal surface cannot solely explain the growth of Rint and other processes probably related to polymer and salt impurities degradation might participate as well. Indeed, in diluted electrolyte, a larger proportion of polymer molecules is in contact with lithium metal surface, therefore we might observe more distinctly polymer degradation signature.

• ∆Rint becomes relatively stable in the third region corresponding to the stabilisation of the SEI layer that might reach a finite thickness and chemistry for example.

Interestingly in Figure 175b, ∆Rel and thus Rel (HF resistance) decreases with ageing time for diluted electrolyte and the variation of Rel seems synchronised with that of Rint (the stabilization of Rel and Rint occurred at the same time ca. 9 hours). This first observation would suggest that the variation of Rel and Rint are correlated and particularly that degradation reactions occurring at Li metal interface (mainly anion decomposition) may subsequently affect polymer bulk transport properties. To assess the later point, we examine the relative variation of Rel (∆Rel/Rel(t0)) in Figure 175d. PEO-LiTFSI-0.001 M and 0.01 M showed similar variation with a decrease of about 35% after 75 hours. However, for higher concentration (x > 0.01M), Rel is almost constant over time. Therefore, the variation of ∆Rel as well as its decrease rate is more pronounced in the case of diluted electrolyte for which the proportion of anions consumed/decomposed may become non-negligible compared to the initial concentration. Besides, there might have a shift in the degradation kinetics when varying anion/impurities and polymer proportion at Li metal interface (preferential polymer degradation reaction at low concentration). Interestingly, in the case of diluted electrolyte, the degradation products increase electrolyte conductivity probably due to polymer plasticization.

Figure 176a

shows the variation of the inverse of the interfacial capacitance of the MF-loop as a function of ageing time. We estimate an equivalent capacitance value from the CPE element related to the R//CPE element used to fit the MF loop and to account for the non-ideal capacitive behaviour of the double layer capacitance at Li/PEO interface. However, the physical meaning of the interfacial time constant distribution is still in debate in literature as it can be assigned to: i) the distribution the dielectric properties of the electrode surface (surface heterogeneity, surface time constant distribution), ii) the distribution of interfacial charge transfer resistance (non-uniform charge transfer kinetic in the electrode plane) iii) the distribution of the time constant inside the electrode surface film or iv) the distribution of the electrolyte ohmic drop resistance perpendicular to the electrode surface. Herein, we assumed, at first, the distribution of the time constant related to the CPE element used to describe the MF loop is due to a normal distribution of time constants within the electrode surface film and we used Hsu et Mansfeld 66 equation to evaluate the equivalent capacitance value from the CPE parameters.

Similarly, to ∆Rint, ∆Cint shows three different regions with a transient initial period, followed by a growth before stabilizing. Cint is in the range of 0.5-1.10 -6 F.cm 2 in the range of reported SEI capacitance at Li interface 65 and slightly increases when salt concentration decreases. Using similar approach than in the work of Bouchet et al. 10 and Morales-Ugarte et al. 62 , the variation of ∆Rint and 1/Cint provides a rough estimation of SEI layer thickness (lSEI), diffusion coefficient (DSEI) and effective conductivity ( SEI) using the following Equations ( 52 For the different Li/PEO-LiTFSI-x M, the SEI thickness is calculated from the interfacial capacitance measured after stabilisation and assuming relative permittivity, 𝜀 𝑟 equal to 10 (average between 5 to 20, range of relative permittivity of LiF, Li2CO3=5 and Li2O=9.8 and on close to 20 for small polymeric species 67 ). The SEI thickness is in the range of 4-15 ± 2 nm close to literature data 10 and consistent with SEI thickness reported from Cryo-TEM 68 experiment. Still assuming 𝜀 𝑟 equal to 10 and using the slope in Figure 176a, we estimate in the case of PEO-LITFSI-1 M the diffusion coefficient in SEI, DSEI, between 1.7 to 12 10 -17 cm².s -1 which is in the range of reported value in literature 10 . Interestingly, the slope of 1/Cint vs. √𝑡 is rather stable with salt concentration (only twofold increase from 1 M to 0.01 M).

Finally, the characteristic frequency of Li/PEO MF loop drops when salt concentration decreases and showed a linear decrease over ageing √𝑡 time in Figure 176b. Interestingly, when excluding PEO-LiTFSI-0.1 M, the slope of the characteristic frequency drop appears rather constant with salt concentration.

➢ Liquid-based electrolyte

The isothermal ageing of liquid based symmetric cells is performed at 25°C and shows similar variation of the MF contributions as for PEO. The variation of the impedance spectra of LP30*-1M based symmetric as function of ageing time is displayed in Figure 177a. The series subtraction of the spectra in Figure 177b showed the HF resistance is stable over time regardless the salt concentration as displayed in Figure 177c. However, the spectra subtraction result showed that both the MF (ca. 10-100 Hz) and the MLF (middle low frequency, ca. 100-10 mHz) loops are increasing over time. Therefore, we recorded the relative variation of the MF and the MLF resistances, referred as ∆RMF/∆RMF(t0) and ∆RMLF/∆RMLF(t0), as function of the square root of ageing time in Figure 177d and e, respectively. Similarly, as for PEO, the resistances increase following a square root of ageing time before stabilizing. In comparison to the isothermal ageing of PEO, the resistance growth period lasts longer for liquid electrolyte with ca. 50-100 hours against 20 hours for polymers. Singularly, in the case of LP30*-0.01 M, RMF and RMLF are stable over time. In the case of LP30*-0.1 M and 1 M, the relative variation as well as the growth rate of RMLF is larger than the one of RMF but the relative increase of both resistances are in the order of LP30*-1M > LP30*-0.1M >> LP30*-0.01 M. This finding suggests that the variation of RMF and RMLF are proportional to salt concentration which supports the correlation with anion decomposition at Li metal surface. In addition, the growth rate of RMF and RMLF appears to increase with salt concentration which may suggest that, similarly to Li/PEO, there is a change in the degradation kinetics when varying salt concentration.

Finally, the MF and MLF capacitance is decreasing over time prior stabilizing. The variation of the capacitance appears more pronounced for LP30*-1 M. We show that Li/Electrolyte interface impedance, using either PEO or carbonate based liquid electrolyte, is composed of two contributions; i) one (Rint-1) that does not evolve over time and may be assigned to insoluble Li metal native layers (Li2CO3/Li2O, 6-8 nm) and ii) another contribution (Rint-2) which is increasing according to a square root of time. The latter behaviour suggests the growth of passive layer resulting from the accumulation of anion, PEO, and/or impurities decomposition products before reaching a finite thickness after less than a day. The growth rate of Rint-2 increases with electrolyte concentration. When using diluted electrolyte, we recorded a slowdown in Rint growth that is probably due to more pronounced/quantitative polymer degradation reaction. Interestingly, the variation of Rint is perfectly synchronised with that of Rel especially noticeable in the case of diluted electrolyte, for which degradation by-products can significantly improve polymer ionic conductivity. However, in the case of liquid electrolyte, the assignment of impedance resistance to SEI is more difficult since there are two contributions that are following a square root of time and the capacitance of the MLF contribution is not in the range of Li/SEI. To get further insights on the physical meaning of each contribution, we investigate their variation with salt concentration.

MF loop variation with salt concentration

Once the stabilisation period end, we can focus on the effect of salt concentration, in a large range of concentration, on the Li/Electrolyte interface impedance.

➢ PEO-based electrolyte

Figure 179 displays the typical Li/Electrolyte impedance recorded for PEO-LiTFSI-x M systems measured at 80°C. At first glance, the decrease in concentration induces a shift of the different EIS contributions to lower frequencies associated with an overall increase of the resistances (NB: impedance spectra are not normalized by polymer electrolyte thickness that is why RHF PEO-LiTFSI-0.5 M is larger than RHF PEO-LiTFSI-0.1 M). Below 0.01 M, we observe the loop in the HF domain resulting from the lowering of electrolyte bulk ionic conductivity at low salt content. The MF-semi circle diameter increases by more than a factor 50 between PEO-LiTFSI-2 M and PEO-LiTFSI-0.001 M, from 5 Ω.cm² to 270 Ω.cm², respectively.

In the case of PEO-LiTFSI-2 M and 1 M, we can dissociate two contributions within the MF loop whereas only a flattened and widely distributed in frequency semi-circle is observed for lower concentration. For x-LiTFSI < 0.01 M, MF semi-circle is superposed in frequency with the LF 45° diffusion line. Finally, the third contribution (R * ) identified right before the Warburg diffusion line is only noticeable for salt concentration higher than 0.1 M at ca. 5-10 Hz which suggests that is magnitude is related to the presence of impurities brought by the salt 10 . In the next part, we will not discuss further that small and non-reproducible LF loop.

To probe the variation of the MF loop with salt concentration, we use a similar approach as the one used to study the isothermal ageing of Li symmetric cells. This time, we use high concentration (PEO-LiTFSI-1 M and 2 M as reference, and we record the variation of the MF resistance Rint when decreasing salt concentration. In practice, we fix the interfacial resistance and capacitance values related to Rint-2M obtained from PEO-LiTFSI-2 M and then an additional Rint//CPEint element is left free to fit the rest of the MF loops for lower concentrations. The fitting methodology is illustrated in Figure 180. Regarding, the flattened MF-semi circle observed in PEO-LiTFSI-2 M spectrum, we use two R//CPE elements to account for the impedance contribution of Li/PEO interface and corresponds to Rint 1 and Rint 2 (with Rint-2M= Rint 1+ Rint 2) in the equivalent circuit model used in Figure 180a. The use of two R//CPE contributions to described SEI impedance can be justified by considering a SEI bi-layer model 10 . Hence, for now, we do not make any assumption on the physical meaning related to Rint and on Rint , and we recorded their variation as function of salt concentration. Figure 181a displays the evolution of the interfacial resistances as a function of salt concentration in a log-log plot. In accordance with the observations in Figure 179, the decrease in salt concentration results in a sharp increase of MF-resistance (Rint = Rint-1+Rint-2+∆Rint). Interestingly, log(Rint) shows a linear dependency to log(x-LiTFSI) at low concentration while it tends to be stabilized (plateau) at high concentration (>1 M). It suggests that the MF loop is composed, at least, by two contributions; i) one constant with salt concentration (R0) and on that follows a power law with salt concentration, such as Rint  x -α . In addition, the characteristic frequency of the MF response resistances in Figure 181d showed that the frequency of Rint-1 and Rint-2 are well separated which further justifies the use of two R//CPE elements to fit the MF loop for Li/PEO-LiTFSI-2 M. Besides, we can notice that the decrease of salt concentration results in a shift of the MF loop towards lower frequencies.

Based on this observation, the overall Li/PEO interface resistance Rint can be empirically modelled using Equation (54) and the model curve (red curve in Figure 181a andb) showed a very good consistency with the experimental data points.

𝑹 𝒊𝒏𝒕 = 𝑹 𝒊𝒏𝒕-𝟏 + 𝑹 𝒊𝒏𝒕-𝟐 + ∆𝑹 𝒊𝒏𝒕 = 𝑹 𝟎 + 𝑲 𝒙 -𝜶 (54) 
At 80°C, the exponent α is found equal to 0.79. In addition, power law dependency on salt concentration is valid for other temperature with a limited variation of the exponent α close to 0.79 ± 0.02 (Figure 181 b). At 80°C, the constant resistance R0 is found equal to 2.5 Ω.cm² which is close to the Rint-2M measured at 80°C and equal to 4.7 Ω.cm² and supports the impedance fitting methodology applied. In addition, the thermal variation of Rint provides the activation energy of R0 parameter equal to 0.77 eV. To further improve the model, it would be interesting to record Rint values at other salt concentrations. In literature, it has been reported that Li/OE RMF is dominating at Li metal interface compared to Rct with concentrated electrolyte,(1 M) using either a liquid 17 or a polymer electrolyte 10 (cf. Chapter 1). For instance, Boyle et al. 17 estimated that Rct only accounts for ca. 2 % of the total MF resistance at Li/EC:DEC 1M LiPF6. Herein, the capacitance associated to Rint-1 and Rint-2 in the case of PEO-LiTFSI-2 M are in the range of SEI capacitance. Besides, if we assume that, at high concentration (2 M), Rint is dominated by RSEI ,whose value does not change much with the concentration 65 (similar chemical composition) and whose thicknesses are sufficient to screen the electric field gradient that settled through the SEI (space charge layer length smaller than SEI thickness) 65 , it implies that RSEI≈Rint-2M that corresponds to R0 parameter in the model in Equation (54) (independent to salt concentration) .The validity of this assumption which directly impacts the interpretation of the results will be discussed afterwards. In addition, RSEI=R0 that does not depends on salt concentration can be assigned to lithium metal native layer mainly composed of insoluble compound as proposed by Bouchet et al. 10 .

However, the effect of electrolyte concentration on Rint and specifically on ∆Rint can be assigned to several phenomena. As mentioned, the dependence to C -α may be related to the variation of the ionic charge transfer resistance at SEI/Electrolyte interface that varies according to Chapter 1 and 2 with C -α like in Butler-Volmer model 69 . In this case, the slope  of log(Rint) vs log(x-LiTFSI) curve is linked to the symmetry factor of the charge transfer reaction, herein, equal to (1-)=0.21. In the literature, concentration dependency of Rint has already been reported and used as an argument to assign impedance MF semi-circle to Rct//CPEdl. For instance, Zaban et al. 12 reported ionic charge transfer coefficient (α) evaluated from the slope of log(i0) vs log(CLi) of 0.77, 0.64 and 0.52 using PC, 1, 3-dioxolane (Diox) and THF doped with LiAsF6 salt, respectively. In addition, Xu and Farrigton 7 showed that α varies with the electrolyte nature as they reported α= 0.52 and 0.47 at Li/PEG and Li/DME interfaces using a similar lithium salt (LiAsF6). In the case of polymer electrolyte, Sequeria and Hooper 70 reported concentration dependency of Li/PEO+LiTFSI interface resistance in the range of x-LiTFSI from 3.4 to 1.4 M but with an opposite trend (Rint increases with x-LiTFSI). To explain such unexpected behaviour, the authors proposed a novel charge transfer mechanism that involves Li ion vacancies and occupied sites inside polymer electrolyte media. Herein, and in contrast to their work 70 , Rint is decreasing with salt concentration. The deviation in trend between those two studies may be party explained by the variation of Li metal SEI (native) layer impedance in between Li symmetric cells 70 . Indeed, the variation of Rint with salt concentration may be hidden by the dispersion in Rsei in between the cell series.

On the other hand, the dependence of Rint to salt concentration can also be assigned to a change in the cationic conductivity and/or composition of the SEI. Peled et Yamin 65 assumed that Li ion migration through the SEI was the rate limiting step of Li deposition/dissolution reaction and explained the decrease of Rint with salt concentration increase at Li/thionyl chloride (LiAlCl4) to the creation/redistribution of more lattice defect in the SEI. In the case of thin SEI (in the order of SEI space charge layer), the variation of electrolyte salt concentration may lead to a change in the space charge layer distribution that settled through the SEI. This phenomenon should be less pronounced in the case of thicker SEI which is in line with the small log(Rint) vs log(CLi) slope of 0.17 recorded for 710 Å -thick SEI compared to 0.52 with 250 Å-thick SEI reported in their work 65 (SEI thickness was estimated from interfacial capacitance an assuming r=10). However, it is delicate to conclude whether Rint is varying with salt concentration only based on charge transfer kinetics or a space charge model. Therefore, the investigation of the variation of the interfacial capacitance as well may provide further insights.

The evolution of interfacial capacitances Ci, MF calculated from CPEint-1, CPEint-2 and CPE∆int constant phase elements (using the Equation ( 18)) as function of salt concentration is displayed in Figure 181c. The capacitances associated to SEI (Cint-1 and Cint-2) are found in the range of 2-6 µF.cm - 2 (with lower capacitance for Cint-1) in the range of the reported 71 capacitance as by Scarr et al 72 of 2.4 -5.2 µF.cm -2 in Li/PC-LiClO4. In addition, Peled 65 , indicated that Li/electrolyte interfacial capacitance lower than 5 µF.cm -2 would imply a Li metal passivation surface, because double layer capacitance are generally higher than µF.cm -2 . From Cint capacitances using Equation ( 53) and assuming a dielectric constant of SEI equal to 10, we can estimate the thickness of the SEI that is the range of 1-3 nm and 4-8 nm for Rint-2 and Rint-1, respectively.

