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A two-step up-scaling methodology is established to determine a temporal Electric Equivalent Circuit (EEC) model of aged graphite electrodes. The methodology is fed with original experimental results of graphite impedance spectra obtained upon aging on graphite-NMC pouches instrumented with reference electrodes. An analytical expression is first derived which includes the impedance contributions from interfacial kinetics, double-layer adsorption, solidphase diffusion processes in the graphite particles as well as lithium diffusion through the SEI layer. The derivation of the temporal EEC model from this analytical expression using Foster series allows to link the EEC model parameters to materials properties and to tune the accuracy of the model by choosing the number of RC elements in the series. The validity of the model is ascertained by comparison with the experimental data obtained at different aging time and for two cycling temperature conditions. In particular, accounting for lithium diffusion through the SEI is necessary to capture the evolution of the impedance spectra of significantly aged graphite electrodes.

Introduction

Mathematical models are a useful tool to quantify the different physical mechanisms that drive battery performances and to understand their evolution along the battery lifetime. A huge research effort devoted to battery modeling started in the 60s with different approaches such as Electric Equivalent Circuit (EEC) models [START_REF] Randles | Kinetics of rapid electrode reactions[END_REF], but also electrochemical ones like the so called porous electrode model approach introduced by Newman and Tiedeman in 1975 [START_REF] Newman | Porous-electrode theory with battery applications[END_REF] and applied on Lithium-Ion Battery (LIB) in the 90s [START_REF] Doyle | Modeling of Galvanostatic Charge and Discharge of the Lithium/Polymer/Insertion Cell[END_REF] [START_REF] Doyle | Comparison of Modeling Predictions with Experimental Data from Plastic Lithium Ion Cells[END_REF]. On one hand, EEC models, considered as semiempirical models, simplify the multi-physics behavior of the cell to obtain a representation with an electric circuit, which makes them easy to implement in a Battery Management System (BMS). On the other hand, physics-based models take into account the complex mechanism occurring in the porous electrodes.

Electric Equivalent Circuit models are famous semi-empirical models, which are fitted to experimental data without direct relations to the physicochemical mechanisms occurring inside the LIB [START_REF] He | Evaluation of Lithium-Ion Battery Equivalent Circuit Models for State of Charge Estimation by an Experimental Approach[END_REF] [START_REF] Nikolian | Lithium Ion Batteries-Development of Advanced Electrical Equivalent Circuit Models for Nickel Manganese Cobalt Lithium-Ion[END_REF]. They over-simplify the electrochemical behavior of the battery, thereby, they have a simpler construction and a faster computation time. Among their various applications, they can be employed in Battery Management System (BMS), where computational resources are limited, or for the sizing of modules or battery packs with specific requirements. However, since these models are adjusted from experimental data, they are often poor predictor of the battery behavior under different operating conditions and specially, cannot be extrapolated to other cells or LIB technologies. Many different EEC models are suggested in the literature.

Among them, the Transmission Line Model (TLM) has been introduced by De Levi in 1964 [START_REF] Levie | On porous electrodes in electrolyte solutions -IV[END_REF] based on a physical approach, as it takes into account the porous nature of the electrode. It is commonly applied and developed on porous electrode to analyze EIS spectra, by considering electronic and ionic paths through the solid phase and the electrolyte in the pores respectively [START_REF] Gordon | Electrochemical Impedance Spectroscopy response study of a commercial graphite-based negative electrode for Li-ion batteries as function of the cell state of charge and ageing[END_REF] [START_REF] Illig | Modeling graphite anodes with serial and transmission line models[END_REF].

Electrochemical models are physics-based, describing the physical phenomena in the cell via mathematical equations. In these models, different physics are coupled such as electrochemical reactions, transport equations and thermal effects. Local conditions inside the cell, such as local potentials or concentrations, and global physical variables of the electrochemical cell are thus accessible. These models have been developed by Newman's group on a cell model based on lithium anode, a solid polymer electrolyte and an insertion composite cathode material [START_REF] Doyle | Modeling of Galvanostatic Charge and Discharge of the Lithium/Polymer/Insertion Cell[END_REF]. Due to its success, several researchers used similar electrochemical models for Li-ion batteries to analyze and then optimize the performance and the design of the battery. Since then, many approaches have been presented in the literature such as, the Pseudo two-Dimensional (P2D) model [START_REF] Jokar | Review of simplified Pseudo-two-Dimensional models of lithium-ion batteries[END_REF] and the single particle one (SPM) [START_REF] Santhanagopalan | Review of models for predicting the cycling performance of lithium ion batteries[END_REF]. Although, these models allow predicting the behavior of the system, they require the knowledge of the electrodes design and materials properties not provided by cell manufacturers and non-negligible computational time.

The main objective of an up-scaling methodology is to get the link between local physical phenomena taking place in the battery and the parameters of physics-based EEC models. It allows to define the different EEC model components as function of the physical parameters at the electrode scale. This approach has been presented in several forms. Meyers et al. [START_REF] Meyers | The Impedance Response of a Porous Electrode Composed of Intercalation Particles[END_REF] were among the first research groups to present an analytic impedance of a single particle electrode model accounting for the interfacial transfers. Simulation of the impedance for the complete battery considering a porous electrode has also been proposed by Doyle et al. [START_REF] Doyle | Computer Simulations of the Impedance Response of Lithium Rechargeable Batteries[END_REF]. For the last years, many studies have been presented to enrich these up-scaling approaches with respect to the physics proposed by Newman for a porous electrode model. These include the work proposed Sikha and White [START_REF] Sikha | Analytical Expression for the Impedance Response of an Insertion Electrode Cell[END_REF], Huang et al. [START_REF] Huang | An Agglomerate Model for the Impedance of Secondary Particle in Lithium-Ion Battery Electrode[END_REF], Gruet et al. [START_REF] Gruet | On the electrochemical impedance response of composite insertion electrodes. Toward a better understanding of porous electrodes[END_REF]. These models can identify the origin of different constant times in the frequency domain. However, they do not look for representing the Warburg element, i.e. the diffusion impedance, with real electric components (LRC). The formalization of this transformation from an analytical expression to an EEC model with only real electric components is suggested by some studies [START_REF] Kuhn | Modelling Ni-mH battery using Cauer and Foster structures[END_REF].