Regarding C∆int, the values of the corresponding capacitance are in the range of 0.5-1.6 µF.cm -2 , which is close to the one measured for Rint-1 and Rint-2. In Figure 181c the independence of the C∆int with salt concentration further supports that it may not correspond to a double layer capacitance. Indeed, according to Debye-Helmholtz 73 and Stern 74 double layers models, the length of diffuse layer is proportional to the square root of lithium salt concentration. Thus, a decrease of two order of magnitude in salt concentration should results in a significant decrease of C∆int. However, in the present study C∆int is only decreasing by a factor of 1.6 between 0.1 M and 0.001 M. Consequently, the range of C∆int coupled with its independence to x-LiTFSI may suggest that C∆int may correspond to the capacitance of a solid electrolyte interphase (SEI)

In the literature, Peled et Yamin 65 showed that the interfacial capacitance Cint measured at Li/thionyl chloride( LiAlCl4) and assigned to SEI, doubles when salt concentration increases from 0.1 to 1.8 M and is in the range of 0.5-0.06 µF.cm -2 . In their work, the authors explained the variation of Cint with salt concentration by the modification of space charge layer through the SEI (redistribution lattice defects distribution). This phenomenon would be particularly visible with thinner SEI layer. However, in their work 65 the variation of Cint with salt concentration (0.1 to 1.8 M) is of the same magnitude when varying SEI thicknesses from 25 nm to 71 nm (adjusted by varying the time of immersion of Li metal electrode in an electrolyte). According to Peled et Yamin's 65 theory (lattice defect redistribution in the SEI), we would expect a more intense variation of Cint when the salt concentration decrease from 0.1 M to 0.001 M compare to the evolution observed between 2 M and 0.1 M and with thinner SEI of the order of 1-3 nm (calculated from Cint and assuming r=10). However, the recorded variation in our study, despite the larger concentration variation amplitude and the thinner SEI, is in the order of the one reported in their work for a concentration range of 1.8 M-0.1 M.

From the impedance methodology proposed on PEO-LiTFSI-x M Li symmetric cells, we observe a dependency of the Li interface impedance at MF with salt concentration. We show that its variation can be modelled by a constant resistance (R0) in series with a resistance ∆Rint that follows a power law of salt concentration. For sake of clarity, the resistance R0 and ∆Rint will be referred, in the rest of the chapter, as Rint-1 and Rint-2, respectively, to be consistent with the impedance model used in Figure 165. But this still means that Rint-1 is constant, and that Rint-2 follows a power law of salt concentration. Interestingly, the corresponding interfacial capacitance of Cint-1 and Cint-2 are small for double layer capacitances and rather in the range of a thin interphase capacitance (SEI type) between electrolyte and Li electrode and does not depend on salt concentration. The latter finding suggests that the MF-loop is dominated by Li metal SEI layer impedance. However, the dependence of its resistance with salt concentration might result from i) the redistribution of SEI lattice defect in the SEI, as proposed by Peled 65 or due to ii) a change in the chemical composition of the passive layer Interestingly, the variation of Li/PEO interface with salt concentration is similar as the one recorded at Oh/PEO interface. At Oh/PEO, the interfacial resistance follows a power law of salt concentration (α exponent equal to -0.6) while the interfacial capacitance, in the range of µF.cm -2 does not vary with salt concentration. This similarity might suggest that lithium metal interface, and specifically the SEI, is behaving like a ceramic whose impedance is dominated by passive film resistance. Conversely, the reciprocal may suggest that Oh/PEO interface impedance recorded corresponds (or is dominated by) to an interphase that behaves like an SEI and which might be in line with some results recorded in Chapter 2.

➢ Liquid-based electrolyte

To get further insights on the Li/electrolyte impedance model and dependency on salt concentration, we use a liquid-based electrolyte with various concentrations. We aim to prove that our methodology can be applied to various electrolyte natures and to ultimately establish a link between the MF resistive contribution in the EIS spectrum recorded at 25°C for liquid electrolyte with the one recorded at 80°C using polymer electrolyte.

In Figure 182a, similarly to the Li/PEO impedance spectra, the MF contributions of the impedance spectra vary drastically with electrolyte concentration, its variations are referred by ∆Rint. Singularly, in the case of liquid electrolyte, the second medium-low frequency (MLF) loop observed in the range of 0.6 Hz-100 mHz is also increasing with salt concentration. Interestingly, Li/PEO interface impedance does not contain semi-circles with such low frequency/high capacitance values, which might suggest a different Li/Electrolyte interface structure in the case of liquid electrolyte. The joint variation of the MF and MLF loops is highlighted in Figure 182c that shows the resulting spectra of the series subtraction of impedance spectra recorded with LP30*-0.1 M and 1 M after stabilisation period. Therefore, to fit the impedance spectra in Figure 182b, we use the same equivalent circuit model as PEO symmetric cells except that we observe an additional resistive contribution in the MLF domain and referred as Rint-3//CPE in the model. The adapted equivalent circuit model perfectly fit the impedance spectra recorded for LP30*-1 M in Figure 182b. Specifically, the assignment of the LF loop at 31 mHz to Warburg LF diffusion resistance is supported by the theoretical characteristic frequency of the diffusion process evaluated from Damb, NMR and using Equation (47). Using tortuosity-corrected effective diffusion coefficient ( =4.1), we find a characteristic diffusion frequency of 80 mHz for LP30*-1 M. As expected, the diffusion resistance Rdiff related to the LF Warburg element is increasing with diluted electrolyte. Indeed, Rdiff and Rel are related according to Equation ( 50), therefore for a constant t + , Rdiff and Rel will vary in the same extent when decreasing salt concentration.

Therefore, we use the equivalent circuit model given in Figure 182 inset to fit the series of LP30*-xM impedance spectra recorded at different temperatures. As for Li/PEO impedance spectra, we used two R//CPE elements, referred as Rint-1 and Rint-2 to fit the flattened MF loop. To well deconvolute the distorted MLF loop, the variation of Rint-3 from that of Rdiff with salt concentration, we set the frequency value of the Warburg element thanks to the Equation (48) and using Damb-NMR measured for the different LP30*-xM electrolyte (see Table 21). However, despite this precaution, the fitting of the LF loop was highly inaccurate in the case of diluted electrolyte (0.1 M), for which the LF loop is highly distorted (see Figure 182c). Therefore, we will only account for the overall MLF+LF resistances referred as Rint-3+ Rdiff for low concentration. The variation of fitted resistances as function of salt concentration are displayed in Figure 183a. The MF resistances assigned to ∆Rint and ∆Rint-3 drastically decrease with salt concentration according to a power law. In the case of LP30* liquid electrolyte, the variation to the MF loop ∆Rint showed a power exponent (slope of log(∆Rint ) vs. log(CLi)) of 0.66 which is rather close to the one measured at Li/PEO interface. It is worth mentioning, that in the case of ∆Rint-3, we only have one data point corresponding to the variation of MLF loop between LP30*-1 M and 0.1 M for which the semi-circle is noticeable. However, for lower concentration, the MFL loop is highly distorted, therefore we account for the overall variation of Rint-3 and Rdiff with the term ∆(Rint-3 + Rdiff).

The model described by Equation ( 54) is used to describe the variation of the overall MF resistance Rint that account from sum of each MF resistances (Rint-1 + Rint-2 +Rint-3) with salt concentration. The model curve (red solid line displayed in Figure 183a) perfectly overlaps the experimental data with an exponent parameter α equal to 0.40. Therefore, Rint associated to Li/Electrolyte can be modelled as a sum of a constant resistance in series with concentrationdependent resistance according to Equation (54) which is valid for both liquid or polymer electrolytes. Similarly, to Li/PEO interface, interfacial capacitance Cint-1, Cint-2 and Cint-3 (NB: obtained from impedance spectra fitting, no longer from impedance spectra subtraction) were found stable with salt concentration (2-fold increase between 0.01 M and 0.1 M) and differs drastically in terms of range. Indeed, the capacitance related to int-1 and int-2 are in the range of Li/SEI interface (1-9 10 -6 F.cm -2 ) which is close to the ones measured at Li/PEO interface. We estimate a SEI thickness of ca. 6-12 and 1-3 nm respectively for int-1 and int-2. Similarly, to Li/PEO interface, Cint-2 does not vary with salt concentration, while its resistance follows a power of salt concentration, which may suggest that: i) this MF loop corresponds to SEI layer impedance whose thickness whose composition might vary with salt concentration or that ii) the SEI resistance is correlated to the ionic charge transfer resistance (Rct). In addition, the SEI space charge layer theory proposed by Peled and Yamin 65 does not explain completely our results, since in the case of liquid electrolyte the int-2 SEI thickness is slightly lower (ca. 1-3 nm) than the one measure at Li/PEO (ca. 3-6 nm), therefore we would expect a stronger effect of salt concentration on interfacial capacitance, which is not the case.

On the opposite, the interfacial capacitance related to int-3 is in the range of 0.8-1.2 mF.cm -2 (Figure 183 b) which is 3 orders of magnitude higher than the capacitance for int 1 &2. These values are neither in the range of double layer capacitance nor in the range of solid electrolyte interphase. Therefore, this finding questions the physical meaning associated with the effective capacitance and in particular the source of time constant distribution. From now, we assumed that the time constant distribution was due to a non-uniform dielectric property of the electrode surface film. However, given the range of capacitance obtained, the time constant distribution might be related to a distribution of the charge transfer resistance in the electrode plane or to the electrolyte ohmic drop normal to the electrode surface.

We found that, regardless the type of electrolyte used, polymer or liquid, the MF loop assigned to Li/Electrolyte Rint, can be modelled by the sum of two contributions: one constant resistance (Rint-1) over time and with salt concentration, and another resistance (Rint-2, herein Rint-2 = Rint-2-2M + ∆Rint)) that is varying with time and follows a power law of salt concentration (CLi -α ). In the case of Li/PEO, the α was found equal to 0.79 and does not depend on the temperature whereas it is slightly lower for Li/LP30* close to 0.4. The behaviour of Rint-1 as well as its capacitance (in the range of µF.cm -2 ) supports its assignment to Li metal native film. However, the Rint-2 whose capacitance is also in the range of 0.1-1µF.cm -2 and does not vary with salt concentration but decreases over time might be assigned to a thin SEI film formed on Li once in contact with the electrolyte (polymer, solvent, salt and impurities degradation by-products). Singularly, Li/LP30* impedance shows an additional MLF loop whose capacitance is rather high and close to 1 mF.cm -2 and depends on salt concentration and ageing. The physical meaning of such MLF resistance is still unclear, and the discussion remains open at this stage. Therefore, the investigation of the thermal behaviour might provide further insights.

MF loop variation with temperature

After stabilisation of the cell impedance in OCV condition at 80°C or 25°C, for polymer or liquid electrolytes, the thermal behaviour of the Li metal symmetric cells is investigated by cooling down the sample.

➢ PEO-based electrolyte

The Arrhenius plots of the Li/PEO interfacial resistances measured from EIS spectra fitting and normalised by electrode geometric area are shown in Figure 184. More specifically, the EIS spectra recorded at various temperatures were fitted using the equivalent circuit model given in Figure 165 with two R//CPE elements (Rint-1 and Rint-2). For Li/ PEO-LiTFSI-2 M, the activation energies of Rint-1 and Rint-2 (for which the MF loop showed two well separated semi-circles) were found equal to 0.7 eV and 0.8 eV, respectively. When considering the overall MF resistance (Rint = Rint-1+Rint-2), the average activation energy was found close to 0.73 eV which is in the range of reported data for PEO and PEO-like electrolytes using various conducting salts (0.62 -1.2 eV) 7,10,75 . The Ea of Rint (average of the Ea the two SEI layers) is rather constant with salt concentration ca. 0.72 ±0.02 eV. In addition, Dunstan et al. 76 reported an activation energy of 0.78 eV for Li ion migration in Li2CO3 known to be one of the component of the native layer 77 which further supports the assigned of these MF semi-circle to SEI. Interestingly, the activation energy measured at Li/PEO are close to the one measured at Oh/PEO and does not vary with salt concentration. For instance, we measured 0.73 eV at Oh/PEO-LiTFSI-0.1 M and 0.74 eV at Li/PEO-LiTFSI-1 M when considering the overall Rint.

The different MF capacitance fitted from cell impedance spectra were found stable with temperature as displayed in Figure 184. We only manage to record the variation of Rint-3 as function of temperature in the case of LP30*-1 M, for which the MLF loop is well dissociated from the Warburg LF diffusive contribution. However, at low temperature (T<10°C), the MLF loop assigned to Rint-3 is buried with the Warburg loop and shifted to low frequency resulting in very large uncertainty. For lower concentration, we only consider the thermal behaviour of the MF loop fitted with two resistive contributions Rint-1 and Rint-2. Singularly, Ea of Rint-1 is rather low ca. 0.07 eV and seems to increase when decreasing salt concentration. On the opposite, Rint-2 shows a stable Ea with salt concentration and is equal to 0.66 eV. The MLF resistance Rint-3 shows a slightly lower Ea ca. 0.56 eV but with a higher uncertainty. Interestingly, the activation energy of Rint-2 and Rint-3 are in the range of reported data for Li metal/liquid electrolyte for either RSEI or Rct (cf. Chapter 1) and close to the one measured for Rint at Li/PEO. Similarly, to Li/PEO interface, the interfacial capacitances are stable with temperature. The investigation of the thermal behaviour of Li/Electrolyte interface showed that the resistive contribution that composed MF loop, Rint-1 and Rint-2, have very close activation energy. Thus, their separation/deconvolution in temperature is difficult and contribute to the misunderstanding of Li/Electrolyte interface model. Besides, the investigation of the thermal behaviour of Li interface using either polymer or liquid electrolyte reveals some links between the resistive contributions of Li/LP30*-xM interface with the one observed at Li/PEO. Finally, the thermal behaviour of Li/PEO interface further supports the similarity with Oh/PEO interface.

MF loop variation under polarization

After examining the evolution of Li symmetric cell impedance spectra at equilibrium, we examine, in Figure 187, its variation as function of polarization. Butler-Volmer model forecasts an exponential dependency of the charge transfer resistance with the electrode overpotential whereas classical theory of ionic conduction in thick SEI forecasts a linear behaviour for RSEI 78 . It can be noticed that this experimental approach is similar to the one used for CE/OE interface in Chapter 2.

First, we investigate if the effect caused by polarization on impedance spectra is reversible by comparing the impedance spectra recorded at OCV before and with the one recorded after the polarization experiment (Figure 188). Whatever the PEO-LiTFSI-x M used, the two impedance spectra are not overlapping, and a shift of both HF and MF contribution is observed with different behaviours depending on the salt concentration. For salt concentration higher than 0.01 M, the MF loop diameter varies significantly after polarization experiment, but no clear trend can be deduced, since MF loop is decreasing for PEO-1 M while increasing for PEO-0.1 M. We can still notice that the variation of the HF and MF loop after polarization experiment is smaller in the case of diluted electrolytes. This observation suggests that Li/PEO interface is not stable under polarization conditions and is evolving continuously and irreversibly. In the case of PEO-LiTFSI-1M in Figure 187, the reduction and deformation of MF-semi-circle for polarization larger than 34 mV was coupled with an erratic evolution of the current response during the polarization step in Figure 189. This typical variation in Li cell impedance spectrum has already been reported in literature 28,79 and ascribed to the formation of Li dendrite, resulting in an increase of PEO/Li metal interfacial surface area (i.e. decrease in RMF). In the case of PEO-LiTFSI-1 M cell, Li metal dendrites do not completely shortcircuit the cell as we still measure cell impedance spectrum, a phenomenon already described in the work of Rosso et al; 79 and denoted as fusible effect of the dendrites. Moreover, PEO-LiTFSI-0.001 M symmetric cell spectra show a singular behaviour under polarization. The shape of EIS spectra changes significantly during polarisation experiments, the MF and HF loop are merged, and we observed a single, highly distorted, and frequency-distributed semicircle as highlighted in Figure 191. The characteristic frequency of the MF loop is shifted to low frequencies, from ca. 0.2 MHz to 3 kHz between OCV and 0.5 V, while its capacitance remains stable close to 2 10 -10 F.cm -2 . We believe the sharp increase in HF resistance under polarized condition is the consequence of Li ion mass transport limitation that causes salt concentration depletion at the interface of the negative Li electrode. As a result, the bulk properties of the electrolyte are no longer uniform and drastically influenced by very low concentrated domains. In order to assess the latter point, we calculate the effective ionic conductivity of the PEO-LiTFSI-0.001 M under polarization from the HF resistance and deduce the apparent concentration gradient that is building up in the cell as function of the polarization (from linear -concentration dependency in Figure 168 we estimate the concentration corresponding to cell effective ionic conductivity measured at a given potential from RHF). The result is displayed in Figure 191b, and shows that cell concentration gradient is increasing with polarization before reaching a limited for U>0.49 V vs. Li + /Li. The threshold value of salt concentration corresponds to the maximal gradient concentration calculated from polymer layer thickness (ca. 59 µm) and salt concentration, which suggests that concentration is close to zero in a certain portion of PEO layer. Based on the impedance spectra recorded in Figure 187, we can probe the evolution of MF loop that was fitted using two R//CPEs elements and referred as Rint-1 and Rint-2 in Figure 192 and using the equivalent circuit model given in Figure 165. Regardless the concentration, Rint-1 appears stable with polarization which further support its assignment to Li metal native passive layer. On the opposite, Rint-2 varies with polarization but with different trends depending on the salt concentration. Rint-2 increases with polarization for 0.01 M whereas it is rather stable for PEO-0.1 M. In the case of PEO-1 M, the drop of Rint-2 for U > 30 mV is correlated to the formation of a short-circuit. For the other concentrations, since the interface are not stable during the polarization, it is difficult to conclude on these variations. In the case of PEO-0.1 M, we can still wonder if the increase of Rint-2 with polarization might be due to the drop of salt concentration at negative Li metal electrode. Following this working hypothesis, the increase of Rint-2 between OCV and 0.29 V is due to an interfacial salt concentration that drops to 0.9 mM. In addition, we record the variation of the current density that flows through the cell during polarization experiments. Figure 193 shows the variation of cell steady state current with potential polarization. Current density values recorded with larger polarization for which erratic current profile were observed were not selected. In Figure 193 the electrode overpotential 𝜂 is corrected from the electrolyte ohmic drop of the electrolyte resistance using the Equation (55). It is worth mentioning that the correction considers the variation of the HF resistance during the successive polarisation steps as observed in At first the current-potential curve is corrected from the electrolyte ohmic drop, but one can wonder if it would be more appropriate to correct the curve from the ohmic drop of the SEI and specifically the one of the native SEI (Rint-1). In Figure 193, except for PEO-LiTFSI-0.1 M, symmetric cells current density range decreases by a factor of ten when PEO salt concentration also decreases by a factor of ten which is consistent with dependence of current to concentration in either charge transfer rate control (Butler-Volmer model) or mass transport control (first Fick law). For very diluted electrolyte (PEO-LiTFSI-0.001 M), we measured a current in the range of 0.3 µA which is close to apparatus limit in the absence of a low current module. Therefore, for such a low current value, there is uncertainty in the data analysis. Additionally, the current densities measured in the case of PEO-LiTFSI-1 M are far below (on average 500-time lower) the mass transport limiting current calculated from Damb in Table 25. The current densities recorded for x-LiTFSI < 0.1 are still ca. 50 time lower than jlim, whereas the Current-Potential showed a typical mass transport limitation plateau at hight polarization suggesting that there might have another rate limiting process that limits cell performance at such low concentration (such as diffusion through the SEI).