Many works [START_REF] Vetter | Ageing mechanisms in lithium-ion batteries[END_REF] [START_REF] Barre | A review on lithium-ion battery ageing mechanisms and estimations for automotive applications[END_REF] have demonstrated the importance of considering the effects of the SEI layer at the negative electrode, which is a key element in the capacity fading estimation of the cell. In this paper, an up-scaling methodology is applied to model the performance of fresh and aged negative graphite electrodes. Measurements of graphite electrode impedances at various state of health have been performed to feed the models. The up-scaling methodology is developed in order to bridge the gap between the physical and geometrical parameters of the physics-based models at the electrode scale and the empirical parameters of equivalent electric circuit EEC models used for battery sizing and/or management. Our methodology is established in two stages. First, the single particle model is considered taking into account the electrochemical insertion reaction and diffusion processes as well as the equilibrium potential contribution. Based on original experimental results, the lithium ions diffusion through the SEI layer is added as its thickness increases significantly with the negative electrode aging. The physical equations are solved in the frequency domain to obtain an analytical impedance model valid for both fresh and aged graphite electrodes. This impedance takes into account Warburg diffusion contributions in both the active material, considered as a spherical particle, and the SEI layer. Second, this impedance model is mathematically simplified in a series of R-C elements in parallel. The obtained formulation is well adapted to real-time applications since it involves only R-C type elements to capture both diffusion processes in the active material and in the SEI layer. Finally, the proposed up-scaling methodology is validated thanks to original aging experiments conducted on cells with a reference electrode.

Experimental results

Materials

The NMC-based positive electrode contains 92 wt% of Li-Ni0.6Mn0.2Co0.2O2, 4 wt% of carbon black and 4 wt% of PolyVinyliDene Fluoride (PVDF) coated on an aluminum foil. The graphite-based negative electrode is made of 97.4 wt% of graphite with 1.3 wt% of CMC (sodium carboxymethyl cellulose) and 1.3 wt% of SBR (styrene butadiene rubber) coated on a copper foil. The electrodes were manufactured considering a loading of 18.2 mg/cm² for the positive and 10.5 mg/cm² for the negative with a porosity of 24% and 26% respectively. The separator is a 25 µm thick mono-layer (PP) Celgard 2400. The electrolyte consists of 1M of lithium hexafluorophosphate (LiPF6) in 1:1:1 weight proportion of ethylene carbonate (EC), ethyl methyl carbonate (EMC), and dimethyl carbonate (DMC) [START_REF] Chaouachi | Experimental and theoretical investigation of Li-ion battery active materials properties: Application to a graphite/Ni 0.6 Mn 0.2 Co 0.2 O 2 system[END_REF].

Pouch cell design

The studied cell design consists of a pouch cell containing the negative electrode, the positive electrode, one separator, and two reference electrodes, a lithium foil and a LFP electrode, inserted between the positive electrode and the separator. The two reference electrodes are covered with an extra separator to avoid short circuit, as described Figure 1. The pouch cells are assembled in a dry room (-20°C dew point) and filled with electrolyte in an Argon filled glove box. The geometrical electrode surface areas 𝑆 g is 12.25 cm² (3.5x3.5 cm) for the negative and 10.24 cm² (3.2x3.2 cm) for the positive. These dimensions are chosen to ensure a good coverage of the positive electrode by the negative one, while trying to keep this mismatch as low as possible. For Electrochemical Impedance Spectroscopy (EIS) measurements, lithium foil reference electrode suffers from a too low stability [START_REF] Ender | Analysis of Three-Electrode Setups for AC-Impedance Measurements on Lithium-Ion Cells by FEM simulations[END_REF] and can also cause artificial EIS response detected in Nyquist plots as a "spiral type" behavior, leading to a lack of reproducibility [START_REF] Tatara | The Effect of Electrode-Electrolyte Interface on the Electrochemical Impedance Spectra for Positive Electrode in Li-Ion Battery[END_REF]. These effects make them non-efficient for investigations during aging or impedance measurements.

Alternative solutions are proposed in the literature to limit these effects. As reference electrodes must have a stable potential over a large SOC range, lithium titanate (Li4Ti5012) and lithium iron phosphate (LiFePO4) have recently attracted considerable attentions as reference electrodes for EIS [START_REF] Gordon | Electrochemical Impedance Spectroscopy response study of a commercial graphite-based negative electrode for Li-ion batteries as function of the cell state of charge and ageing[END_REF][START_REF] Juarez-Robles | Impedance Evolution Characteristics in Lithium-Ion Batteries[END_REF][START_REF] Gordon | Electrode contributions to the impedance of a high-energy density Li-ion cell designed for EV applications[END_REF][START_REF] Costard | Three-Electrode Setups for Lithium-Ion Batteries: II. Experimental Study of Different Reference Electrode Designs and Their Implications for Half-Cell Impedance Spectra[END_REF][START_REF] Levi | Impedance Spectra of Energy-Storage Electrodes Obtained with Commercial Three-Electrode Cells: Some Sources of Measurement Artefacts[END_REF]. For the present work, LFP is manufactured as an alternative solution to lithium electrode, to follow the electrodes potential and the impedance spectra evolution during the aging tests. This reference electrode is prepared by mixing a commercial LiFePO4 active material from BeLife with Super P65 as carbon conductive additive and PVDF as binder before a coating on an aluminum mesh. This reference electrode is inserted inside the 4-electrode pouch cell design presented Figure 1. The Li reference electrode is kept in the system to control the potential of the electrodes. A partial delithiation of LiFePO4 is performed in situ once the cell is assembled and charged at a C/50 rate to reach the 3.424V vs Li + /Li potential plateau and a stoichiometry of around 0.5.

Aging experiments

Two experimental series have been launched, one at 25°C and the second one at 45°C. The aging tests were conducted for 600 cycles according to the following protocol. Cells are charged at a C/2 rate, up to 4.2 V. A floating step is applied by keeping the potential at 4.2 V until the current drops below C/50. After a 15-minutes breakoff rest, cells are discharged at a 1C rate, up to 2.5 V, followed by a 15 minutes rest before a new cycle begins. The cell's capacities were checked every 50 cycles by performing a charge/discharge cycle at C/10. Potentio-Electrochemical Impedance Spectroscopy (PEIS) measurements were performed at beginning of life, middle cycling (200 cycles for the cell aged at 25°C, 250 cycles for the cell aged at 45°C) and end of life (600 cycles). The EIS measurements were performed at 25°C, at different SOC with a voltage amplitude of 5mV. The frequency range was set to 200 kHz-10 mHz with 8 points per decade. To reach the desired SOC, a galvanostatic discharge at C/10 is applied during 1h, followed by a rest period of 1h to reach equilibrium before the PEIS measurement.

The impedance spectra of the negative electrode measured for the cells cycled at 25°C and 45°C are presented in Figures 2a and2b respectively. At beginning of life, the spectra are very similar for the two cells, which confirms the reproducibility of the measurement. The impact of the SOC remains limited, except when the cell is fully discharged which corresponds to a delithiated graphite electrode. Whatever the SOC, the Nyquist plots consist of a first out-ofshaped semicircle in high and intermediate frequency ranges and a straight line inclined at a constant angle to the real axis in the lower frequency range. The first capacitive arc is related to the charge transfer phenomenon. The flattened shape can be observed in the case of porous electrodes with limited ionic conductivities. The straight-line in the low frequency limit is due to diffusion phenomena that can be described with a Warburg contribution.

With aging, we can observe the appearance and growth of another semi-circle at high frequency.

This additional semi-circle is generally attributed to the resistive and capacitive effects of the solid electrolyte interphase (SEI) film at surface of the graphite [START_REF] Sikha | Analytical Expression for the Impedance Response of an Insertion Electrode Cell[END_REF][START_REF] Gordon | Electrochemical Impedance Spectroscopy response study of a commercial graphite-based negative electrode for Li-ion batteries as function of the cell state of charge and ageing[END_REF][START_REF] Heins | Development of a new Electrochemical Impedance Spectroscopy Approach for Monitoring the Solid Electrolyte Interphase Formation[END_REF]. The formation of this film results from a reduction of the electrolyte at typical working potentials. The growth of the semi-circle is more important at 45°C in accordance with SEI build-up mechanisms. Besides the growth of this semi-circle, we can observe the appearance and growth of a domain with a constant slope between the two semi-circles. This domain is particularly visible for the aging at 45°C. Given its shape and the frequency domain, this slope can be related to the diffusion of lithium ions through the SEI.

Figure 2: Graphite electrode EIS spectra measured at room temperature and different SOC for (a) the cell cycled at 25°C and (b) 45°C; (left) beginning of life, (middle) middle of aging (60% SOH at 25°C / 70% SOH at 45°C), (right) after 600 cycles (30% SOH at 25°C / 35% SOH at 45°C). A shift between two successive SOC is added to get a clear representation

Up-scaling methodology:

Up-scaling methodology from the physics-based to the analytical impedance model

In a lithium ion-battery, the electrode can be presented schematically using three important domains: a particle representative of the active material, an electronic conductor and an ionic one. The electrons are transported in the solid phase composed of the active materials (AM) and electronic conductors and the lithium ions in the liquid electrolyte phase. The electrochemical reaction at the AM/electrolyte interface ensures the reduction/oxidation of the lithium ion before/after their diffusion inside the solid phase of the AM. For the graphite electrode, a SEI film domain is added to this representation to account for the aging effect due to the SEI layer growth at the surface of the graphite particles (Figure 3). This latter is supposed to conduct only the ion and not the electron. The diffusion inside the active material and SEI film is supposed to follow Fick's law while the diffusion in the electrolyte is neglected. With the addition of the SEI layer, the reaction of lithium insertion and de-insertion takes place at the AM/SEI interface as illustrated 

Linearization of Nernst and Butler-Volmer equations:

The reversible potential of the electrode can be expressed considering the modified Nernst equation, which includes an ideal and a non-ideal contribution, the last one being related to the lithium interactions with the host structure [START_REF] Lavigne | Lithium-ion Open Circuit Voltage (OCV) curve modelling and its ageing adjustment[END_REF] [START_REF] Karthikeyan | Thermodynamic model development for lithium intercalation electrodes[END_REF]. Several empirical models have been proposed in the literature to account for these non-ideal interactions, such has the one parameter Margules equation or the Redlich-Kister expansion [START_REF] Karthikeyan | Thermodynamic model development for lithium intercalation electrodes[END_REF]. To derive impedance model, only the variation around the studied stoichiometry is necessary. Considering only the first order expansion for the Redlich-Kister model, an approximation of the equilibrium potential around the studied stoichiometry is:

𝐸 𝑒𝑞 (𝑦 ̅, 𝑇) = 𝐸 0 𝑒𝑞 + 𝑅𝑇 𝐹 [𝑙𝑛 ( 1 -𝑦 ̅ 𝑦 ̅ ) + 𝑙𝑛 ( 𝑘 𝑟,0 𝐶 ̅ 𝑙 𝑆𝐸𝐼 𝑘 𝑜,0 ) -𝛽 1 𝑦 ̅] (1) 
Where 𝐸 0 𝑒𝑞 is the standard equilibrium potential of the reaction, 𝛽 1 an empirical factor deduced from the non-ideal energies of the system (its value might depend on studied stoichiometry), 𝑘 𝑜,0 and 𝑘 𝑟,0 the kinetic constants for oxidation and reduction respectively and 𝐶 ̅ 𝑙 𝑆𝐸𝐼 being the lithium ion concentration at SEI and graphite interface at equilibrium. Note that 𝑦 refers to the stoichiometry of the inserted lithium atom at the surface of the active material defined as 𝑦 = 𝐶 𝑠 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝐶 𝑠,𝑚𝑎𝑥 ⁄ with 𝐶 𝑠,𝑚𝑎𝑥 being the maximum lithium concentration inside the active material (𝐶 𝑠,𝑚𝑎𝑥 = 3,06 10 4 𝑚𝑜𝑙 𝑚 -3 for Graphite) [START_REF] Delacourt | Life Simulation of a Graphite/LiFePO4 Cell under Cycling and Storage[END_REF].

The Butler-Volmer equation for Lithium-ion de-intercalation is given considering a Frumkintype isotherm [START_REF] Levi | The mechanism of lithium intercalation in graphite film electrodes in aprotic media. II Potentiostatic intermittent titration and in situ XRD studies of the solid-state ionic diffusion[END_REF] and using Eq. ( 1) to express the equilibrium potential: 

𝑖

Graphite electrode impedance:

Considering the different transfer phenomena, the negative electrode potential can be presented as:

𝑖 𝑓 = 𝑖 0 [ ( 𝑦 𝑦 ̅ ) 𝑒𝑥𝑝 ((1 -𝛼 𝑟 ) ( 𝐹 𝑅𝑇 𝜂 + 𝛽 1 (𝑦 𝑦 ̅))) -( 𝐶 𝑙 𝑆𝐸𝐼 𝐶 ̅ 𝑙 𝑆𝐸𝐼 ) ( 1 -𝑦 1 𝑦 ̅ ) 𝑒𝑥𝑝 (-𝛼 𝑟 ( 𝐹 𝑅𝑇 𝜂 + 𝛽 1 (𝑦 𝑦 ̅)))] (2) 
𝜂 = 𝑅𝑇 𝐹 ( 𝐶 𝑙 𝑆𝐸𝐼 𝐶 ̅ 𝑙 𝑆𝐸𝐼 -1 ( 1 𝑦 ̅ + 1 1 𝑦 ̅ + 𝛽 1 ) . (y  𝑦 ̅) + 𝑖 𝑓 𝑖 0 ) (3) 
Where 𝑅 𝑆𝐸𝐼 is the ionic SEI resistance and 𝑅 𝑜ℎ𝑚 , the ohmic resistance resulting from the ionic and electronic transport while 𝑖 𝑡𝑜𝑡 represents the total current density passing through the whole negative electrode. It can be divided on two paths at the electrolyte/SEI interface as detailed on Figure 3:

𝑖 𝑖𝑛𝑡 being the total interfacial current density passing through the graphite electrode, defined as the sum of the double layer current density 𝑖 𝑑𝑙 and the faradaic one 𝑖 𝑓 at the surface of the active material:

while 𝑖 𝑑𝑙 𝑆𝐸𝐼 represents the double layer current density due to the SEI film presence.