In the literature, few Li electrode current-voltage curves have been recorded and analysed to provide insights on Li metal deposition/dissolution reaction mechanism. As detailed in Chapter 1, this reaction mechanism is complex, especially due to the presence of the SEI and may involve several steps such as Li ion desolvation, Li ion migration through the SEI, electronic/ionic charge transfer reaction etc…and any of those processes may be rate determining. Sequira et Hooper 70 , assumed a charge transfer rate limitation and measured the corresponding exchange current density I0 from the slope of the linear I vs E characteristic (Butler-Volmer equation linearization) using PEO-LiTFSIx M Li symmetric cells, x being in the range of 3.4 M to 1.23 M and for electrode overpotential varying from -60 to 60 mV vs Li. Their exchange current densities were found in the range of 0.01-0.8 mA.cm -2 at 100°C and decreases with the salt concentration increases. Peled et al. 65 advocated that the linear-voltage curve recorded at Li/thionyl chloride was due to Li ion migration limitation in the SEI. They evaluated the resistance of the SEI from the slope of E-I curve for different salt concentrations.

Herein, the MF resistance (Rint) obtained from PEO-LiTFSI-1 M EIS spectra fitting at OCV is close to the interfacial polarization resistance evaluated from the inverse of current-potential curve (in the linear region, referred as RE-I), 496 Ω.cm² and 508 Ω.cm², respectively. However, in the case of PEO-LiTFSI-0.1 M, RE-I is almost 3-times larger than Rint measured from EIS spectra MF loop (641 Ω.cm² against 210 Ω.cm²). This deviation may suggest that the interfacial impedance is varying nonlinearly under polarization. which could be coherent with part of the MF response associated to charge transfer reaction. However, the lack of points leads to a large uncertainty in the evaluation of current-potential slope and coupled with the instability of the Li/PEO interface under polarization observed from EIS spectra, it is delicate to conclude on this observation.

Consequently, it seems complex to conclude on the effect of cell polarization on Li metal interface impedance, since they are not stable, meaning the SEI resistance evolves irreversibly under polarized condition. To mitigate this issue, it would be necessary to perform a preliminary plating/stripping experiment at low current to stabilize the interface prior performing the polarization experiment. Moreover, the investigation of the evolution of Li/PEO impedance under polarization requires certain precautions when using very diluted electrolyte. In this context, a three-electrode setup should be used to separately measure the impedance response of each Li electrode interfaces.

Conclusion

In this chapter, we analysed the impedance of Li/Electrolyte interface as function of ageing, salt concentration, temperature and cell polarization (i.e. current density), for two different electrolytes. We showed that Li/Electrolyte interface impedance is composed of two contributions at MF: one contribution (Int1) at higher frequency independent to salt concentration and stable over time in series with a second contribution (Int2) at lower frequency which depends on the square root of time in OCV and varies with salt concentration with a power law ( C - ). The magnitude of MFresistance growth over time appears correlated to the salt content and suggests that it is related to anion degradation reaction at Li metal surface. This variation as a square root of time is typical of a passive film layer growth and in line with reported model that assigned the MF loop to Li/PEO SEI. However, we showed that Li/PEO impedance was also function of salt concentration and can be model by the equation R0 + k x -α that was also found valid when using carbonate based liquid electrolyte. These results suggest the existence of a constant ohmic contribution such as a classical thick SEI (e.g. the native inorganic Li2O/Li2CO3 layer, 6 -8nm thick) and another contribution corresponding to the growth of a new thin passive layer (2-6 nm) of which the properties depends on the salt concentration. This dependence to salt concentration can be interpreted at least in two ways :

• At first, it might be related to the variation of the ionic charge transfer resistance with salt concentration (described by Butler-Volmer model) or, • SEI composition modification and/or a space charge effect modification known for thin SEI layer.

However, the independence of the MF capacitance to salt concentration seems to contradict the former hypothesis. Those finding may also suggest that the charge transfer mechanism is more complex and may imply intermediate step such as adsorption reaction 78 . Additional physico-chemical characterisation of Li metal interface is required to continue the discussion and validate or refute our working hypothesis. However, the investigation of Li metal is known to be difficult owing its high sensitivity to environment and the limited spatial resolution of microscopy techniques.

Altogether, Li/PEO interface showed evident similarities with Oh/PEO interface with similar dependencies on salt concentration, range of interfacial capacitance (does not depend on salt concentration), activation energy and variation with polarization. Based on this finding, we can hypothesis that we might have preferentially probed SEI/Electrolyte interface and that the electronic charge transfer is not limiting.

Annex Chapter 4

Table A4- The preexponential factor and activation energy of PEO-LiTFSI-xM conductivity appear to decrease when salt concentration decreases which is in line with reported trends 2 . In the work of Hoffman 2 , the activation energy of PEO-LiTFSI-xM conductivity were found in the range of 8-11 kJ.mol -1 with slightly larger values than the one measured in the present study. For instance, at x-LITFSI equal to 0.5 M, Hoffman et al. 2 reported an activation energy of 7.9 kJ.mol -1 , whereas we found it equal to 5.7 kJ.mol -1 , though they used PEO electrolyte with a shorter chain length (10 kg.mol -1 ). Additionally, Tg is displayed as a function of the r (Li/OE) and are compared to reported literature data using PEO polymer 2,5 . Tg vs r show almost linear dependency with PEO salt concentration which is consistent with the trends reported in the works of Hoffman et al 2 , Minier et al. 6 , Lacaux et al. 3 and Perrier et al 7 . As expected, PEO-LiTFSI-xM Tg is getting closer to the one of pure PEO (reported ca. from -54°C 8 ) when decreasing salt content. However, we can still notice a gap of ca. 40°C between our data and reported ones. This discrepancy can be due to i) the effect of PEO molecular weight that is known to increase Tg when increasing PEO Mn based on the work of Devaux et al. 5 and ii) the inaccurate VTF fit of Sigma vs T plot which would require more data points at low temperatures (lower than 20°C) to improve reliability in Tg and Ea parameters evaluation. 

Chapter 5. Conclusion and perspectives

Chapter 5

This manuscript focused on the investigation of the ionic and charge transfer reactions and the associated kinetics at three different organic/inorganic interfaces whose understanding are of utmost importance to optimize the electrochemical performance of Li-ion batteries (using either solid or liquid-state electrolytes) and of the next generation of lithium metal batteries. Chapter 1 presented an overview of the current understanding of charge transfer process in the literature and highlighted the remaining challenges. Chapter 1 also attempted to highlight the similarities and the singularities between the three different organic/inorganic interfaces. Specific electrochemical methods are proposed and discussed to measure both the Li-ion transport in bulk materials and the Li-ion transfer resistance, at Ceramic/Electrolyte interface (Chapter 2), the charge transfer resistance at NCM particle/Electrolyte interface (Chapter 3) and Lithium metal/Electrolyte interface (Chapter 4). The goal was to address the main interfacial issues through a battery device from the negative towards the positive electrode. Based on our methodologies and on the work provided, we were able to deepen the understanding of organic/inorganic interfacial transfer reaction and probe its reactivity providing some levers to control their kinetics. For clarity, the main conclusions of this work are discussed based on the questions raised in the Chapter 1.

Can Ceramic (CE)/Organic Electrolyte (OE) interface Rit be accurately measured?

What are the causes of literature date dispersion? What are the governing parameters of CE/OE ionic transfer reaction?

In Chapter 2, we showed that electrochemical impedance spectroscopy technique allows to precisely probe Rit at Ceramic Electrolyte/Organic Electrolyte interface, but its analysis requires certain precautions especially related to the impedance contribution of Electrode/Organic Electrolyte interface. The results reveal the strong effect of ceramic surface composition on Li-ion transfer kinetics. We significantly reduced Rit (divided by a factor of five) at Oh (LATP-like)/PEO model interface thanks to different processes (e.g ceramic solvent or thermal treatment). Using a combination of advanced characterization techniques such as XPS, we properly probed the surface of Oh ceramic, before and after treatment, and showed a change in the chemical composition of the ceramic, (reduction of lithium carbonate and carbon surface contamination, segregation, and depletion of some chemical element at ceramic surface) which in turn fasten interfacial ionic transfer. Based on our results, the data dispersion observed in the literature may, thus, be due to the variation of ceramic surface chemistry without any control over it. In the future, it might be of high interest to pursue in the direction of controlled surface chemistry to optimise the ceramic treatment protocol or to develop other processes (by means of structural gradient and/or core-shell coating), to ultimately generalize these strategies to other ceramic materials.

Finally, an empirical correlation between the organic electrolyte (OE) ionic conductivity and the Rit has been identified. Rit decreases when the ionic conductivity increases which provides a straightforward driving factor to minimize Rit and properly select suitable CE/Electrolyte couple.

Therefore, Rit at CE/OE interface can be precisely measured, and strongly depends on the ceramic surface composition which can be controlled. Regarding the Li-ion transfer mechanism, the variation of Rit with Li-ion concentration and potential seems contradictory because Rit shows a power law dependency with CLi (in line with a Butler-Volmer model) while it is independent of the CE/OE interfacial polarization (in contradiction with a Butler-Volmer model) calling for additional investigations. Moreover, we showed that Oh/PEO interfacial capacitance does not vary with salt concentration which raises concerns about the physical meaning of Oh/PEO interfacial resistance. Considering the Oh/OE resistance independence to polarization, Cint independence to salt concentration and Oh surface composition effect, one can wonder if Oh/OE interfacial resistance is related to an interphase rather than to ionic transfer resistance. To properly answer to this question, it would be very interesting to perform additional polarization experiments by tuning the experimental parameters (potential step duration, etc…) and by using others CE/OE electrolyte couple, in particular using low concentrated electrolyte for which Rit should be the dominant interfacial contribution.

What is the rate determining step in a Li-ion battery? Can we separately measure the kinetics of Liion transport and transfer inside the battery? Does AM electrode/OE Rct follow a Butler-Volmer model?

In Chapter 3, we thoroughly investigated the Li-ion transport and transfer processes in the Li-ion battery using several electrochemical methods. For the Li-ion transport, the use of a novel GITT method (called back and forth GITT) on positive symmetric cells, help to determine the variation of the Li-ion diffusion coefficient, DLi, by varying several cell parameters such as electrode loading, active material (AM) morphology, electrolyte concentration, etc. The primary conclusion is that GITT method seems to probe the Li-ion diffusivity inside primary AM particles. Even if our experiments tend to this conclusion, the physical meaning of the diffusion coefficient measured by the GITT requires further understanding and experiments to confirm or infirm this hypothesis. For example, it would be interesting to perform GITT experiments while varying AM single crystal particles size. Unfortunately, we showed the difficulty in estimating accurately, the electrode active surface area leading to a large deviation in DLi but still, thanks to our methodology we provided levers to reduce this deviation. Thus, it would be useful to develop an electrochemical method to accurately measure in situ the electrode electrochemically active surface area as inspired by methods developed for metal oxide surface area in electrocatalyst (hydrogen underpotential deposition (HUPD), CO stripping, non-faradaic double layer capacitance).

Additionally, we employed a fast discharge power protocol that provided an estimation of Liion effective diffusion coefficient in the cell using the Sand equation. We showed that cell rate performance relying on polycrystalline AM composite electrode, are limited by Li-ion transport in the electrolyte. This study provided a better understanding of Li-ion transport processes in Li-ion batteries leading us to conclude that composite electrode architecture as well as the control of AM particles morphology are key parameters to improve cell rate performance.

Depending on the methodology employed (GITT, Sand-based, EIS methods), we are not probing the same mass transport phenomenon within an electrochemical cell, and thus, one should be careful when referring to the physical meaning of the diffusion coefficient measured, its accuracy especially when it comes to data analysis.

By using electrochemical impedance spectroscopy (EIS), we followed the evolution of Rct at NCM622/LP30* interface in (pseudo) equilibrium as a function of the electrode lithium content (xLi), electrode loading, electrolyte concentration and temperature. We showed that Rct-xLi curve can be described by Butler-Volmer model with some model adjustments, especially regarding AM maximum lithium content parameter. To improve Rct-xLi experimental curve, it would be interesting to separately estimate xmax parameter. A perspective for the investigation of AM Electrode/Electrolyte interface would be to investigate if AM particle surface treatment or electrolyte ionic conductivity would provide similar effect on Rct as the one recorded at Ceramic/Electrolyte interface.

How can we investigate Li metal/OE interface? Is Li/OE interface impedance dominated by RSEI? Can we still evaluate Rct from Li/OE impedance?

In Chapter 4, we focused on Li/Electrolyte interface using EIS technique as function of time, salt concentration, temperature and cell polarization using either liquid or polymer electrolyte. The behaviour of Li/OE interface impedance is difficult to investigate due to the intrinsic nature of Li metal sensitives to impurities, ageing, etc and that leads to strong data dispersion and missinterpretations. We proposed a rigorous methodology to clarify some points related to the modelling and the physical meaning of Li/Electrolyte interface impedance. When using solid polymer or carbonate based liquid electrolytes, we observed a general trend in the variation of the Li/Electrolyte impedance that can be modelled by i) one resistance related to native thick SEI layer (mainly composed of insoluble compounds) stable over time, in series with and ii) a second resistance assigned to thin SEI layer resulting from anion and electrolyte decomposition whose value varies with time and with salt concentration according to a power law. The latter variation of Li/OE interface resistance with salt concentration might be related either to the variation of the ionic charge transfer resistance or to the variation in thin SEI composition. However, there are still ambiguities in the exact interpretation of Li/OE impedance behaviour requiring further investigations.

Currently, our results suggest that "simple" SEI models proposed in literature cannot fully describe Li metal interface impedance variations.

Therefore, complementary physico-chemical characterizations of Li metal interface are required to get further insights on the role of the SEI in Li ion charge transfer reaction. However, these experiments are difficult to perform since they need to be performed mostly with ex situ / post mortem samples owing the high sensitivity of Li metal surface. To date, Li metal surface analysis by in situ characterization is still limited and challenging owing to the spatial resolution of microscopy techniques and possible variation of Li metal response during the experiment (beam damage).

Are there any similarities between the charge transfer reaction occurring at Ceramic-Lithium metal-AM electrode/Organic Electrolyte interface?

The investigation of these three types of organic/inorganic interfaces allows further discussion on the similarities and singularities of charge transfer reaction mechanism as reported in Table 27. Interestingly, we found similarities regarding Rct and Rit dependency with electrolyte salt concentration for these three organic/inorganic interfaces, which is in line with Butler-Volmer model, at first sight. In addition, when using a similar organic electrolyte (e.g PEO), the studies of Li metal (Chapter 4) and ceramic interfaces (Chapter 2) revealed similar Rct dependency than Rit with a power law exponent with salt concentration, similar activation energies, similar interfacial capacitance range and independent of salt concentration, which suggests that Li metal interface is behaving like a ceramic and vice-versa. This finding might imply that, in the case of Li metal interface, the electronic transfer step is not limiting and that the ionic charge transfer reaction might occur at SEI/Electrolyte interface. Conversely, the similarity between Oh/PEO and Li/PEO might also suggest that Oh/PEO impedance could be dominated by interphase or passive film layer present on the surface of the ceramic.

Finally, the effect of ceramic surface composition on Rit further supports the similarities between ionic and charge transfer processes at organic/electrolyte interface since it has been reported that Li metal and AM interface impedance depends on surface chemistry. As a result, the investigation of ceramic surface modification using solvent or thermal treatment provides insights and potentially new ways to improve charge transfer kinetics at other organic/inorganic interfaces.
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 1 Figure 1. European battery Gigafactories upcoming by 2030. Reprinted from ref.5 
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 2 Figure 2. Illustration of battery development roadmap that details battery components nature for each generation and their specific challenges.

Figure 3 .