Considering Eq. ( 4), the graphite electrode impedance (Z) can be defined as follows:

As shown in Eq. ( 5), the total current density, 𝑖 𝑡𝑜𝑡 , between the electrolyte and the active material can be expressed as the sum of the interfacial current density, 𝑖 𝑖𝑛𝑡 and the double layer current density due to the SEI film presence, 𝑖 𝑑𝑙 𝑆𝐸𝐼 . The capacitive SEI film current density is resulting from the separation of charge across the dielectric of the SEI film. Therefore, considering the Fourier-transformed variables and the different potential definitions, 𝑖̃𝑑 𝑙 𝑆𝐸𝐼 can be defined as:

𝑈 = 𝐸 𝑒𝑞 +  + 𝑅 𝑆𝐸𝐼 𝑖 𝑖𝑛𝑡 + 𝑅 𝑜ℎ𝑚 𝑖 𝑡𝑜𝑡 (4) 
𝑖 𝑡𝑜𝑡 = 𝑖 𝑖𝑛𝑡 + 𝑖 𝑑𝑙 𝑆𝐸𝐼 ( 5 
)
𝑖 𝑖𝑛𝑡 = 𝑖 𝑑𝑙 + 𝑖 𝑓 (6) 
𝑍 = 𝑑𝑈 d𝑖̃𝑡 𝑜𝑡 = 𝑑𝜂 ̃+ 𝑅 𝑆𝐸𝐼 𝑑𝑖̃𝑖 𝑛𝑡 𝑑𝑖̃𝑡 𝑜𝑡 + 𝑅 𝑜ℎ𝑚 (7) 
𝑖̃𝑑 𝑙 𝑆𝐸𝐼 = 𝑗𝜔𝐶 𝑑𝑙 𝑆𝐸𝐼 (𝜂 ̃+ 𝑅 𝑆𝐸𝐼 𝑖̃𝑖 𝑛𝑡 ) (8) 
Where 𝐶 𝑑𝑙 𝑆𝐸𝐼 describes the double layer capacitance of the SEI film. Thus, combining the previous equation and Eq. ( 5), the graphite electrode impedance given by Eq. ( 7) becomes:

Which is similar to the one presented by Sikha and White [START_REF] Sikha | Analytical Expression for the Impedance Response of an Insertion Electrode Cell[END_REF] who accounts for the resistive and capacitive effects of the SEI film. To highlight the coupling with the diffusion of lithium ion through the SEI film, we note that the interfacial current density 𝑖ĩ 𝑛𝑡 depends on the lithium concentration at the SEI graphite interface 𝐶 ̃𝑙𝑆𝐸𝐼 . The total derivate of 𝜂 ̃ can be expended as follows, considering a first term at fixed lithium concentration in the SEI, and a second one which depends on the variation of this concentration:

The first term of this equation is expended with respect to the faradic and capacitive currents to get:

Where 𝑄 𝑑𝑙 is a double layer capacity parameter and 𝑍 𝑓 is the faradaic impedance of the electrode defined as function of the overpotential and its dependence on the stoichiometry

(𝑍 𝑓 = 𝑑𝜂 d𝑖̃𝑓 | 𝐶 ̃𝑙 𝑆𝐸𝐼
). Note that a Constant Phase Element, characterized by the factor 𝑄 𝑑𝑙 and the exponent  that may vary between 0 and 1, has been implemented in Eq. ( 11) to model the electric field between the electrode and the electrolyte to account for the non-ideal behavior of the double-layer capacity. 

𝑍

The second term of Eq. ( 10) depends on the variation of the lithium concentration inside the SEI as function of the interfacial current. It accounts for the diffusion of the lithium ions through the SEI film and is therefore noted 𝑍 𝑊 𝑆𝐸𝐼 . Considering Eq. ( 11), the graphite electrode impedance given by Eq. ( 9) can be presented as:

where the faradaic impedance (𝑍 𝑓 ) can be decomposed as:

𝑅 𝑐𝑡 being the charge transfer resistance deduced from the linearized Butler-Volmer equation Eq. ( 3):

introducing 𝑆 g and 𝑆 𝐴𝑀 the electrode geometric and exchange areas to refer to the geometrical surface area of the cell.

For a spherical geometry, the Warburg impedance, 𝑍 𝑊 , of Eq. ( 13) which includes indirectly the dependency of the equilibrium potential to the electrode stoichiometry [START_REF] Song | Effects of Nanoparticle Geometry and Size Distribution on Diffusion Impedance of Battery Electrodes[END_REF][START_REF] Gruet | On the electrochemical impedance response of composite insertion electrodes. Toward a better understanding of porous electrodes[END_REF][START_REF] Cruz-Manzo | Blocked-Diffusion with Frequency Dispersion for Study of EIS in NiMH Batteries[END_REF][START_REF] Schönleber | A Consistent Derivation of the Impedance of a Lithium-Ion Battery Electrode and its Dependency on the State-of-Charge[END_REF],

reduces with the linearized Butler-Volmer equation Eq. ( 3) to (See Appendix A):

𝑍 = 1 𝑗𝜔𝐶 𝑑𝑙 𝑆𝐸𝐼 + 1 𝑅 𝑆𝐸𝐼 + 𝑍 𝑊 𝑆𝐸𝐼 + 1 (𝑗𝜔) 𝛼 𝑄 𝑑𝑙 + 1 𝑍 𝑓 + 𝑅 𝑜ℎ𝑚 (12) 
𝑍 𝑓 = 𝑑𝜂 d𝑖f | 𝐶 ̃𝑙 𝑆𝐸𝐼 = 𝜕𝜂 ∂𝑖f ⏟ 𝑅 𝑐𝑡 + [ 𝜕𝜂 ∂𝑦 ̃] 𝑑𝑦 d𝑖f ⏟ 𝑍 𝑊 (13) 
𝑅 𝑐𝑡 = 𝑅𝑇𝑆 g 𝐹𝑖 0 𝑆 𝐴𝑀 [START_REF] Sikha | Analytical Expression for the Impedance Response of an Insertion Electrode Cell[END_REF])

𝑍 𝑊 = [ 𝑅𝑇 𝐹 ( 1 (1 -𝑦 ̅) + 1 𝑦 ̅ + 𝛽 1 )] 𝑅 𝑝 𝐶 𝑠,𝑚𝑎𝑥 𝐹𝐷 𝑠 𝑆 g 𝑆 𝐴𝑀 1 (√𝑗𝜔𝜏 𝑊 coth(√𝑗𝜔𝜏 𝑊 ) -1) (15) 
Where 𝑅 𝑝 is the particle radius, 𝐷 𝑠 the diffusion coefficient of lithium in the active material and 𝜏 𝑊 the diffusion time in the graphite particle given by 𝜏 𝑊 = 𝑅 𝑝 ² 𝐷 𝑠 .

The diffusion impedance through the SEI film, 𝑍 𝑊 𝑆𝐸𝐼 defined in Eq. ( 10), is determined by considering a diffusion within a planar geometry as the ratio of SEI film thickness on particle radius is very small. Using the general Fick law for the lithium concentration perturbation in liquid phase in a planar geometry, the 𝑍 𝑊 𝑆𝐸𝐼 impedance, according to the linearized Butler-Volmer Eq. ( 3), can be expressed as (See Appendix B):

Where 𝐿 𝑆𝐸𝐼 is the SEI film thickness, 𝐷 𝑙 𝑆𝐸𝐼 the diffusion coefficient of lithium through the SEI film and 𝜏 𝑊 𝑆𝐸𝐼 the diffusion time through the SEI thickness defined as

𝜏 𝑊 𝑆𝐸𝐼 = 𝑳 𝑺𝑬𝑰 𝟐 𝟒𝐷 𝑙 𝑆𝐸𝐼 .
As the physical phenomena related to SEI layer occur in a frequency domain higher than the other phenomena, they can be separated mathematically in the impedance model given by Eq. [START_REF] Meyers | The Impedance Response of a Porous Electrode Composed of Intercalation Particles[END_REF] as follows:

This mathematical simplification is presented schematically in the right part of the Figure 4. 

Up-scaling method: From the analytical impedance models to the temporal EEC models

In the framework of the proposed up-scaling methodology from the analytic to the temporal EEC model with only real electric components (LRC), presenting the Warburg impedances in series is mandatory. To that end, a decomposition of Warburg expression based on Mittag-Leffler's theorem [START_REF] Kuhn | Modelling Ni-mH battery using Cauer and Foster structures[END_REF][START_REF] Takamatsu | Online Parameter Estimation for Lithium-Ion Battery by Using Adaptive Observer for Fractional-Order System[END_REF] is performed. This mathematical development allows identifying any Warburg function with an equivalent impedance composed of series of capacities and resistances in parallel known as Foster structure [START_REF] Foster | A Reactance Theorem[END_REF]. In this section, this methodology is applied to simplify the Warburg functions related either to the lithium diffusion in the graphite particles or through the SEI.

The Warburg impedance 𝑍 𝑊 , has an expression only in the frequency domain. It should be approximated by a series of RC elements to be used in the temporal domain. To perform this approximation in a rigorous way, a mathematical development in series of Eq. ( 15) following by RC identification is presented:

Where 𝑠 = √𝑗𝜔𝜏 𝑊 and 𝑅 𝑊 is the diffusion resistance of lithium in the active material:

The decomposition of Eq. ( 18) based on Mittag-Leffler's theorem [START_REF] Kuhn | Modelling Ni-mH battery using Cauer and Foster structures[END_REF][START_REF] Takamatsu | Online Parameter Estimation for Lithium-Ion Battery by Using Adaptive Observer for Fractional-Order System[END_REF] leads to present the Warburg function as series of simple elements, known in the literature as Foster structure [START_REF] Foster | A Reactance Theorem[END_REF] (See Appendix C):

𝑍 𝑊 = 𝑅 𝑊 (𝑠 coth(𝑠) -1) (18) 
𝑅 𝑊 = [ 𝑅𝑇 𝐹 ( 1 (1 -𝑦 ̅) + 1 𝑦 ̅ + 𝛽 1 )] 𝑅 𝑝 𝐶 𝑠,𝑚𝑎𝑥 𝐹𝐷 𝑠 𝑆 g 𝑆 𝐴𝑀 (19) 
𝑍 𝑊 = 𝑅 𝑊 ( 3 𝑠² + ∑ 2 𝑠² + 𝑠 𝑛 ′ 2 ∞ 𝑛=1 ) (20) 
Where 𝑠 𝑛 ′ is solution of the equation 𝑠 𝑛 ′ = 𝑡𝑎𝑛(𝑠 𝑛 ′) and may be approached by the simplified formula 𝑠 𝑛 ′ ≅ (𝑛 + 1 2

)𝜋 for each integer n  1. Within this representation, the Warburg impedance can be presented as a capacitor connected to a series of RC elements in parallel:

By identification of Eqs. ( 20) and ( 21), the first capacitor 𝐶 0 is a function of the resistance 𝑅 𝑊 :

𝐶 0 = 𝜏 𝑊 3𝑅 𝑊
. The different capacitors 𝐶 𝑛 of the RC series have a constant value whatever the number of RC implemented in the EEC model that only depends on the different physical parameters of the electrode contained in the resistance 𝑅 𝑊 and diffusion time constant 𝜏 𝑊 expressions:

However, the resistance of the EEC elements, 𝑅 𝑛 , depends on the resistance 𝑅 𝑊 and the number of elements 𝑛 used to express the Warburg:

The time constant corresponding to each RC does not depend on the resistance 𝑅 𝑊 and is given by:

Similarly, the Warburg impedance related to the diffusion through the SEI layer, 𝑍 𝑊 𝑆𝐸𝐼 given by Eq. ( 16), can be presented as:

𝑍 𝑊 = 1 𝑗𝜔𝐶 0 + ∑ 1 𝑗𝜔𝐶 𝑛 + 1 𝑅 𝑛 ∞ 𝑛=1 (21) 
𝐶 𝑛 = 𝜏 𝑊 2𝑅 𝑊 = 3 2 𝐶 0 (22) 
𝑅 𝑛 = 2𝑅 𝑊 𝑠 𝑛 ′ 2 (23) 
𝜏 𝑊,𝑛 = 𝜏 𝑊 𝑠 𝑛 ′ 2 (24) 
Where 𝑠 𝑆𝐸𝐼 = √𝑗𝜔𝜏 𝑊 𝑆𝐸𝐼 and 𝑅 𝑊 𝑆𝐸𝐼 is the diffusion resistance of lithium through SEI given by:

The decomposition of Eq. ( 25) based on Mittag-Leffer's theorem and similar to the one of Eq. ( 18) and detailed by Khun et al [START_REF] Kuhn | Modelling Ni-mH battery using Cauer and Foster structures[END_REF] leads to:

Where 𝑠 𝑛 𝑆𝐸𝐼′ is solution of the equation 𝑐𝑜𝑡𝑎𝑛(𝑠 𝑛 𝑆𝐸𝐼′ ) = 0 and equal to 𝑠 𝑛 𝑆𝐸𝐼′ = (𝑛 -

)𝜋 for each integer n  1.