 3 Figure 3. Schematic description of a "(Li-ion) rocking-chair" cell, in discharge, that employs Li metal as a negative electrode and lithiated transition metal oxide as positive electrode (e.g., LiMO2). Adapted with permission from ref.1 . 
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 4 Figure 4. Main ageing mechanisms within Li-ion cells, at the positive and negative electrodes, as well as inside the electrolyte. Reprinted from ref. 4 .
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 5 Figure 5.Electroactive materials used as electrodes with their respective average discharge potential and specific capacity. Reprinted and adapted from ref.7, 8 . 
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 6 Figure 6. Computed reduction potential for several common solvents, additives, and desolvated ions. Data compiled from ref. 11 .
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 8 Figure 8. Schematic illustration of interdependent Li ion transport in the electrolyte and transfer at the Electrode/Electrolyte inside a battery.
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 9 Figure 9. Illustration of charge transfer and ionic transfer reactions in Li-ion battery using either bulk electrolyte or composite electrolyte.
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 10 Figure 10. Schematic representation of charge transfer energetic barrier at the electrode/electrolyte interface. Reprinted from ref.55 

Figure 11 .

 11 Figure 11. Schematic illustration of insertion charge transfer reaction at electrode/electrolyte interface.Reprinted from ref.56, 57 . 

Figure 12 .

 12 Figure 12. Ea for charge transfer reaction across several a) Positive and b) Negative electrode materials interface. The electrolyte is mentioned in the figure caption for each electrode The shape of the marker indicates the solvent electrolyte nature, the main colour represents the type of electroactive material whereas the colour gradation (within an active material family) witnesses a change in electrolyte formulation (salt concentration, nature, additives, etc…) or in electrode AM surface composition. The data were gathered from ref.20, 33, 44, 57, 60-93 . 
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 14 Figure 14. Comparison of solvated Li-ion transfer and pure Li-ion transfer at graphite electrodes.Reprinted from ref.49 .

Figure 15 .

 15 Figure 15. Dependence of "ion transfer" Ea on electrolyte composition on several negative electrodes.Ea obtained from 1 M LiPF6/THF and 1 M LiPF6/PEG(220 g.mol -1 ) with LTO were displayed as reference lines for comparison. Reprinted from ref.92 .
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 16 Figure 16. Temperature dependences of interfacial conductivities (1/Rct) at Highly Oriented Pyrolytic Graphite (HOPG)@ 0.2 V interface using LiClO4/EC:DMC (1:1 by volume), LiClO4/EC:DMC (1:9 by volume) and LiClO4/DMC electrolyte. The SEI film was preliminary formed in an electrolyte consisting of 1 M LiClO4/EC:DMC (1:1 by volume) containing 3 wt % of VC (vinylene carbonate) or PFS(2,3,4,5,6-pentafluorostyrene). Reprinted from ref.84 .

Figure 17 .

 17 Figure 17. Rct as a function of the cell voltage (polysiloxane/graphite electrode). Reprinted from ref. 129 .
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 18 If at high concentration, the drop of Ea might be explained by the variation of Li + solvation sheath from EC-enclosed Li + to DMC-enclosed one in concentrated solution, the decrease of Ea recorded in diluted condition cannot be explained in the light of a change of Li + desolvation energy. Xu argues that it is resulting from a variation in SEI composition. Later, based on XPS analysis, Shadike et al.134, 135 and Nojabee et al.136 confirmed this hypothesis and reported an organic enriched interface in diluted medium. Thus, when decreasing salt concentration, Li insertion reaction kinetic at graphite interface might shift from Li desolvation rate control to a SEI-controlled and/or charge transfer rate limitation.
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 18 Figure 18. Dependence of the charge-transfer activation energies on Li-concentration in EC/DMC 30:70 solutions. Reprinted from ref.88 .
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 19 Figure 19. Schematic view of the surface structure of (a) LiCoO2 and (b) MgO coated LiCoO2 during cycling. Reprinted from ref. 138 .
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 20 Figure 20. Overview of Li insertion/desinsertion kinetics rate control based on the bibliographic study.
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 21 Figure 21. (left) SEM images of different lithium metal dendrites morphology and (right) Schematic representation of the different strategies used to control lithium metal plating/stripping reaction. Reprinted from ref. 177 .
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 22 Figure 22. Various SEI reported models from the literature. Reprinted from ref. 191 .
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 23 Figure 23. Schematic representation of typical Nyquist plot of Li symmetric cell along with the equivalent circuit model used and that accounts for Rct and RSEI. Reprinted from ref. 204 .

Figure 25 .

 25 Figure 25. Equivalent circuit model used to describe Li metal interface impedance. Reprinted from ref. 206, 214-216 .
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 26 Figure 26. a) Ea and b) resistance for ionic charge transfer and migration through the SEI between lithium metal electrode and electrolyte from literature data analysis. The data were gathered from ref.182, 204, 206, 210, 215, 216, 218-225 . 

Figure 27 .

 27 Figure 27. a) Graphical representation of Rct vs. Rint (RSEI + Rct) measured at Li metal interface and using various electrolytes along with the corresponding b) Wagner number. Reprinted and adapted from ref. 206 .

Figure 28 .

 28 Figure 28. Variation of Li metal SEI composition, interfacial resistance and exchange current density using HI-SEI, MI-SEI to LI-SEI electrolyte formulation and referring to DME-4 M LiFSI, DME-1 M LiFSI and DME-1 M LiTFSI electrolytes, respectively. Reprinted from ref. 204 . Xu et al. 204 investigated the passivation layer impact on Li plating/stripping kinetics using XPS and HRTEM techniques coupled to EIS and linear cyclic voltammetry (LSV). They recorded a change in the passivation layer using DME 4 M LiFSI, DME 1M LiFSI and DME 1 M LiTFSI electrolytes, from inorganic-rich to inorganic-poor SEI film composition, respectively. Based on EIS analysis, RSEI was found predominant compared to Rct and its value drastically depends on passivation layer chemistry. The lowest RSEI was measured with DME 4 M LiFSI electrolyte thus with an inorganic-rich SEI. Interestingly, Rct calculated from i0 that was measured from LSV voltammetry also varies with SEI composition according to the following order: Rct (DME 4 M LiFSI) < Rct (DME 1 M LiFSI) < Rct (DME 1 M LiTFSI). Since the Li solvation environment is similar (NMR experiment) for DME 1 M LiFSI and DME 1 M LiTFSI, the variation of Rct must be related to the change in SEI composition. The authors claimed that inorganic-rich SEI might build favourable interaction towards solvated Li-ion and thus promotes Li ion transfer kinetics.

Figure 29 .

 29 Figure 29. Li + solvated structure in FEC:DME (3:7)-1 M LiPF6 (FD) and FEC:DME (3:7)-1 M LiPF6 +0.65 M LiNO3 (FDN) electrolyte from MD and the corresponding 2D schematic diagrams along with b) the Arrhenius plot of RSEI and Rct derived from Li symmetric cell impedance spectra using the two precited electrolytes and EC:DMC (3:7)-1 M LiPF6 (ED) Reprinted from ref. 219 .

Figure 30 .

 30 Figure 30. Variation of Li symmetric cell impedance spectra and the corresponding interfacial resistance as function of LiTf salt content in TEGDME electrolyte. Reprinted from ref. 136 .
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 31 Figure 31. Illustration of Li-ion conduction pathways in composite electrolytes made with various weight/volume fraction of ceramic particles. Reprinted from ref. 249 .
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 35 Figure 35. Variation of Rit as function of salt concentration measured at LLZO:Ta/EC:DMC:LiPF6 interface. Reprinted from ref. 270 .
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 36 Figure 36. Schematic of the electric potential profile at Ceramic/Electrolyte interface that contribute to the formation of a passivation layer at ceramic surface resulting from salt and solvent molecules decomposition. Reprinted from ref. 267 .
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 37 Figure 37. a), b), c) and d)Charge transfer resistance evolution as function of electrode potential at Electrode/Electrolyte interface from literature data from Ref [1]62 ,[2] 312[3] 57[4] 95 [5] 96 [6] 313[7] 314[8] 104[9] 77 [10] 70, 239 [11] 105[12] 33 [13] 98 [14] 99 [15] 73 [16] 102 and[17] 103 and e)Illustration of Rct-E curve fitting with Butler-Volmer model. Reprinted from ref.57 .
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 38 Figure 38. Schematic representing the work performed during the thesis.
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 2 Ionic transfer reaction at Ceramic/Organic Electrolyte interfacesChapter 2

Figure 39 .

 39 Figure 39. Scheme of multilayers coin cell assembly using stainless steel (SS) or lithium metal (Li) electrodes.

Figure 41 .

 41 Figure 41.a) and c) Nyquist plots of the cells Li/OS/Li (grey triangles) and Li/OS/Oh/OS/Li (red circles) measured between 7 MHz and 0.2 mHz at 80°C and 20°C, respectively. b) Series of EIS spectra showing the mathematical methodology employed with b1) HF and MF zoom for Li/OS/Oh/OS/Li, b2) Li/OS/Li, b3) simulated Li/OS/OS/Li in the HF and MF domain, and b4) the result of the difference between Li/OS/Oh/OS/Li (b1) and Li/OS/OS/Li (b3) in the HF and MF domain. Markers: experimental values. Solid line: Fitted values.

Figure 41a and

 41a Figure 41a and Figure 41c represent typical EIS spectra recorded at 80°C and 20°C for the Li/OS/Oh/OS/Li and Li/OS/Li cells, respectively. The spectra are divided into three frequency domains (HF, MF and LF).• For the Li/OS/Li spectrum, the HF, MF, and LF contributions are respectively assigned to the OS bulk ionic electrolyte response (HF), the Li/OS interface response mainly due to the Solid Electrolyte Interphase (SEI) with a characteristic frequency of 9 kHz (MF), and the diffusion process within the SPE with a 2 mHz characteristic frequency located at the apex of the short Warburg loop7, 9 (LF). The HF contribution is distorted by the inductive behaviour of the electric cables. • For the Li/OS/Oh/OS/Li cell, the spectrum is similar to the Li/OS/Li cell but with larger contributions in each frequency domains (HF, MF, LF). Indeed, the HF resistance contains bulk contributions from both 2 SPE (OS) layers and the CE (Oh). The MF semi-circle presents a characteristic frequency of 5 kHz close to that of the MF loop in the Li/OS/Li cell, and finally, at LF a characteristic limited-length diffusion loop is observed with a similar characteristic frequency than that of the Li/OS/Li. It is clear here that the contribution of the CE/SPE interface is buried in the large MF loop, which illustrates the difficulties of data analysis when Li metal electrodes are used 4, 5, 10, 11 .30,31,36,54 To extract meaningful physical information on the interfaces from Li symmetric cell impedance spectra, we use a novel methodology as depicted in Figure41b. First, a simulated Li/OS/OS/Li spectrum shown in Figure41b3limited to the HF and MF domains (without the diffusion process) is simulated by doubling the HF contributions (Re(Z) and -Im(Z)) of the Li/OS/Li cell spectrum (Figure41b2). The results lead to a shift of the MF loop by a constant value corresponding to the ROS and without considering OS/OS interface as it is not present in Li/OS/Oh/OS/Li multilayer. Then, this simulated spectrum (b3) is subtracted from the experimental one of Li/OS/Oh/OS/Li (Figure41b1) resulting in the spectrum shown in Figure41b4. Interestingly at high temperature, the HF contribution perfectly fits the Oh electrolyte behaviour (see the Arrhenius plot in Figure42) followed by a MF semi-circle assigned to the OS/Oh interface (Figure41b4).Following this approach, it is possible to subtract all OS polymer-related impedance contributions and to focus on the Oh one. In Figure42at high temperature, the contribution of Oh evaluated from Li/OS/Oh/OS/Li spectra superimposes the values of the conductivity of the Oh ceramic measured separately from Au/Oh/Au cell. However, below room temperature (RT), the Oh resistance deduced from subtraction deviates from the expected value due to the increased difference in ionic conductivity of Oh and OS electrolytes at low temperature. The contribution of Oh electrolyte is only the order of one in a thousand of the total conductivity of the multilayer at -30°C, and therefore the Oh values measured by subtraction have a large error bar. This demonstrates the limit of the impedance subtraction method for extracting ionic conductivity having large ionic conductivity differences of several orders of magnitude.

Figure 41b .

 41b Figure 41a and Figure 41c represent typical EIS spectra recorded at 80°C and 20°C for the Li/OS/Oh/OS/Li and Li/OS/Li cells, respectively. The spectra are divided into three frequency domains (HF, MF and LF).• For the Li/OS/Li spectrum, the HF, MF, and LF contributions are respectively assigned to the OS bulk ionic electrolyte response (HF), the Li/OS interface response mainly due to the Solid Electrolyte Interphase (SEI) with a characteristic frequency of 9 kHz (MF), and the diffusion process within the SPE with a 2 mHz characteristic frequency located at the apex of the short Warburg loop7, 9 (LF). The HF contribution is distorted by the inductive behaviour of the electric cables. • For the Li/OS/Oh/OS/Li cell, the spectrum is similar to the Li/OS/Li cell but with larger contributions in each frequency domains (HF, MF, LF). Indeed, the HF resistance contains bulk contributions from both 2 SPE (OS) layers and the CE (Oh). The MF semi-circle presents a characteristic frequency of 5 kHz close to that of the MF loop in the Li/OS/Li cell, and finally, at LF a characteristic limited-length diffusion loop is observed with a similar characteristic frequency than that of the Li/OS/Li. It is clear here that the contribution of the CE/SPE interface is buried in the large MF loop, which illustrates the difficulties of data analysis when Li metal electrodes are used 4, 5, 10, 11 .30,31,36,54 To extract meaningful physical information on the interfaces from Li symmetric cell impedance spectra, we use a novel methodology as depicted in Figure41b. First, a simulated Li/OS/OS/Li spectrum shown in Figure41b3limited to the HF and MF domains (without the diffusion process) is simulated by doubling the HF contributions (Re(Z) and -Im(Z)) of the Li/OS/Li cell spectrum (Figure41b2). The results lead to a shift of the MF loop by a constant value corresponding to the ROS and without considering OS/OS interface as it is not present in Li/OS/Oh/OS/Li multilayer. Then, this simulated spectrum (b3) is subtracted from the experimental one of Li/OS/Oh/OS/Li (Figure41b1) resulting in the spectrum shown in Figure41b4. Interestingly at high temperature, the HF contribution perfectly fits the Oh electrolyte behaviour (see the Arrhenius plot in Figure42) followed by a MF semi-circle assigned to the OS/Oh interface (Figure41b4).Following this approach, it is possible to subtract all OS polymer-related impedance contributions and to focus on the Oh one. In Figure42at high temperature, the contribution of Oh evaluated from Li/OS/Oh/OS/Li spectra superimposes the values of the conductivity of the Oh ceramic measured separately from Au/Oh/Au cell. However, below room temperature (RT), the Oh resistance deduced from subtraction deviates from the expected value due to the increased difference in ionic conductivity of Oh and OS electrolytes at low temperature. The contribution of Oh electrolyte is only the order of one in a thousand of the total conductivity of the multilayer at -30°C, and therefore the Oh values measured by subtraction have a large error bar. This demonstrates the limit of the impedance subtraction method for extracting ionic conductivity having large ionic conductivity differences of several orders of magnitude.

Figure 42 .

 42 Figure 42. Arrhenius plot of the ionic conductivities of Oh measured from the cell Au/Oh/Au, the ionic conductivity values obtained for the Oh electrolyte when measured in the Li/OS/Oh/OS/Li configuration with the values of the OS electrolyte subtracted and the total electrolyte ionic conductivity of the cell Li/OS/Oh/OS/Li.

Figure 43 .Table 4 .

 434 Figure 43. Data along with the VTF fit of the sum of the high frequency contributions of the cells Li/OS/Li and Li/OS/Oh/OS/Li along with the theoretical values of OS/Oh/OS (green dashed line) using Eq.(11). Table 4. Fitting parameters for the VTF model corresponding to the cells Li/OS/Li and Li/OS/Oh/OS/Li.

Figure 45 .

 45 Figure 45. a) Characteristic frequency of the OS/Oh interface measured with blocking (filled squares) and Li metal (open circles) electrodes. b) Arrhenius plots of the Oh/OS interfacial resistance obtained through a blocking electrode configuration (filled squares) from the cell SS/OS/Oh/OS/SS and a nonblocking electrode configuration (open circles) from the cell Li/OS/Oh/OS/Li.

Figure 46 .

 46 Figure 46. Interfacial capacitance of the OS/Oh interface measured with blocking (filled squares) and Li metal (open circles) electrodes.

Figure 47 .

 47 Figure 47. a) Nyquist plot of PEO0.5M/Oh/PEO0.5M multilayered cell assembly recorded at 80°C for polymer made via cast solvent technique using DMF (Red) or ACN (Blue) solvent or Dry (solvent-free) (Grey). b) Extracted Arrhenius plot of interfacial resistance at Oh/PEO0.5M, measured two hours after cell assembly. c) Arrhenius plot of polymer bulk ionic conductivity measured separately. d) Evolution of the interfacial resistance with time, at 70°C.