The impedance 𝑍 𝑊 𝑆𝐸𝐼 can therefore be presented as a series of RC elements in parallel:

By identification of Eq. ( 27) and ( 28), the capacitor is given by:

𝑍 𝑊 𝑆𝐸𝐼 = 𝑅 𝑊 𝑆𝐸𝐼 𝑡𝑎𝑛ℎ(𝑠 𝑆𝐸𝐼 ) 𝑠 𝑆𝐸𝐼 (25) 
𝑅 𝑊 𝑆𝐸𝐼 = 𝑅𝑇 𝐹 𝐿 𝑆𝐸𝐼 2 ⁄ 𝐶 ̅ 𝑙 𝑆𝐸𝐼 𝐹𝐷 𝑙 𝑆𝐸𝐼 𝑆 g 𝑆 𝐴𝑀 ( 26 
)
𝑍 𝑊 𝑆𝐸𝐼 = 𝑅 𝑊 𝑆𝐸𝐼 ∑ 2 𝑠 𝑆𝐸𝐼 2 + 𝑠 𝑛 𝑆𝐸𝐼′ 2 ∞ 𝑛=1 (27) 
𝑍 𝑊 𝑆𝐸𝐼 = ∑ 1 𝑗𝜔𝐶 𝑛 𝑆𝐸𝐼 + 1 𝑅 𝑛 𝑆𝐸𝐼 ∞ 𝑛=1 (28) 𝐶 𝑛 𝑆𝐸𝐼 = 𝜏 𝑊 𝑆𝐸𝐼 2𝑅 𝑊 𝑆𝐸𝐼 (29) 
and is the same for all the RC elements of the series, as it does not depend on number n.

Furthermore, the resistance 𝑅 𝑛 𝑆𝐸𝐼 is defined by: with a time constant for each RC element that does not depend on the resistance 𝑅 𝑊 𝑆𝐸𝐼 but on the SEI film thickness 𝐿 𝑆𝐸𝐼 through the diffusion time 𝜏 𝑊 𝑆𝐸𝐼 :

Figure 5 illustrates the corresponding EEC model in the temporal domain for the graphite including SEI. This representation is an extension of the model shown in Figure 4 on the right.

In theory, an infinite number of parallel RC components describes the diffusion mechanisms in both the graphite particle as well as through the SEI. It is worth mentioning that the parameters of the RC models (𝐶 𝑛 , 𝑅 𝑛 , 𝐶 𝑛 𝑆𝐸𝐼 and 𝑅 𝑛 𝑆𝐸𝐼 ) depends only on the resistance parameters 𝑅 𝑊 and 𝑅 𝑊 𝑆𝐸𝐼 , on the characteristic diffusion times in graphite and SEI, 𝜏 𝑊 and 𝜏 𝑊 𝑆𝐸𝐼 , and on the order of the element 𝑛. Having access to the values of these four parameters is therefore crucial, but enough to determine the whole model. 

Validation of the models

In the following sections, the impedance model (Eq. ( 17)) and the temporal EEC model (Figure 5) are compared to the experimental aging data. The physical parameters of the analytical impedance model are first identified by fitting the experimental Nyquist and Bode diagrams.

The resistances and capacities of the EEC model in the temporal domain are then determined from the series expansion and the impedance diagrams are simulated to be compared to the experimental ones.

Fitting of the physical parameters of the analytical impedance model

The analytical impedance model (Eq. ( 17)) is used to extract the electrodes parameters from the impedance measurements at different SOH. In the fitting procedure, the mean particle radius and the electrode thickness are kept constant, at their BOL values of respectively 8 and 77 µm.

The fitting procedure is implemented at beginning of life, mid cycling (200 or 250 cycles) and at the end of life (600 cycles) for a SOC of 100%. The average value of stoichiometry of the inserted lithium atom is estimated equal to 0.6 for a SOC of 100% given the electrodes and cell design [START_REF] Chaouachi | Experimental and theoretical investigation of Li-ion battery active materials properties: Application to a graphite/Ni 0.6 Mn 0.2 Co 0.2 O 2 system[END_REF]. The parameters obtained from the fitting procedure are presented in the Table 1.

As seen Figure 6, a relatively good agreement is obtained between the analytical impedance model and the experimental data for both the Nyquist and the Bode representations. Therefore, for the graphite, a single particle model with a CPE approximation is a good alternative to fit the predominant physics from the middle to the low frequency domain. For the high frequency domain, considering an SEI layer including lithium diffusion through it, is enough to fit this zone. In addition to that, these results confirm that the presence of the SEI controls this frequency domain. At low frequency, some small discrepancies are visible. They might come from the lithium diffusion in the electrolyte phase, which was not accounted for in the present model. Accounting for the contribution of lithium diffusion in both liquid and solid phases in a porous electrode with a simple analytical expression is not trivial [START_REF] Sikha | Analytical Expression for the Impedance Response of an Insertion Electrode Cell[END_REF] and was not considered, as the main modifications occurring with aging happen at high frequency. During aging, the charge transfers resistance increases from 3.5 to 6.3  cm² and from 3.7 to 8.1  cm² respectively at 25°C and 45°C. Considering an exchange current density i0 equal to 5 A/m² according to [START_REF] Chaouachi | Experimental and theoretical investigation of Li-ion battery active materials properties: Application to a graphite/Ni 0.6 Mn 0.2 Co 0.2 O 2 system[END_REF] for a stoichiometry of 0.6, the AM exchange area has been estimated at the beginning of life at 180 cm². Assuming a constant exchange current density during aging, the exchange surface area has been divided by less than 2 and more than 2 at 25°C and 45°C

respectively. The CPE factor  remains almost constant during cycling at 25°C and 45°C even though a small drop is observed for the later value. Similarly, the pseudo double layer capacitance remains constant during aging in both temperature conditions. For the diffusion of lithium in the graphite, described by a Warburg diffusion impedance in the frequency domain, a constant value for the diffusion coefficient was considered for the fitting procedure. Indeed, no evolution of this parameter was required to minimize error. The fitted value, closed to 10 -12 m²/s, agrees with results reported in the literature for graphite, whose values are in the range 3 10 -15 and 1 10 -12 m²/s in [39] [40]. In the same time, the parameter 𝛽 1 , related to the Frumkin-type isotherm (see Eq. ( 2)) is fitted to 159 whatever the aging. This order of magnitude is consistent with value reported for NMC in Chaouachi et al. [START_REF] Chaouachi | Experimental and theoretical investigation of Li-ion battery active materials properties: Application to a graphite/Ni 0.6 Mn 0.2 Co 0.2 O 2 system[END_REF].