  [𝑃𝐸𝑂] and [𝐷𝑀𝐹] represent the integrals of PEO (δ (H) of CH2 3.4-3.5 ppm) and DMF (δ (H) of CH3 3.1 ppm and 3.2 ppm) on the 1 H-NMR spectra, 𝑀 𝑂𝐸 and 𝑀 𝐷𝑀𝐹 are the molecular masses of the ethylene oxide repeating unit and DMF (44.1 and 73.1 g.mol -1 respectively) and % 𝑤𝑡 𝐿𝑖𝑇𝐹𝑆𝐼 is the percentage weight of LiTFSI in a 0.5 M PEO/LiTFSI membrane (12.3%).

Figure 49 .

 49 Figure 49.a) Raman spectra of PEO0.5M-dry, PEO0.5M-dry-2.2 wt%, DMF, and DMF0.5M electrolytes recorded at R along with b) a zoom in the range of 600-750 cm -1 .

Figure 50 .

 50 Figure 50. a) Arrhenius plot of interfacial resistance at Oh/plasticized PEO0.5M_Dry-x polymers membrane with 2.2 wt%, 0.6 wt% and 0.4 wt% DMF along with the corresponding Ea. The bulk ionic conductivities of the corresponding plasticized polymer set are displayed in b). c) Evolution of the inverse of the interfacial resistance of PEOO.5M_Dry-x/Oh with x = 0 wt%, 0.4 wt%, 0.6 wt%, and 2.2 wt%, and of the bulk ionic conductivity at 70°C and 50°C, respectively, as function of DMF solvent, recorded 2 h after cell assembly.

Figure 52 .

 52 Figure 52. a) Arrhenius plot of interfacial resistance at Oh/PEO0.5M. PEO is either dried plasticized with 2.2 wt% DMF whereas the ceramic is either pristine or dipped into DMF or ACN for 1 min and then dry in an Ar glovebox for 3 days prior to cell assembly. b) Evolution of Rit measured at 70°C along time.

Figure 53 .

 53 Figure 53. a) Arrhenius plot of interfacial resistances PEO0.5M_Dry/OhHeated with Oh ceramic preliminary dried at either 150°C, 250°C and 600°C under vacuum b) at 250°C for 1 night and for 3 days under vacuum measured right after cell assembly. c) Time evolution of Rct of PEO0.5M_Dry/Ohheated measured at 70°C. b) Variation of PEO0.5M_Dry/Ohmodified interfacial capacitances as function of heat treatment.

Figure 54 .

 54 Figure 54. Evolution of Rit measured at PEO0.5M modified/Ohmodified at 70°C over time storage for the different Oh ceramic treatment.

Figure 55 .

 55 Figure 55. XPS survey spectrum of Ohara ceramic.

Figure 56 .

 56 Figure 56. a) C1s core level spectrum of Oh pristine ceramic and pre-treated ceramic with solvent or thermal treatment along with peak fitting. b) Detail of C1s core level peak fitting with residual fitting.

Figure 57 .

 57 Figure 57. a) O1s core level spectrum of Oh pristine ceramic and pre-treated ceramic with solvent or thermal treatment along with peak fitting. b) Detail of O1s core level peak fitting with residual fitting.

Figure 58 .

 58 Figure 58. a) Ti2p core level spectrum of Oh pristine ceramic and pre-treated ceramic with solvent or thermal treatment along with peak fitting. b) Detail of Ti2p core level peak fitting example with residual fitting. c) P2p core level spectrum of Oh pristine ceramic and pre-treated ceramic with solvent or thermal treatment along with peak fitting. d) Detail of P2p core level peak fitting with residual fitting.

Figure 59 .

 59 Figure 59. a) Atomic concentration (%) of XPS core level peaks fitted area of different ceramic surface samples along with b) their corresponding ratio.

Figure 60 .

 60 Figure 60. XPS survey spectrum of Oh taken from SS/PEO/Oh/PEO/SS multilayer cell assembly.

Figure 61 .

 61 Figure 61.a) F1s core level spectrum of post-mortem Oh pre-treated ceramic with solvent or thermal treatment and assembled with PEO1M electrolyte in a multilayer cell. b) Detail of F1s core level peak assignment.

Figure 62 .

 62 Figure 62. a) S2p core level spectrum of post-mortem Oh pre-treated ceramic with solvent or thermal treatment and assembled with PEO1M electrolyte in a multilayer cell. b) Detail of S2p core level peak assignment.

Figure 63 .

 63 Figure 63. Arrhenius plot displaying 1/ Rit versus 1000/T for interfacial charge transfer at the PEO/Oh interface with different LiTFSI concentrations between 100°C to 70°C, along with the corresponding Ea.

Figure 64

 64 Figure 64 displays in a log-log scale the isothermal evolutions of Rit at the PEOxM/Oh interface as a function of the salt concentration, x, between 70 and 100°C. In these coordinates,

Figure 64 .

 64 Figure 64. Variation of the PEOxM/Oh interfacial resistance with different salt concentrations from 70 to 100°C. Literature values are extracted from Brogioli et al. 61 at 70°C are also included.

Figure 65 .

 65 Figure 65. Variation of Rit measured at Oh/OE interface with salt concentrations at 0°C when using ACN, DMF, PC and TEG3 electrolyte along with the corresponding slopes.

  (15)) to account for CE/SPE interface distribution of time constant. The values of n, the exponent of the CPE, are tabulated in

Figure 66 .

 66 Figure 66. Oh/OE interfacial capacitances with different concentrations of LiTFSI in PEO, ACN, DMF, PC and TEG3 at 80°C for PEO and 0°C, for the other electrolytes.

4. 8 .

 8 Organic electrolyte nature 4.8.1. Solvent donor number Rit and Ea are measured using our impedance methodology at 50°C by varying the organic electrolyte nature doped with 1 M LiTFSI and using a preliminary heated inorganic Oh ceramic. The data are compiled in Figure 67.

Figure 67 .

 67 Figure 67. Histogram gathering all Ea and Rit measured at OE (1 M LiTFSI)/Oh ceramic interfaces as function of the electrolyte nature at 50°C. In the case of liquid electrolyte, Rit were extrapolated at 50°C from the Arrhenius fitting of 1/ Rit vs 1000/T curves.

Figure 68 .

 68 Figure 68. Variation of Ea, measured at Oh/Organic Electrolyte interface with reported solvent donor numbers 62 .

Figure 69 .

 69 Figure 69. Rit of a) Oh/Organic Electrolyte1M-LiTFSI interface as function of organic electrolyte bulk ionic conductivity at 50°C and at b) 50°C, 70°C, and 100°C.

Figure

  Figure 69a and b display the evolution of Rit measured at Oh/OE as function of OE bulk ionic conductivities at different temperatures. The electrolyte ionic conductivities have been measured separately using SS/Electrolyte/SS cell by EIS. For a given temperature, Rit and

Figure 70 .

 70 Figure 70. Variation of Rit measured at OE/Oh as function of organic electrolyte bulk ionic conductivity along with data using polyether-based OE at 50°C.

Figure 71 .

 71 Figure 71. a) Overlap of Organic Electrolyte1M-LiTFSI/Oh and PEOxM-LiTFSI/Oh Rit as function of electrolyte bulk ionic conductivity at 50°C with x being the LiTFSI salt concentration ranging from 2.5 M to 0.006 M. b) Arrhenius plot of PEOxM-LiTFSI/Oh Rit and PEO1M-LiTFSI ionic conductivity.

Figure 72 .

 72 Figure 72. Nyquist plots of the Au/LLTO/Au cells measured at 100°C and 60°C between 7 MHz and 0.2 mHz Figure 73 shows typical EIS spectrum recorded for LLTO based multilayer cells, using either PEO, PCL, PTMC, TEG4, ACN and PC 1 M-LiTFSI based organic electrolytes at different temperature. These electrolytes have been selected to cover the whole range of ionic conductivity tested with Oh ceramic in Figure 70. Depending on the electrolyte nature, EIS spectra vary and show several contributions. For instance, in the case of PC1M electrolyte, three contributions are noticeable in MF domain at 0°C: one HF semi-circle (ca. 3 10 5 Hz) followed by two MF semi circles (ca. 270 Hz and 10 Hz) and one LF semi-circle buried in frequency with the blocking capacitance (ca. 0.14 Hz). However, only one MF semi-circle is noticeable in the Nyquist plot of PEO1M and ACN1M based multilayer cell assembly.We assess that multilayer OE/LLTO/OE effective ionic conductivity calculated from EIS spectra HF resistance perfectly corresponds to multilayer theoretical conductivity calculated using Equation (11) and using LLTO bulk conductivity (with an average deviation of ca. 28% mainly coming from the uncertainty of electrolyte layer thickness estimation). The typical Arrhenius plot recorded for PC electrolyte is given in FigureA2-6in Annex. This result indicates that regardless the electrolyte used, LLTO grain boundaries impedance contribution may be part of MF contributions identified in multilayer cell impedance spectra.To identify the MF resistive contribution related to LLTOgrain boundary (RLLTO,grain boundary) and to LLTO/OE interface in the EIS spectra, we used the equivalent circuit model given in Figure73inset to account for the different semi-circles identified. For all the OE/LLTO/OE multilayer impedance spectra, the strategy is to compare fitted MF frequency semi-circle(s) characteristic frequency, resistance, capacitance, and Ea to that of LLTO grain boundary measured from Au/LLTO/Au. Therefore, LLTO/OE Rit was subsequently assigned to the remaining MF semi-circle. The detail of the impedance spectra analysis of LLTO based multilayer cells is given in Annex Chapter 2 Note 4.

Figure 73 .

 73 Figure 73. Nyquist plot of a) SS/ACN/LLTO/ACN/SS, b) SS/PC/LLTO/PC/SS and c) SS/TEG3/LLTO/TEG3/SS cells measured at 0°C. Nyquist plot of d) SS/PEO/LLTO/PEO/SS, e) SS/PCL/LLTO/PCL/SS and f) SS/PTMC/LLTO/PTMC/SS cells measured at 80°C. Consequently, we can evaluate LLTO/OE Rit and Ea for the different electrolytes used, except for PEO and ACN electrolytes. The results are gathered in Table11. We can notice that for a given organic electrolyte, LLTO/OE Rit is larger than that of Oh/LLTO which suggest that ceramic material has an impact of Rit. However, depending on the OE used, the difference between Rit measured with LLTO or Oh ceramic materials varies implying potential specific interactions between OE and CE.

Chapter 2 .

 2 Ceramic/Organic Electrolyte interface 125 125

Figure 74 .

 74 Figure 74. Evolution of CE/OE Rit as function of organic electrolyte ionic conductivity at 50°C using either Oh or LLTO ceramic materials.

Figure 75 .

 75 Figure 75. a) Arrhenius plot of 1/Rit measured at the Oh/TEG3 for 1 M of different salts. b) Variation of Oh/Electrolyte Ea with electrolyte transference number measured from PGSE-NMR for PEG based electrolyte and using Li symmetric cells EIS spectra for PEO and OS polymers.

Figure 76 .

 76 Figure 76. a) Arrhenius plots displaying Rit at the Oh/TEG3-based using either DME or DOH polymer ending function along with corresponding Ea. b) Arrhenius plot of bulk ionic conductivity of TEG3-DME and TEG3-DOH 1 M LiTFSI electrolytes.

Figure 77 .

 77 Figure 77. a) Schematic representation and b) picture of the designed cell in configuration 1: two reference electrodes are placed in each electrolyte compartments. ➢ Configuration 2: Impedance measurement between one reference electrode placed in one electrolyte compartment and place on the ceramic side.

Figure 78 .

 78 Figure 78. Configuration 2 of the designed cell: two references electrodes are placed in electrolyte compartment and on the edge of ceramic plate.

Figure 79 .

 79 Figure 79. Illustration of the polarization protocol between the two reference electrodes, referred as Ref1 and Ref2.

Figure 80 .

 80 Figure 80. Nyquist plots of the El/CE/El measured using 2-electodes (black squares) and 4-electrodes (red circles) at RT. The solid line represented the fitted values using the equivalent circuit displayed in the inset. b) Scheme of the configuration used for EIS impedance measurement.

Figure 80

 80 Figure80displays the impedance spectrum of the designed cell using 2-electrode or 4electrodes impedance measurement. As expected, both EIS spectra are composed of HF bulk electrolyte response (that corresponds to the sum of each electrolyte bulk resistance i.e. 2 REl. + RCE) and a middle frequency (MF) response, all fitted with the equivalent circuit presented in Figure80.Similar frequency range is found for HF contribution, regardless the EIS measurement configuration (2 or 4 electrodes) and slightly less resistive in the case of 4-electrode measurement which is consistent with the position of the two reference electrodes (smaller distance compared to the distance between the two lateral screws) (as illustrated in Figure77).The MF contribution of the OE/CE/OE cell spectrum measured using 2-electrode configuration displays a very flattened and large semi-circles accounting for both Li/OE and Ceramic/OE impedance contributions. Conversely, the MF semi-circle obtained using the 4electrode configuration measurement is well-defined and smaller which suggests that only CE/OE is measured in this configuration. The MF-semi circle frequency from 4-electrode spectrum (796 Hz) is consistent with the one measured from the coin cell multilayer assembly.Yamada et al.71 used the same 4-electrode methodology and reported a similar Nyquist plot with one HF semi-circle and one MF semi-circle. There were attributed to the sum of the bulk ionic electrolyte layers resistances and to the interfacial resistance at CE/OE interface,

Figure 81 .

 81 Figure 81. Arrhenius plots of the CE/OE interfacial resistance obtained from EIS impedance of SS/OE/CE/OE/SS coin cell and from EIS impedance of SS/OE/CE/OE/SS design cell using 2-electrode method.

Figure 82 .

 82 Figure 82. Polarization experiment between the 2-reference electrodes placed in the electrolyte compartments a) Evolution of the difference of potential along with the current over time and the evolution of the steady state current as function of b) the electrode polarization or c) the ohmic drop corrected polarization.

Figure 83 .

 83 Figure 83. a) Evolution of the designed cell impedance measured between Ref1 and Ref2 placed in the two electrolyte compartments and MF resistance evolution as a function of b) the cell polarization measured, c) of cell ohmic drop corrected polarization and d) of the absolute value of ohmic drop corrected polarization from EIS spectra fitting or calculated from Isteady state (Eappliedl) data points during polarization experiment recorded at RT using Oh ceramic and TEG41M electrolyte.

Figure 86 .

 86 Figure 86. Nyquist plot measured in a 4-electrodes measurement between: Ref1 placed in one electrolyte compartment and Ref2 place on the ceramic side (Side 1 and Side 2) and Ref1 and Ref2 placed in each electrolyte compartment. Along with the algebraic sum of the first two EIS spectra.

Figure 87 .

 87 Figure 87. Polarization curve measured between electrolyte reference electrode and CE reference electrode using design cell (TEG41M) corresponding to Side 1 and Side 2.

Figure 88 .

 88 Figure 88. Polarization curve measured between Li metal reference electrode and CE reference electrode using 4-electrode cell (TEG4 1 M LiTFSI) up to 2 V vs. Li + /Li and up to 7 V vs. Li + /Li.

Figure 89 .

 89 Figure 89. a) Variation of EIS spectra of designed cell measured in configuration 2 (Side 1) and along with b) fitted MF resistance, MF resistance evaluated from E/I ratio (Ohmic drop corrected) and average cell MF resistance evaluated from the slope of E vs I curve (Ohmic drop corrected) as function of ceramic plate polarization.

Figure A2- 3 .Figure A2- 4 .

 34 Figure A2-3. Arrhenius plot of interfacial resistance at Oh/ PEO-0.5M LiTFSI-dry with a Oh ceramic preliminary soaked in deionised water (DI Water) for 1 min and then dried in Argon filled glove box for 3 days.

Figure A2- 5 .

 5 Figure A2-5. a) Arrhenius plot of interfacial resistance measured at DEG 1M LiTFSI/Oh interface using dry or wet electrolyte and pristine or heated ceramic along with the corresponding activation energy (inset). b) Interfacial capacitance measured at DEG 1M LiTFSI/Oh interface using dry or wet electrolyte and pristine or heated ceramic.

Figure A2- 10 .

 10 Figure A2-10. Arrhenius plot of fitted MF a) resistance, b) capacitance and c) characteristic frequency in of PEO/LLTO/PEO and ACN/LLOT/ACN multilayer cells and in comparison, to LLTO grain boundary impedance calculated from Au/LLTO/Au spectra.

Figure A2- 11 .Chapter 3 .

 113 Figure A2-11. Arrhenius plot of SS/Electrolyte/LLTO/Electrolyte/SS multilayer cell RMF1, RMF2 and RMF3 fitted resistances, capacitance and frequencies compared to LLTO grain boundary theoretical resistance.

Figure 90 .

 90 Figure 90. SEM images of AM powders used in the study.

Figure 91 .

 91 Figure 91. Schematic illustration of complete, half or symmetric cell assemblies.

Figure 92 .

 92 Figure 92. Typical galvanostatic charge and discharge of the first and second cycles obtained from a Li/NCA cell cycled at C/20 rate recorded at 25 °C.

  and for NCM VM = 19.87 cm 3 .mol -1 , F the faraday constant (96485 C.mol -1 ), 𝒛 𝒊 the charge number of exchange electroactive species taken equal to 1, 𝒅𝑬 𝒅𝜹 the change in the steady -state voltage as a result of the current pulse i.e. lithium ion content in the electrode 𝒅𝜹 also referred as 𝒅𝒙 (the slope of cell voltage change with the electrode composition) 𝜹 being the electrode stoichiometry, 𝒅𝑬 𝒅√𝒕 the potential variation as a function of the square root of the time during current pulses S the electrochemically active surface area of the AM particles active in contact with the electrolyte.