According to the effect of temperature on SEI growth, the increase of the SEI resistance is more significant for cycling at high temperature while its double layer capacitance does not change a lot along aging. The SEI thickness estimated from the diffusion contribution (resistance and frequency) has been multiplied by a factor of 4 at both temperatures. Similarly, to the graphite, the lithium diffusion through the SEI layer is described by a Warburg diffusion impedance in the frequency domain. So, constant values for the diffusion coefficient of lithium and for the lithium concentration in SEI are considered for the fitting procedure as EIS spectra are measured in the same conditions (25°C and SOC=100%) in the both aging conditions. The diffusion coefficient value is around 10 -14 m²/s in the same order of magnitude as the value suggested by Huang et al. [START_REF] Huang | An Agglomerate Model for the Impedance of Secondary Particle in Lithium-Ion Battery Electrode[END_REF] while the lithium concentration of the lithium salt in the SEI must be lowered by a factor almost 10 to capture the diffusion resistance through the SEI layer.

This would indicate a lower amount of lithium salt inside a dense SEI layer.

Finally, the characteristic diffusion times are calculated thanks to the physical parameters considered or fitted in the previous section. The diffusion time 𝜏 𝑊 𝑆𝐸𝐼 through the SEI film rises with aging because of the SEI thickness increase while the diffusion time 𝜏 𝑊 in the graphite particle remains constant whatever the operating conditions. 

Temporal EEC model validation

Based on the temporal EEC model for the negative electrode (Figure 5), the Warburg diffusion impedances in graphite and through the SEI can be represented using two series of RC elements in parallel. The number of the RC elements of the Foster series enables to choose the accuracy of the temporal model, and this accuracy can be estimated analytically. In the present work, we have chosen to limit each series to three RC elements in parallel as a good compromise between accuracy and computational time. The two parameters 𝑅 𝑊 and 𝑅 𝑊 𝑆𝐸𝐼 (Table 2) are first calculated thanks to the physical parameters considered or fitted in the previous section (Table 1). Each 𝐶 𝑛 , 𝑅 𝑛 and 𝐶 𝑛 𝑆𝐸𝐼 , 𝑅 𝑛 𝑆𝐸𝐼 element (Table 3), only depends on the order of the series n, the two parameters 𝑅 𝑊 and 𝑅 𝑊 𝑆𝐸𝐼 (Table 2) as well as the diffusion times 𝜏 𝑊 and 𝜏 𝑊 𝑆𝐸𝐼 . This is a strong advantage of the present approach, compared to other methods such as moment matching [START_REF] Li | Control-Oriented Modeling of All-Solid-State Batteries Using Physics-Based Equivalent Circuits[END_REF], as it reduces the number of parameters that needs to be determined, and also provides a link with physical properties of the aged electrode. The values of the circuits are calculated thanks to Eqs. [START_REF] Tatara | The Effect of Electrode-Electrolyte Interface on the Electrochemical Impedance Spectra for Positive Electrode in Li-Ion Battery[END_REF][START_REF] Juarez-Robles | Impedance Evolution Characteristics in Lithium-Ion Batteries[END_REF] and Eqs. [START_REF] Devan | Analytical Solution for the Impedance of a Porous Electrode[END_REF][START_REF] Lavigne | Lithium-ion Open Circuit Voltage (OCV) curve modelling and its ageing adjustment[END_REF] respectively. Figure 7 shows the good agreement between the simulated EIS spectra obtained from the analytical impedance model and the temporal EEC model in the two aged conditions, namely cycling at temperature of 25°C and 45°C. The calculated characteristic time constants are recapped in Table 3. It can be noticed that the estimated characteristic time constant referring to the charge transfer, 𝛕 𝒄𝒕 , is significantly lower than the diffusion time constants and does not change a lot with aging. On the contrary, the characteristic time constant referring to the capacity effect of the SEI, 𝛕 𝑺𝑬𝑰 , rises with aging. It is worth mentioning that this phenomenon is more preponderant at higher temperature. This trend agrees with the SEI growth, which is enhanced at higher temperature. As expected, the characteristic time constants referring to diffusion in the graphite active particles 𝜏 𝑊,𝑛 are much higher than the charge transfer and SEI time constant. In graphite, the values of 𝜏 𝑊,𝑛 are very close together in both condition and remain constant along aging according to the Eq. ( 24). On contrary, the characteristic time constants referring to diffusion through the SEI film, 𝜏 𝑊,𝑛 𝑆𝐸𝐼 rise with aging in both conditions because of the SEI growth according to the Eq. [START_REF] Karthikeyan | Thermodynamic model development for lithium intercalation electrodes[END_REF]. 

Conclusion

In this paper, an up-scaling methodology has been established to determine a temporal EEC model for aged graphite electrodes starting from transport and electrochemical equations. The methodology is fed with original experimental results, where we were able to follow the evolution of a graphite electrode impedance with aging. According to the experimental results, the presence of the SEI is accounted for in the model, not only through its resistive and capacitive effects, but also introducing lithium diffusion through its thickness.

The up-scaling methodology has been established in two steps. The first step consists in mathematically deriving the graphite electrode impedance from the identified aging physics. It leads to an analytic expression of the EEC model in the frequency domain, which depends on electrodes physical properties. In the second step, a temporal EEC model is derived from this analytic impedance expression. To that end, the diffusion impedance expressions in both the active material and in the SEI layer are expended in Foster series using Mittag-Leffler's theorem. This mathematical development leads to an approximation of the diffusion impedances with a series of RC elements in parallel. At the end, the different electric elements of the temporal EEC model are expressed as function of the physical parameters of the graphite electrode.

A comparison with the experimental EIS spectra allows to determine the evolution of the physical parameters with aging and to validate the hypothesis chosen to derive the analytical model. The validation is performed at different aging time and for two cycling temperature conditions. In particular, we show that accounting for lithium diffusion through the SEI allows capturing the evolution of the impedance spectra of significantly aged graphite electrodes without resorting to additional mechanisms. The evolution of the SEI parameters is discussed for two aged conditions (i.e. T=25°C and T=45°C).

Using Foster series, the diffusion expressions can be then simplified in series of RC elements to obtain an EEC model implementable in the temporal domain, as required by real time applications, and whose parameters are expressed with only materials properties. The desired accuracy of the temporal EEC model can be tuned by choosing the number of RC elements in the series. In our case, we show that three RC elements are enough to capture diffusion in both graphite and SEI for the different aging conditions.