Figure 96 .

 96 Figure 96. Typical voltage evolution of Li/NCM half-cell during classical GITT cycling protocol. In the present case, the GITT protocol consists of a repetition of 25 successive CP+RP sequence.

  the evolution of the quasi-equilibrium potential (Eeq) as function of Li content variation in AM composite electrode at the end of each current pulse. Basically, for the n th current pulse, the corresponding 𝑑𝐸 𝑑𝛿 (𝑛) is calculated according to Equation (23): 𝒅𝑬 𝒅𝜹 (𝒏) = 𝑬 𝒆𝒒 𝒏 -𝑬 𝒆𝒒 𝒏-𝟏 𝒙 𝑳𝒊 𝒏 -𝒙 𝑳𝒊 𝒏-𝟏 (23)

Figure 97 .

 97 Figure 97. a) Cumulative discharge capacity obtained from a discharge power curve, as a function of discharge current density. b) Discharge time vs. 1/I² curve for the discharge cycle with j > jlim.

Figure 98 .

 98 Figure 98. Discharge power curve of NCM based complete cell recorded at 25°C for two successive fast discharge power protocol.

Figure 99 .

 99 Figure 99. Scheme illustrating the working principle of the B&F GITT and compared to the classical GITT method.

Figure 100 .

 100 Figure 100. Typical voltage evolution of the NCA positive electrode cycled vs. Li metal during the B&F GITT cycling protocol at 25°C.

Figure 101 .

 101 Figure 101. The equilibrium potentials (Eeq) in NCA composite electrode measured vs. Li obtained using classical and B&F GITT techniques as a function of a) xLi and b) xLi corrected.

Figure 103 .

 103 Figure 103. a) Electrochemical response obtained by applying the B&F GITT method to NCA symmetric cell. The potential is close to zero since we are measuring in symmetric cell configuration.

Figure 105 .

 105 Figure 105. DLi determined from the B&F GITT curves for the NCA symmetric cells (whose initial electrode SOC was 90%,70%,50%,30% and 10%) as a function of xLi in NCA positive electrode and compared to DLi determined in half-cell using classical GITT.

Figure 108 .

 108 Figure 108. Particle sized distribution of raw and blended NCA powers obtained by laser granulometry measurements (a) without and (b) with 1 min sonication.

Figure 109 .

 109 Figure 109. SEM pictures of NCA particles a) raw particles; b) NCA particles after stirred/blended where we can see some agglomeration and particles fractures. Based on this inaccurate estimation of electrode active surface area, we can use the uncertainty propagation formula (Equation (29)), that shows that the relative error on the corresponding DLi (U(D)/D) can be up to 32% when using raw AM powder BET value as electrode active surface area instead of blended one. 𝑼(𝑫) 𝑫 = 𝟐 × 𝑼(𝑺 𝑬𝑨 ) 𝑺 𝑬𝑨(29)

Figure 110 .

 110 Figure 110. Typical E vs. sqrt(t) (square root of time) curves obtained from a GITT measurement in conventional Li/NCM cell.

Figure 111 .

 111 Figure 111. EIS spectrum obtained from a Li/NCM (6.3 mg.cm -2 ) half-cell recorded at 4.3 V vs Li + /Li at 25°C, normalised by electrode geometric surface are (A = 1.131 cm²).

Figure 113 .

 113 Figure 113. Particle sized distribution obtained by laser granulometry measurement performed on PC and SC NCM raw powers (left) without and (right) with 1 min sonication (30 W).

Figure 114 .

 114 Figure 114. Thermodynamic equilibrium potential recorded along GITT using PC or SC NCM based composite electrode (6.3 mg.cm -2 ) and using xmax estimated from the irreversible specific capacity of the cell obtained during the formation cycles.

Figure 115 .

 115 Figure 115. E vs sqrt(t) curves at different electrode potential a) xLi = 0.13, b) xLi = 0.41 and c) xLi = 0.64) recorded during GITT current pulses for Li/NCM-PC and Li/NCM-SC cells.

Figure 117 .

 117 Figure 117. a) E vs sqrt(t) recorded during the first current pulse using various loaded NCM-based composite electrode. b) Normalized E vs sqrt(t) curve that highlight the effect of electrode loading.

Figure 120 .

 120 Figure 120. Evolution of Eeq recorded during classical GITT experiment as function of log(CLi) using a) NCM-PC or b) NCM-SC based composite electrodes with different electrolyte concentration.

Figure 121

 121 Figure121displays the impact of electrolyte concentration on the E vs. sqrt(t) curve. For salt concentration of 1 M and 0.1 M, E vs. sqrt(t) profiles are similar in shape. However, in the case of very low concentrated electrolyte (0.01 M), an additional transition region is noticed and ascribed to the ohmic drop and interfacial overpotential (based on cell EIS spectra analysis).

Figure 121 .

 121 Figure 121. Typical E vs sqrt(t) profile for the cells using different salt concentration (loading of 6 mg.cm -2 ) for NCM-PC composite electrode at xLi = 0.28 using a) LP30*-1 M and LP30*-0.1 M or b) LP30*-0.01 M electrolyte.

Figure 123 .

 123 Figure 123. a) Eeq as function of xLi at different temperatures. At 0°C and -10°C , we do not perform the complete GITT experiment and only perform the first eleven and five CP + OCV sequence, respectively. b) Selected curves Eeq vs. xLi curves.

Figure 124

 124 Figure124displays the equivalent differential capacity dC/dEeq curves recorded at different temperatures during GITT experiment in discharge. The shape of the curve is consistent with reported differential discharge curves of NCM622 AM electrode81, 82 with a broad asymmetric peak in the range of [3.6;3.8] V vs. Li + /Li. This broad peak corresponds to the reduction of nickel element from (IV) to (II) oxidation state inside the AM host structure. The oxidation of Co 3+ into Co4+ 83 occurred at high potential around 4 V vs. Li + /Li in dC/dEeq curve in Figure124. The equilibrium potentials related to each Ox/Red couple are shifted linearly towards lower values when decreasing temperature.

Figure 124 .

 124 Figure 124. Evolution of the equivalent dC/dEeq vs. Eeq curves recorded at different temperature along GITT experiment in discharge.

Figure 125 .

 125 Figure 125. Variation of E vs sqrt(t) curve recorded during current polarisation at various temperature and for xLi ca. 0.29.

Figure

  Figure126aand b show E vs. sqrt(t) curve slopes and the corresponding DLi in the range of -10°C to 35°C. From Figure126a, we clearly observe a drop in E vs. sqrt(t) curve with the temperature decrease resulting in a diminution of DLi (Figure126b). Additionally, the decrease of DLi observed at high lithium content seems to occur at lower xLi as much as the temperature decreases. The thermal dependency of DLi at the end of NCM lithiation might be attributed to i) activation energy of electrostatic interaction of Li-ion and TM in NCM slabs and to ii) slowing down of Li ion insertion/deinsertion kinetics at low temperature (i.e. kinetics limitation, especially at high lithium content where the kinetics is the slowest). Even though DLi vs xLi curves were found rather "noisy", we obtained an activation energy of ca. 0.20 eV of Li-ion diffusion in NCMC622 using the average value in xLi range of [0.3;0.8] (Figure142c). It is worth mentioning that this activation energy is close to that of liquid electrolyte (See Chapter 3 Section 3) which might contradict the previous results as it suggests that DLi measured using GITT maybe related to Li-ion diffusion in the liquids electrolyte. However, due to the large uncertainty on the Ea, it is delicate to conclude on this value. In addition, for xLi > 0.9, Ea of DLi significantly increases and reach ca. 1.0 eV (for xLi = 0.95) suggesting that the rate limiting process at very high lithium content might differ from the one at low lithium content.

Figure 126 .

 126 Figure 126. a) E vs sqrt(t) curves slopes and b) the corresponding DLi as function of xLi measured at different temperature. c) Arrhenius plot of the average DLi in the range of xLi [0.3; 0.8].

Figure 127 .

 127 Figure 127. A summary of the main findings on the effect of AM morphology, electrode loading, electrolyte concentration and temperature of DLi measured using GITT method.

Figure 128 .

 128 Figure 128. Comparison of DLi measured by GITT method and Sand method as a function of lithium content using 6 mg.cm -2 NCM-PC based composite positive electrode and 1M liquid electrolyte at 25°C.

Figure 129 .

 129 Figure 129. Discharge power curves of NCM-PC electrodes measured vs. Li metal at 25°C using different electrode loading.

Figure 130 .

 130 Figure 130. Evolution of DGITT and DSand coefficient as function of electrode loading and along with cell limiting current density using corrected AM powder BET as electrode surface area.

Figure 131 .

 131 Figure 131. a) Discharge power curves recorded at 25°C using 2 mg.cm -2 NCM-PC-based composite electrode with different electrode porosities cycled at 25°C vs. Li metal along with b) the discharge time vs 1/I² for data point j>jlim. c) Variation of effective DLi and limiting current density as a function of electrode porosity.

Figure 132 .

 132 Figure 132. SEM pictures of calendered NCM-PC composite electrode (2mg.cm -2 ) at 38% that shows AM particles a) pulverisation and b) pull-out from the electrode.

Figure 133 .

 133 Figure 133. a) Cumulative discharge capacity as function of discharge current density during the fast discharge protocol using either single crystal (SC) or polycrystal (PC) AM particles (6 mg.cm -2 );b) The corresponding discharge time vs. 1/I² curve for j> jlim. In the case of NCM-SC, the first four data points that correspond to supercapacitive/double layer capacity were excluded.

Figure 135 .

 135 Figure 135. The corresponding discharge time vs. 1/I² curve for j > jlim using affine regression.

Figure 136 .

 136 Figure 136. a) Discharge power curve recorded using various salt concentration obtained with NCM-PC-based composite electrode cycled vs Li metal at 25°C (6.3 mg.cm -2 ).

Figure 137 .

 137 Figure 137. Variation of a) rate limiting current and b) discharge time vs 1/I² slope as function of electrolyte concentration using either 6.3 mg.cm -2 or 2 mg.cm -2 NCM-PC-based composite electrode or 6 mg.cm -2 NCM-SC based electrode. All the cells were cycled vs Li metal at 25°C.

Figure 138 .

 138 Figure 138. Typical Nyquist plot of NCM-PC 6 mg.cm -2 and 21 mg.cm -2 composite electrode in LP30*-0.01 M liquid electrolyte at 25°C vs. Li metal.

Figure 139 .

 139 Figure 139. a) Discharge power curve recorded at various temperature with NCM-PC-composite electrode cycled vs Li metal at 25°C (6.3 mg.cm -2 ) along with b) discharge time vs 1/I² for j>jlim.

Figure 140

 140 Figure140shows the Arrhenius plot of DLi whose slope provides an Ea equal to 0.16 eV, similar to what we already observed with the thermal behaviour of effective diffusion coefficient. The activation energy is similar to the ionic conduction inside the electrolyte (0.19 eV, evaluated separately, Chapter 4) which supports rate limitation by the lithium-ion transport inside the electrolyte phase (inside the porosity of the electrode).

Figure 140 .

 140 Figure 140. Arrhenius plot of effective diffusion coefficient, discharge time vs 1/I² slope and limiting current density evaluated using Sand based method.

Figure 142 .

 142 Figure 142. a) Li/NCM half-cell impedance spectra recorded at various potentials during discharge GITT and normalized by electrode geometric surface area (A = 1.13 cm²). b) Typical Li/NCM impedance spectrum recorded at 4.29 V (vs. Li + /Li) along with fitting frequency range and equivalent circuit model.

Figure 143 .

 143 Figure 143. a) EIS spectra of NCM symmetric cells using different SOC electrode and recorded at 25°C after a rest period of 3 days after cell assembly. b) Typical Nyquist plot of NCM/NCM-50% SOC cells along with the frequency range and the equivalent circuit model.

Figure 144 .

 144 Figure 144. Variation of NCM based symmetric and half-cell impedance spectra as function of temperature. Arrhenius plot of the fourth resistive contributions (Rel , RMF-1, RMF-2 and RMF-3) fitted along with the corresponding activation energy.

Figure 145 .

 145 Figure 145. a) Arrhenius plot of Li/NCM (filled marker) and NCM/NCM (empty marker) impedance spectra fitted resistance along with b) the corresponding activation energy and characteristic frequency.

Figure 147 .

 147 Figure 147. Li/NCM half-cell impedance spectra recorded at 4.3 V at different electrode loading using 1M liquid electrolyte at 25°C.

Figure 149 .

 149 Figure 149. Nyquist plot of Li/NCM cells at 4.3 V vs. Li + /Li at 25 °C and using electrolyte with various lithium salt concentration from 1 M to 0.01 M.

Figure 150 .

 150 Figure 150. Comparison of the evolution of electrolyte bulk ionic conductivity measured on the electrolyte separately or using the HF resistance of the half-cell as function of lithium salt concentration.

Figure 151

 151 Figure 151 Evolution of the sum of a) (RMF-1+ RMF-2) and b) RMF3 fitted resistances as a function of lithium salt concentration for different xLi.

Figure 153 .

 153 Figure 153. NCM-PC AM/Electrolyte interfacial capacitance MF3 normalised by electrode active surface are determined by AM powder BET at different concentrations at 25°C using liquid electrolyte.

Figure 154 .

 154 Figure 154. Variation of Li/NCM and NCM/NCM EIS spectra impedance resistance normalised by AM BET as function of a) electrode lithium content and b) electrode potential. Simulated BV model with the corresponding parameters [K = 195 Ω.cm²; Alpha = 0.5, xLimax=1].

39 )

 39 𝑹 𝒄𝒕 = 𝒏𝑭 𝒌° 𝑪 𝑳𝒊 -(𝟏-𝜶) (𝒙 𝒎𝒂𝒙 -𝒙 𝑳𝒊 ) -(𝟏-𝜶) 𝒙 𝑳𝒊 -𝜶 (With n , F, k°, CLi, xLi , (xmax-xLi) and α, being the number of electron exchange, the Faraday constant (F = 96485 C.mol -1 ), reaction standard kinetics constant (cm.s -1 ), surface electrode lithium content, surface electrode available insertion sites and charge transfer coefficient.The fit curve provides the values of K, α and 𝑥 𝐿𝑖,𝑚𝑎𝑥 parameters. As illustrated by the Butler-Volmer model simulated curves in Figure155a, the transfer coefficient (α) determines the symmetry of the parabola, more or less constricted around its centre, whereas the parameter K (Figure155b) and xmax affected the ordinate of the parabola centre.

Figure 155 .➢

 155 Figure 155. Simulated BV model when varying, a) K parameter value from 0.195 to 1950 Ω.cm²; with Alpha = 0.5 and xLimax=1, b) alpha value from 0.5 to 0.1 with K= 195 Ω.cm²; and xLimax=1 and c) xmax value from 1 to 0.7 with K= 195 Ω.cm² and alpha=0.5. ➢ First parameter: xLi,max Figure 156 displays the experimental curve fitting using a Butler-Volmer like model with xLi,max set as a variable to study.

Figure 156 .

 156 Figure 156. Variation of RMF3 as a function of electrode lithium content evaluated from half-cell and symmetric cells EIS spectrum and fitted using a Butler-Volmer like model a) with set xLi,max = 1 and b) variable xLi,max parameter.

Figure 157 .

 157 Figure 157. RMF-3-xLi curve fitting using xmax variable BV-like model and with xLi calculated using two different methods. The first xLi calculation (Calcul. 1) is detailed in Section 2.1 in Chapter 2 and does not account for cell irreversible capacity whereas the second calculation (Calcul. 2) used Equation (35)and(36).

Figure 158 .

 158 Figure 158. Rct-xLi curve fitting using Butler-Volmer model whose transfer coefficient α set to 0.28.

Figure 159 .

 159 Figure 159. Charge transfer resistance Rct as a function of electrode lithium stoichiometry, reprinted from ref. 107 along with the corresponding BV fitting model whose parameters are given in inset.

  Additionally, similar parabolic RMF-3 vs. xLi curve have been recorded at different temperature in Figure160. As expected by Butler-Volmer model, the transfer coefficient does not vary with temperature and was found close to 0.3.

Figure 160 .

 160 Figure 160. Variation of Rct vs xLi curve as function of temperature and recorded at NCM/Electrolyte interface using half-cell impedance spectra.

Chapter 3 Note 1 .

 31 Comparison between cell rate performance recorded using classical rate capability and fast discharge protocol.In literature, other cycling tests are used to evaluate cell rate capability and the Figure A3-1b compares the discharge power curves recorded using the fast discharge protocol with the one using a classical rate capability test1, 2 . The later consists of successive charge and discharge cycles (herein 3 repetitions) whose charge rate remains constant (slow) whereas the discharge rate gradually increases. The typical discharge profile obtained is displayed in FigureA3-1a and reflects the long duration of classical rate capability test in comparison to the fast discharge protocol.

Figure A3- 1 .

 1 Figure A3-1. Li/NCM half-cell rate capability tests and b) compared to the rate capability test recorded using fast discharge protocol recorded at 25°C.c) represents the variation of cell discharge time as function of 1/I² for data points of b).

Figure A3- 2 .

 2 Figure A3-2. Krypton gas adsorption isotherm curves of AM powders, composite electrode, current collector and binder membrane.

Figure A3- 3 .

 3 Figure A3-3. a) Typical NCM/NCM impedance spectra recorded at various temperature and using 21 mg.cm - 2 composite pristine electrode and 0.01M liquid electrolyte. b) selected EIS spectra recorded at 25°C along with fitting frequency range and equivalent circuit model

  , X. Zhang, M. Huang, J. Huang and Z. Fang, ACS applied materials & interfaces, 2017, 9, 12408-12415. 2. S. Cui, Y. Wei, T. Liu, W. Deng, Z. Hu, Y. Su, H. Li, M. Li, H. Guo and Y. Duan, Advanced Energy Materials, 2016, 6, 1501309.

Chapter 4 .

 4 Charge transfer at Lithium metal/organic electrolyte interface Chapter 4

Figure 161 .

 161 Figure 161. Illustration of potentiostatic polarization procedure of Li metal symmetric cells at a given temperature with typical experimental potential and current variation (PEIS = potentiostatic electrochemical impedance spectroscopy).

1. 5 .

 5 Figure 162.Typical potential relaxation curve of PEO-LiTFSI-1 M, 0.1 M and 0.01 M Li cells along with the corresponding fitting according to Equation (44) and for a polarization of 10 mV. From Damb measured given in Figure 162, we estimate the corresponding diffusion time constant (L²/Damb) of PEO-LiTFSI-xM.

  1.

Figure 163 .

 163 Figure 163. a) Typical thermogram of PEO-LiTFSI-xM recorded, b) along with a zoom during the second heating scan with the corresponding first derivative curve in inset.

Figure 164 .

 164 Figure 164. Evolution of PEO-LiTFSI-xM glass transition temperature as a function of Li/EO ratio comparedto literature data ref.20, 22, 26 . 

Figure 165 :

 165 Figure 165: Typical Nyquist plots of Li symmetric cells using PEO-LiTFSI-1M recorded at 80°C along with the equivalent circuit model (Rc and L1 being the cable resistance and inductance, respectively).

Figure 166 .

 166 Figure 166. Typical Nyquist plot of liquid-based Li symmetric cells recorded at 40°C from 7 MHz to 1 mHz, using LP30*-1 M electrolyte and the equivalent circuit model used to fit the data.

  The typical VTF fit, along with the fitted parameters (A and B) obtained for the different PEO-LiTFSI-x M are given in Annexe-Chapter4-Note2. To improve the quality of the VTF fit, Tg parameter value is set with the Tg value measured from DSC experiment. The values of VTF fit parameter A and B are in good agreement with the literature19 in terms of magnitude and salt concentration dependency.

Figure 167 .

 167 Figure 167. Ionic conductivity of PEO-LiTFSI-xM electrolytes as function of temperature in Arrhenius coordinates. Error bars inferior to 30% from experiment reproducibility.

Figure 169 .

 169 Figure 169. a) Arrhenius plot of LP30*-xM liquid electrolyte ionic conductivity b) the variation of ionic conductivity at 20°C as function of salt concentration along with reported data from ref. 39 .

  With l, 𝝉 𝑾𝒃 and Damb being characteristic diffusion length (corresponding to the electrolyte half thickness), Warburg element time constant, and Li ion diffusion coefficient.

Figure 170 .

 170 Figure 170. a), b), c) and d) PEO-LiTFSI-xM EIS spectra recorded at 80°C up to 0.1 mHz along with the corresponding characteristic frequency (determined graphically from the apex for the LF loop) and Damb in inset.e)Normalised LF EIS spectrum of a Li symmetric cells PEO-LiTFSI-xM at 80°C along with the impedance spectra fitting (line).Warburg element fitting parameters given inFigure A4-4.

Figure

  Figure 171adisplays the variation of Damb determined using LF Warburg element fit as function of salt concentration, x-LiTFSI and shows a reasonable agreement with literature data44, 45 . The details of LF loop fit in terms of Warburg fitting phase and characteristic time constant are given in FigureA4-4. The error bars correspond to EIS spectra fit uncertainty close to 10% and to cell geometrical parameter uncertainties (polymer thickness (error 5 µm on a total thickness of the order of ca. 50 µm and non-uniform contact area at Li/SPE).

Figure 172 .

 172 Figure 172. Lithium transference number of LiTFSI doped PEO as function of lithium salt concentration, x(determined by ICP), measured at 80°C and along with reported data from ref.20, 46, 49, 53-57 . 

Figure 173 .

 173 Figure 173. Haven ratio of PEO-LiTFSI-xM.

Figure 174 .

 174 Figure 174. a) Evolution of Li/PEO-LiTFSI-0.01 M/Li cell impedance spectra recorded at 80°C along ageing. b) Typical impedance spectra subtraction approach. c) Typical evolution of ∆Rint as a function of square root of ageing time with the three domains highlighted by colors. Regardless x-LiTFSI salt concentration, ∆Rint vs. √t curves showed three different regions, highlighted in Figure 174c:• The first period, that lasts ca. 0.5-7 hours depending on the concentration, shows slight decrease of Rint. When excluding PEO-LiTFSI-0.1 M that is out of the trend (not considered further in the following discussions), it seems that the transient time increases with salt concentration and lasts from ca. 30 min to nearly 3.5 hours for PEO-LiTFSI-0.001 M and 1 M, respectively. This transient period might be related to the thermal stabilisation of the cell and to the enhancement of the interfacial contact inside the cell. • The second region shows a linear increase of ∆Rint for ca. 7-10 hours whose slope appears to decrease with salt concentration, except for PEO-LiTFSI-0.1 M whose variation is out of the trend. This typical √𝑡 temporal dependency is in line with the formation of a passivation film on metallic Li electrode 10, 6263 . Therefore, it suggests that SEI contribution is dominating in the MF loop and/or that the SEI growth is correlated to the increase of Rct. Morales-Ugarte et al.62 showed that the increase of Rint and its growth rate are related to the nature of salt anion that is decomposed at Li metal surface. In addition, Figure175cdisplays the relative variation of ∆Rint (∆Rint/Rint(tend transient period)) that showed the similar linear variation followed by a plateau at long time. The stabilized value of ∆Rint/Rint(tend transient period) (plateau) increases with salt concentration which suggests that the magnitude of the increase of Rint is correlated to the anion content and supports the work of Morales-Ugarte et al.62 . However, according to Morales-Ugarte et al.62 , we would expect similar ∆Rint vs. √𝑡 growth rate (slope of the linear region) for all PEO-LiTFSI-x M samples as we use a given salt, which is not the case. Herein, the ∆Rint/Rint(tend transient period) growth rate (evaluated from the slope of ∆Rint/Rint(tend transient period)

Figure 175 .

 175 Figure 175. Evolution of a) and c) the interfacial resistance (Rint) and relative variation of Rint (∆Rint/Rint), b) and , d) the electrolyte resistance (Rel) and relative variation of Rel (∆Rel/Rel) as a function of the square root of ageing time (hours) recorded at 80°C for PEO-LiTFSI-xM Li symmetric cells.

Figure 176 .

 176 Figure 176. Evolution of a) the inverse the interfacial capacitance 1/∆Cint and b) of the MF loop characteristic frequency as function of the square root of ageing time and obtained from EIS spectra subtraction methodology.

) and ( 53 )

 53 With r, 0, and S being the relative and vacuum dielectric permittivity, active surface area, respectively.

Figure 177 .

 177 Figure 177. Evolution of a) LP30*-xM symmetric cells impedance spectra along ageing and b) the typical difference of impedance spectra upon ageing. Evolution of the relative variation of c) Rel, d) RMF and e) RMLF as a function of the square root of time (hours) recorded at 25°C for LP30*-xM Li symmetric cells.

Figure 178 .

 178 Figure 178. Evolution of the inverse of the interfacial capacitance a) 1/CMF and a) 1/CMLF as function of the square root of time and obtained from LP30*-xM symmetric cell impedance spectra fitting.

Figure 179 .

 179 Figure 179. a) Nyquist plot of Li symmetric cells using PEO-LiTFSI-x M polymer electrolyte recorded at 80°C for x=2, 1 and 0.1 M, b) for x=0.01 M, and c) for x=0.001 M.

Figure 180 .

 180 Figure 180. a) and b) Detail of Nyquist plot fitting strategy along with the equivalent circuit model used.

Figure 181 .

 181 Figure 181. a) Variation of MF contributions Rint, with R0 =Rint-1+Rint-2 and ∆Rint along with salt concentration, b) Variation of overall MF resistance Rint recorded at different temperatures with the fitted model curve. c) capacitance and d) frequency associated with the different interfacial contribution as function of lithium salt concentration in PEO recorded at 80°C.

Figure 182 .

 182 Figure 182. a) Li symmetric cells impedance spectra measured at 30°C using carbonate-based liquid electrolytes with concentration in the range of 1 M to 0.01 M. b) Impedance fitting methodology illustration for LP30*-1M and c) Resulting spectra from series subtraction of the LP30*-0.1M -LP30*-1M impedance spectra.

Figure 183 .

 183 Figure 183. Liquid -based symmetric cell MF fitted a) resistances and b) capacitances evolution with salt concentration recorded at 30°C.

Figure 184 .

 184 Figure 184. Arrhenius plot of MF a), b), c) resistances and d), e) capacitances for different PEO -LiTFSI-xM polymer electrolytes along with the corresponding activation energies (inset).➢ Liquid-based electrolyte

Figure 185 .

 185 Figure 185. Arrhenius plot of MF a), and b) resistances and c),and d) capacitances for LP30*-xM electrolytes along with the corresponding activation energies (inset). In Figure 186, we overlap the Arrhenius plots of Li/PEO-LiTFSI-2 M and Li/LP30*-1 M to highlight the similar thermal behaviour of Rint-2. Moreover, to further compare Li/PEO and Li/LP30* interfaces, we estimate the value of Rint-3 (only observed in the case of liquid electrolyte) and the characteristic frequency of the MLF loop at 80°C, they are equal to ca. 3 Ω.cm 2 and 10-30 Hz. Interestingly, this frequency is close to that of R* observed in PEO-2 M impedance spectra at 80°C in Figure 165.

Figure 186 .

 186 Figure 186.Arrhenius plot of MF resistances of Li/Electrolyte interface using either PEO-LiTFSI-2M or LP30*-1M electrolytes.

Figure 187 .

 187 Figure 187. Nyquist plots of PEO-LiTFSI-x M Li symmetric cells under open circuit voltage and polarized conditions (Potentiostatic step voltage given in inset) recorded at 80°C after ageing stabilization period.

Figure 188 .

 188 Figure 188. Nyquist plots of PEO-LiTFSI-xM Li symmetric cells at OCV before and after polarization experiments at 80°C.

Figure 189 .

 189 Figure 189. Potentiostatic polarization of PEO-LiTFSI-1M and PEO-LiTFSI-0.01 M Li symmetric cells recorded at 80°C for gradually increasing potential.

For

  lower concentration (< 1 M), we do not observe such erratic potential behaviour during polarization experiment. More precisely, the typical PEO-LiTFSI-x M cells current and potential responses vs. time, during a potentiostatic polarization step, are displayed in Figure190. It is worth mentioning that current vs. time curve are obtained for different potential polarization depending on the cell and salt content. Right after potential pulse starts, the current reaches its initial value (I0) before reaching a stationary state, Iss which corresponds to the establishment of salt concentration gradient through the cell (inside the SEI and the bulk polymer electrolyte). Except for PEO-LiTFSI-0.001 M that might be limited by mass transport limitation, all the cells reach a steady state before the end of the polarization step.

Figure 190 .

 190 Figure 190.Potentiostatic polarization of PEO-LiTFSI-xM Li symmetric cells recorded at 80°C.

Figure 191 .

 191 Figure 191. a) Nyquist plot of PEO-LiTFSI-0.001M Li symmetric cells at open circuit voltage and under polarization conditions at 80°C along with b) the variation of the concentration gradient calculated from HF resistance along with the illustration of gradient concentration increase under polarization (inset).

Figure 192 .

 192 Figure 192. Variation of fitted MF resistance Rint-1 and Rint-2 as function of polarization when using PEO-LiTFSI-a)1 M showing the typical signature of a short-circuit, b) 0.1 M and c) 0.01 M.

55 )

 55 Figure 187. 𝜼 = 𝑼 𝒂𝒑𝒑𝒍𝒊𝒆𝒅 -(𝑰 𝒔𝒔 × 𝑹 𝑯𝑭 ) (With Uapplied =EWE-ECE, Iss and Relectrolyte ,with EWE and ECE being working and counter electrode potentials, (Uapplied is the potential difference applied between two electrodes), the steady state current and the electrolyte resistance obtained from the HF intercept of cell Nyquist plot recorded at open circuit voltage.

Figure 193 .

 193 Figure 193. Current-voltage curves recorded for PEO-LiTFSI-xM Li symmetric cells at 80°C during polarization experiment and using steady state current at the end of potentiostatic steps.

1 .Note 1 .

 11 PEO-LiTFSI-xM glass transition, melting, crystallization temperatures along with melting and crystallization enthalpy calculated from DSC thermograms. Ionic conductivity measure from SS or Li symmetric cell HF resistance comparison.

Figure A4- 1 .

 1 Figure A4-1. Ionic conductivity of PEO-LiTFSI-xM electrolytes as function of temperature in Arrhenius coordinates. Both series of data obtained using Li symmetric or SS blocking electrode cells. (Error bar 20% from experiment reproducibility).

Figure A4- 2 .Note 2 .

 22 Figure A4-2. Arrhenius plot of LP30-x-M electrolyte ionic conductivity estimated from HF resistance using SS (empty marks) or Li (filled marks) symmetric cells or K-type cell (solid line) at 1M(bleu), 0.1M(red) and

Figure A4- 3 .

 3 Figure A4-3. a) VTF model fit of the Arrhenius plot of PEO LiTFSI-1M ionic conductivity along with b) the VTF fit parameters b) B and A as function of PEO x LiTFSI salt content and compared to literature from Ref 2-4 .

Figure A4- 4 .

 4 Figure A4-4. LF EIS spectrum fitting (solid lines) of normalised impedance spectra of PEO-LITFSI-xM Li symmetric cells recorded at 80°C (marks).
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  . However, Cogswell et al. 328 , Fawcett et al. 329 , Pinto et al. 324 , and Boyle et al. 206 demonstrate that Butler-Volmer model fails to describe experimental current-potential curves measured at lithium/carbonate liquid electrolyte. The authors introduced a potential dependent symmetry factor to account for Butler-Volmer model deviation. Conversely, Baranski and Fawcett 330 explained the asymmetry of Li metal deposition/dissolution by a change in RDS and the rate control of ion desolvation steps during Li plating whereas Boyle et al.

Table 1 .

 1 Summary of the SPE main characteristics.

	Polymer chemistry	Specification (supplier)	Notation
		100 kg.mol -1 (Alfa Aesar)	PEO
		970 g.mol -1 (Alfa Aesar)	PEGDME-1000
		486 g.mol -1 (Alfa Aesar)	PEGDME-500
	Polyethylene glycol dimethyl ether of	222 g.mol -1 (Alfa Aesar)	Tetraglyme
	various chain length		(TEG4)
		178 g.mol -1 (Alfa Aesar)	Triglyme
			(TEG3)
		134 g.mol -1 (Alfa Aesar)	Diglyme (DEG)
	Single ion polyethylene glycol	PEO-chain 35 kg.mol -1 and PEO/PS =	SIPE
	dimethyl ether (PSTFSI-PEO-PSTFSI)	75.2 (ICR)	
	Polycaprolactone	10 kg.mol -1 (Sigma Aldrich)	PCL
	Polyetherimide	100 kg.mol -1 (Polyscience)	PEI
	Poly(trimethylene) carbonate	(Project IDOLES***CEA Grenoble)	PTMC
	Polypropylene carbonate	100-300 kg.mol -1 (Empower Materials)	PPC
	Cross linked polyethylene oxide (PEO)	Osaka Soda Corp.	OS

Table 2

 2 

Table 2 .

 2 Summary of the liquid electrolyte main notations.

	Solvent	Notation
	Propylene carbonate	PC
	Acetonitrile	ACN
	Dimethyl formamide	DMF
	Dimethyl carbonate	DMC
	Sulfolane	SUL
	Triethyl Phosphate	TEP
	Isopropanol	ISOP

Table 3 .Ceramic electrolyte chemistries

 3 

	Ceramic materials	Specification	Notation
	Li2O-Al2O3-SiO2-P2O5-TiO2-	Ohara Corp.	Oh, LiCGC
	GeO2 (LATP like structure)		
	Li7La3Zr2O12 (LLZO)	Toshima Corp.	LLZO
	Li7La3Zr2O12 (LLTO)	Toshima Corp.	LLTO

Table 6 .

 6 Atomic concentration ratio between Ti2p , P2p and C1s elements from core level spectra fitting.

	Sample	%At C/Ti ratio	%At C/P ratio	Rit at 70°C after stabilisation [Ω.cm 2 ]
	Oh pristine	29.5	2.1	64
	Ohin DMF	23.0	1.5	27
	Ohin ACN	20.0	1.4	14
	OhHeated	18.5	1.2	5

Table 8 .

 8 Fitted area of XPS Ti2p core level peaks and FWHM values of P2p peak fitting.

	Oh pristine	91.2	8.8	0.10	1.99
	Ohin DMF	88.2	11.8	0.13	1.97
	Ohin ACN	87.6	12.4	0.14	1.92
	OhHeated	90.9	9.1	0.10	2.07

Sample %At Ti (IV) %At Ti (III) %At Ti (III)/%At Ti (IV) ratio FWMH [eV] P2p Pursuing our investigations, we calculate the relative variation of cation/anion (Ti, P, Ge, Al)/O ratio for the different samples as shown in Figure 59. The fitted peak area and corresponding atomic concentration are given in

Table A2 -4 in Annex.

 A2 In the case of Al and Ge element, the at% are based on the fitting of Ge2p spectra and Al2p spectra.

Table 9 .

 9 Ratio of metal ion atomic concentration of Oh (pristine or treated) ceramic bulk and surface determined from XRF and XPS experiment, respectively.

	Technique Bulk composition X-ray fluorescence		Surface composition XPS	
	Ratio	Oh pristine	Oh pristine Oh in DMF	Oh in ACN	Oh heated
	Ti/P	0.2	0.07	0.06	0.07	0.06
	Ti/Ge	0.84	0.11	0.11	0.11	0.11
	Ti/Al	0.92	0.16	0.14	0.15	0.13
	Ge/P	0.29	0.58	0.56	0.59	0.57

Table 10 .

 10 Binding energy position (eV) of the XPS core peaks of Ti2p element along with peaks fitted area

	Sample	%At Ti (IV)	%At Ti (III)	%At Ti (III)/%At Ti (IV) ratio
	Oh pristine	91.2	8.8	0.10
	Ohin ACN	87.6	12.4	0.14
	OhHeated	90.9	9.1	0.10
	Ohin ACN/PEO1M	80.8	19.2	0.24
	Ohheated/PEO1M	84.5	15.6	0.18

Table A2 - 6 Table A2 -

 A26A2 

6 in Annex, are always in the range [0.85 ; 1] reflecting a good contact between SPE and CE.

Table 11 .

 11 LLTO/Electrolyte Rit values, characteristic frequency and Ea evaluated from multilayer cell impedance fitting.

	Electrolyte	Temperature [°C]

Rit [Ω.cm²] Characteristic frequency

[Hz] 

Table 12 .

 12 Li transference number in electrolytes obtained by PFG-NMR at 25°C for TEG3 and 80°C for polymer electrolyte using EIS.

	Electrolyte	t +
	TEG31M LiNO3	0.85.
	TEG31M LiTFSI	0.45

Table 13 .

 13 Comparison of design cell multilayer assembly effective ionic conductivity with the theoretical one using Oh ceramic plate and TEG4-1 M LiTFSI or PC-1 M LiTFSI electrolytes. (Note: the cell geometric factor (length and section) in the case of 4-electrode and 2-electrode EIS measurements have been evaluated thanks to KCl impedance measurement.

	Electrolyte	EIS measurement	Theoretical HF	Effective HF
			conductivity [S.cm -1 ]	conductivity [S.cm -1 ]
	TEG41M-LiTFSI	2-electrodes	2.9 10 -3	2.8 10 -3 (2% gap)
		4-electrodes	2.8 10 -3	2.8 10 -3
	PC1M-LiTFSI	2-electrodes	2.8 10 -3	3.0 10 -3
		4-electrodes	4.5 10 -3	4.4 10 -3 (3% gap)

Table 14 .

 14 Comparison of MF resistance and characteristic frequency fitted from 4-electrode EIS spectrum of cell multilayer assembly and 2-electrodes coin cell assembly.

	Electrolytes	Impedance measurement	Cell type	MF characteristic frequency [Hz]	MF resistance [Ω.cm²]
	TEG41M-LiTFSI/Oh	2 Electrodes 4 Electrodes	Coin cell Designed cell	489 796	98 136
	PC1M-LiTFSI/Oh	2 Electrodes 4 Electrodes	Coin cell Designed cell	94 74	646 434

Table 15 .

 15 Comparison of HF and MF resistances fitted from 4-electrodes EIS spectra multilayer assembly measured in between two electrolyte reference electrodes (Ref Li vs Ref Li, configuration 1) or in configuration 2 in between oneLi reference electrode and one reference electrode placed on ceramic.

	Impedance measurement	RHF[Ω]	RMF [Ω.cm²]

4-electrodes between RefLi and RefCE (conf. 2. Side1) 2227 187 4-electrodes between RefLi and RefCE (conf. 2. Side2) 1446 267 Serie Sum EIS spectra Side 1 +Side 2 3594 466 4-electrodes between RefLi and RefLi (conf. 1) 3865 536

Table A2 -

 A2 

1. NMR estimation of the x-wt % of DMF solvent in PEO membranes from NMR signal peak intensity integration.

Table A2 -

 A2 

	O	72.5	/
	P	15.0	13.5
	Ge	4.3	4.3
	Ti	3.6	3.4
	Al	3.92	3.5
	Zr	0.23	/
	Si	0.35	/

2. Elemental composition of Oh pristine ceramic determined by X-ray fluorescence spectroscopy.

Element Atomic conc. % (measured) Atomic conc. % (Corrected from subphase and impurities)

Note 2. Electrolyte/Oh wetting angle measurement

  

				Oh pristine			Ohin ACN	
	Electrolyte	5 sec after drop	15 sec after drop	5 sec after drop	15 sec after drop
			contact [°]	contact [°]	contact [°]	contact [°]
	DMF -1M LiTFSI	35		34		43		38	
	TEG3 -1M LiTFSI	40		37		29		29	
	NBNM-pip-TFSI	51		49		44		42	
	1B3M-imi TFSI	37		37		38		34	
	Table									
		Sample	C-C		C-O	%At	C=O		O=C-O
	Oh pristine	85		8.6		2.3		3.6	
	Ohin DMF	76.4		13.8		4.7		5.1	
	Ohin ACN	72.5		14.5		6.2		6.8	
	OhHeated	74.1		18.7		3.6		3.5	
					in DMF	Oh in ACN	Oh heated
			Position	At. Conc.	Position	At. Conc.	Position	At.	Position	At.
			[eV]	[%]	[eV]	[%]	[eV]	Conc.	[eV]	Conc.
								[%]		[%]
	O1s	OH -default	532.7	12.9	532.6	13.9	532.6	12.5	532.7	15.7
		O structure	531.5	39.4	531.5	40.3	531.4	41.8	531.5	36.5
	Ti	Ti(IV)	460	1.4	459.9	1.2	459.9	1.2	460.0	1.2
		Ti(III)	458.5	0.1	458.6	0.1	458.6	0.2	458.7	0.1
	P 2p	P	134	22.2	133.9	21.3	133.8	21.0	133.9	19.8
	Ge 2p	Ge 2p 2/3	129.3	4.0	129.1	3.7	129.1	3.8	129.2	3.4
		Ge 2p 1/2	125.0	8.5	125.0	7.9	125.0	8.2	125.0	7.4
		Ge 2p 3/2	1218.9	0.4	1220.6	0.5	1220.6	0.5	1220.7	0.4
	Si 2p	Si	101.1	1.7	102.8	1.5	102.8	1.7	102.7	6.0
	Al	Al 2s	120.1	3.6	120.0	3.4	119.8	3.4	120.1	3.6
		Al 2p	73.3	6.0	75.1	6.2	75.0	5.8	75.2	5.9
		Ratio								
		Ti/O		0.03		0.02		0.03		0.02
		P/O		0.42		0.39		0.39		0.38
		Ge/O		0.25		0.22		0.23		0.22
		Al/O		0.18		0.18		0.17		0.18
	Ti/(P+Ge+Al)		0.03		0.03		0.03		0.03
		Si/O		0.03		0.03		0.03		0.12

Table 16 .

 16 Literature comparison of DLi in NCA based electrode using various electrode surface area.

	DLi+ range (cm².s -1 )*	Methods	Active surface area used	Ref.
	Taken in DLi vs xLi curve		in DLi calculation	
	central potential plateau			
	[2x 10 -10 ; 3 x10 -10 ]	GITT and DC	Electrode geometric surface	27
		Polarization		
	[5x10 -12 ; 6x10 -10 ]	GITT	Surface collector area (geometric	29
			surface)	
	[4x10 -12 ; 1x10 -11 ]	EIS	Oxide particle surface area calculated	33
			from the AM's secondary particle size	
	[7x10 -11 ; 1x10 -11 ]	GITT	Electrode geometric surface (1.539 cm²)	34
	[3x10 -13 ; 1x10 -9 ]	GITT	Geometric electrode area	28
	[1x10 -14 ; 5x10 -10 ]	GITT	Geometric electrode area	35
	[1x10 -12 ; 1x10 -10 ]	GITT	Geometric electrode area	65
	1.7x10 -9	GITT	AM particle radius as a measure of the	31
			diffusion length measured by laser	
			diffraction	
	[1x10 -12 ; 7x10 -11 ]	GITT	AM's BET surface area	36
	7 x10 -7	DC Polarization	Electrode geometric area	32
	3 x10 -12	Cyclic	Area occupied by the cathode material	66
		voltammetry		
	2 x10 -11	Cyclic	Electrode geometric area	67
		voltammetry		
	1.4 x10 -11	Classical GITT	AM powder BET	
	1.3 x10 -11			
				This
				work

Table 17 .

 17 Summary of the results obtained from the BET measurements on several electrodes and electrode components.

Table 19 .

 19 DLi calculated from classical GITT method using short time slope for different lithium-ion salt concentration and using corrected AM powder BET as electrode active surface area estimation.

	Electrolyte concentration	1 M	0.1 M	0.01 M
	Average DLi GITT [cm².s -1 ]	1.3 10 -11	4.4 10 -12	1.9 10 -12

Table 21 .

 21 Intrinsic Damb in liquid electrolyte for various lithium salt concentration and using either NMR method or AC impedance method.

Table 22 .

 22 DLi-eff estimated inside NCM-PC based composite electrode pores and electrolyte separator from electrolyte diffusion coefficient D0 measured using PFG-NMR.

	Electrolyte effective diffusion coefficient [cm².s -1 ]	0.01 M	Concentration 0.1 M	1 M
	into composite electrode porosity	9.4 10 -7	9.2 10 -7	3.6 10 -7
	(MacMullin number = 6.2, from literature)			
	into composite electrode porosity	7.2 10 -7	6.9 10 -7	2.7 10 -7
	(MacMullin number = 8.2)			
	into electrolyte separator porosity (MacMullin number = 10.3)	5.6 10 -7	5.5 10 -7	2.2 10 -7

  With NCM622 theoretical capacity 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒕𝒉 𝑨𝑴 of 277.3 mAh.g -1143 and using the measured reversible capacity 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒓𝒆𝒗 𝑨𝑴 and cell first capacity loss as irreversible capacity 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒊𝒓𝒓𝒆𝒗 𝑨𝑴 .

	𝒙 𝑳𝒊,𝒎𝒂𝒙 =	𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒕𝒉 𝑨𝑴 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒕𝒉 𝑨𝑴 -𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒊𝒓𝒓𝒆𝒗 𝑨𝑴	(40)
	𝑥 𝐿𝑖,𝑚𝑖𝑛 =	𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡ℎ 𝐴𝑀 𝐴𝑀 -( 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑟𝑒𝑣 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑡ℎ 𝐴𝑀 + 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑖𝑟𝑟𝑒𝑣 𝐴𝑀 )	(41)

Table 24 .

 24 Summary of the solid polymer electrolyte notation and concentration.

	Polymer electrolyte notation	Targeted LiTFSI concentration [mol.L -1 ]	Measured LiTFSI concentration (ICP) [mol.L -1 ]	EO/Li
	PEO-LiTFSI-2 M	2	1.7	11.4
	PEO-LiTFSI-1 M	1	0.95	23
	PEO-LiTFSI-0.5 M	0.5	0.47	50
	PEO-LiTFSI-0.1 M	0.1	0.09	274
	PEO-LiTFSI-0.01 M	0.01	0.006	4163
	PEO-LiTFSI-0.001 M	0.001	0.0033	7572

Table 25 .

 25 Estimated limiting current density of PEO-LiTFSI-x M Li symmetric cells using Damb and t + measured by PFG-NMR.For liquid electrolytes, diffusion coefficients and transference numbers are calculated from EIS spectra analysis and PFG-NMR. The values are gathered in Table

	PEO-LiTFSI	1 M	0.1 M	0.01 M	0.001 M
	jlim [mA.cm -2 ]	45	3	0.3	0.023
	➢ Liquid-based electrolyte				

Table 26 .

 26 Summary of the data obtained from liquid electrolyte EIS fitting recorded at 25°C.In this first part, we investigate the bulk transport properties of PEO-LiTFSI-x M and liquid electrolytes LP30*-x M in terms of ionic conductivity, diffusion coefficient and transference number. Except of very diluted electrolyte (0.001 M), that deserves proper investigation, the bulk properties of the present polymer are consistent with literature data. The next section is focusing on the interfacial processes at the Li electrode interface using 2 different electrolyte chemistries (ether based vs. carbonate based, different transport properties), salt (TFSI -vs. PF6 -anions) at different temperatures (80 vs. 25°C).

	Liquid Electrolyte -LP30*	Damb [cm².s -1 ]		t +
	Method	EIS	PFG-NMR	EIS	PFG-NMR
	1 M	1.02 10 -6	2.2 10 -6	0.33	0.38
	0.1 M	/	5.7 10 -6	/	0.38
	0.01 M	/	5.8 10 -6	/	0.35
	2.4. Li metal/Electrolyte interface impedance		
	2.4.1. MF loop variation with time			
	➢ PEO-based electrolyte				

DMF was preferred to ACN due to its lower volatility, limiting solvent evaporation during electrolyte formulation.

Raman spectra were obtained with a Renishaw InVia spectrometer in micro-Raman configuration (objective x50) equipped with a Peltier cooled CCD detector. A 785 nm excitation have been used to probe samples that have been preliminary sealed in an airtight capsule with a glass window. The experiments were done with the help of Dr. Philippe Dumaz and Dr. Tanguy Picard (LEPMI, Grenoble).

The ICP experiments were performed at the LEPMI thanks to the help of Mr. Vincent Martin (LEPMI-Grenoble).

XPS experiments were performed in collaboration with Dr. Anass Benayad from CEA LITEN-PNFC, Grenoble.

XRD measurements were performed by Stéphane Coindeau (SIMP/CMTC-Grenoble) and their analysis were made with the help of Dr. Emmanuelle Suard (ILL-Grenoble).

As already discussed, BET of the AM was used for the calculation of DLi. We will discuss later the impact of the surface area on DLi estimation and propose a more accurate way to estimate the surface area of the electrode and of the electroactive material in the electrode.

BET experiments were performed in collaboration with Valérie Magnin from IsTerre Lab.-Grenoble. A large part of the work (not presented in this manuscript) has been devoted improving BET measurement accuracy tanks to the precious help of Valérie Magnin.

Modelling and fitting will be explained later on in this Chapter.

The laser granulometry experiments were performed at the LEPMI thanks to the help of Ms. Camille Jourdin (LEPMI-Grenoble)

All electrodes have been calendared to reach similar porosity (ca. 38%).

The details of the methodology and data analysis are given in Chapter 4.

Constant phase element (CPE) was used instead of real electric capacitor to account the electrical properties distribution of interfaces within the cell.

are independent to electrode potential and on average close to 233 Ω.cm² and 479 Ω.cm²

Table 23.Summary of EIS features evolution with several cell parameters along with their assignment

Power law dependency of Rct whose charge transfer coefficient appears to depend on electrode lithium content (drop at the end of the lithiation). The symmetry factor was found consistent with the one evaluated from Rct vs. CLi.

i) one contribution independent of salt concentration, native SEI type ii) a second contribution that follows a power law dependency but whose interfacial capacitances is independent of salt concentration.

Thermal behaviour

Activation energy of Rit in the range of 0.2 eV-0.9 eV and was found equal to 0.72 eV and 0.6 eV for Oh/PEO and Oh/PC (carbonate). Ea depends on electrolyte nature (solvent donor number-desolvation step) and salt counter anion. Ea is independent of salt concentration.

Activation energy of 0.56 eV at NMC/LP30 interface. Ea is independent of salt concentration and AM composition (potential).

Activation energy in the range of 0.7-0.8 eV and 0.6 eV at Li/PEO and Li/LP30* interface, respectively. Ea is independent of salt concentration.

Surface composition

Li-ion transfer kinetics highly depends on ceramic preparation protocol. Ceramic surface composition can be tuned affect Rit (increase/decrease) / Interfacial contribution strongly depends on Li metal foil history.

Electrolyte bulk ionic conductivity

Direct correlation between electrolyte bulk ionic conductivity and Rit. The more conductive the electrolyte, the lower the Rit.

/

Correlation not valid in the case of Li metal interface (Rint(LP30/Li) > Rint(PEO/Li)) Potential dependency/Electrode lithium content Rit was found independent of interfacial polarisation (using a 4-electrode set-up).

Rct-xLi curve recorded at NMC/LE can be perfectly described by Butler Volmer model whose symmetry coefficient was found ca. 0.3 -0.4 and consistent with the one evaluated from Rct-concentration dependency.

Strong irreversible evolution of Rint under polarization. Preliminary interfacial formation steps are required to reach a reversible state. 

Glossary and notations