The second term is determined by solving Fick law for the lithium concentration perturbation in a spherical geometry in the Laplace domain (isotropic diffusion according to the radial coordinate r):

𝑗𝜔(𝑟𝐶 ̃𝑠) = 𝐷 𝑠 𝑑 2 (𝑟𝐶 ̃𝑠) 𝑑𝑟 2
The general solution of this equation is given by:

𝑟𝐶 ̃𝑠 = 𝐴 sinh (√ 𝑗𝜔 𝐷 𝑠 𝑟) + 𝐵 cosh (√ 𝑗𝜔 𝐷 𝑠 𝑟)
At 𝑟 = 0, at the center of the spherical particle, the finite value of the lithium ion concentration 𝐶 ̃𝑠 implies 𝐵 = 0. At 𝑟 = 𝑅 𝑝 , at the SEI/active material interface, the flux is equal to the current:

𝐽 𝑓 = 𝑖̃𝑓 𝑧𝐹 = -𝐷 𝑠 𝑑𝐶 ̃𝑠 𝑑𝑟 = -𝐷 𝑠 𝐴 𝑅 𝑝 2 {√ 𝑗𝜔 𝐷 𝑠 𝑅 𝑝 cosh (√ 𝑗𝜔 𝐷 𝑠 𝑅 𝑝 ) -sinh (√ 𝑗𝜔 𝐷 𝑠 𝑅 𝑝 )}
where the charge 𝑧 is equal to one for lithium ions. At 𝑟 = 𝑅 𝑝 , at the SEI/active material interface, we have:

𝐶 ̃𝑠(𝑟 = 𝑅 𝑝 ) = 𝑖f𝑅 𝑝 𝐹𝐷 𝑠 1 1 -√ 𝑗𝜔 𝐷 𝑠 𝑅 𝑝 coth (√ 𝑗𝜔 𝐷 𝑠 𝑅 𝑝 )
The expression of the second term therefore reads:

𝑑𝑦 d𝑖̃𝑓 = 𝑅 𝑝 𝐶 𝑠,𝑚𝑎𝑥 𝐹𝐷 𝑠 1 1 -√𝑗𝜔𝜏 𝑊 coth(√𝑗𝜔𝜏 𝑊 )
Where 𝜏 𝑊 = 𝑅 𝑝 ² 𝐷 𝑠 . Combining both term and accounting for the surface ratio between the active material surface and the electrode surface, one gets: The general solution of this equation is given by: At 𝑥 = 0, in the middle of the SEI layer, the perturbation is null for symmetry reason for this transmitive condition, 𝐶 ̃𝑙𝑆𝐸𝐼 = 0. This condition implies 𝐵 = 0. At 𝑥 = 𝐿 𝑆𝐸𝐼 /2, at the SEI/electrolyte interface, the flux is equal to the current: 

𝑍 𝑊 = [ 𝑅𝑇 𝐹 ( 1 (1 -𝑦 ̅) + 1 𝑦 ̅ + 𝛽 
𝐽

Figure 1 :

 1 Figure 1: Schematic description of the 4-electrodes pouch cell design[START_REF] Chaouachi | Experimental and theoretical investigation of Li-ion battery active materials properties: Application to a graphite/Ni 0.6 Mn 0.2 Co 0.2 O 2 system[END_REF] 

Figure 3 .

 3 The analytic expression of the impedance is derived classically by linearizing the governing equation around the open-circuit conditions, converting to Laplace domain the equations with spatial dependence and finally transforming to frequency space [28, 29, 14]. Therefore, in the following, for any variable 𝑋, whose open circuit value is 𝑋 ̅ , we note 𝑋 ̃ the amplitude of the perturbation of pulsation 𝜔: 𝑋 = 𝑋 ̅ + 𝑋 ̃𝑒𝑥𝑝(𝑗𝜔𝑡).

Figure 3 :

 3 Figure 3: Transfer phenomena at the surface of a graphite particle at the negative electrode.

  𝑓 and 𝑖 0 are the current density and the exchange current density respectively, 𝛼 𝑟 being the symmetry factor. Near the equilibrium, the overpotential, 𝜂, supposed small, is estimated considering the linearization of the Butler-Volmer equation with the Taylor expansion: This latter equation accounts for the activation and concentration contributions around the equilibrium (𝑦 ̅ and 𝐶 ̅ 𝑙 𝑆𝐸𝐼 ).

Figure 4 :

 4 Figure 4: Schematic representation for the analytical impedance model of the negative aged electrode. Left: Full expression, Right: Approximated expression.

Figure 5 :

 5 Figure 5: Representation of the EEC model in temporal domain for aged battery for the negative electrode.

Figure 6 :

 6 Figure 6: Comparison between experiment measurements (circles) and analytic model (plain lines) for the graphite electrode for the fully charged cell (SOC=100%) cycled at 25°C (left) and 45 °C (right). Top: EIS spectra in Nyquist representationthe results are shifted by 5 Ohm.cm² for a better readability. Bottom: EIS spectra in BODEthe angle results are shifted by 25 deg for a better readability.

Figure 7 :

 7 Figure 7: Comparison between the analytical impedance model (plain lines) and temporal EEC model (dotted lines) for the graphite electrode at full cell SOC=100% cycled at 25°C (left) and 45°C (right). Top: EIS spectra in Nyquist representationthe results are shifted by 5 Ohm.cm² for a better readability. Bottom: EIS spectra in BODEthe angle results are shifted by 25 deg for a better readability.

1 (

 1 √𝑗𝜔𝜏 𝑊 coth(√𝑗𝜔𝜏 𝑊 ) -1)Appendix B: Laplace transform of finite length diffusion modelThe diffusion impedance through the SEI film is defined by Eq. (10): of this equation is determined from the expression of the overpotential Eq. (3): is determined by solving Fick law for the lithium concentration perturbation in a planar geometry in the Laplace domain:𝑗𝜔𝐶 ̃𝑙 𝑆𝐸𝐼 = 𝐷 𝑙 𝑆𝐸𝐼 𝑑 2 𝐶 ̃𝑙 𝑆𝐸𝐼 𝑑𝑥 2

Table 1 :

 1 Fitted parameters for the analytical impedance model at 25°C and 45°C for graphite

	electrode and SEI						
		25°C			45°C		
	Cycle number 0	200	600	0	250	600
	Fitted parameter for the graphite electrode				
	Ds (m² s -1 )		9.8 10 -13			9.8 10 -13	
	SAM (m²)	1.8 10 -2	1.5 10 -2	1.22 10 -2	1.8 10 -2	1.0 10 -2	0.9 10 -2
	𝑄 𝑑𝑙 (F.cm -2 s - ) 5 10 -4	5 10 -4	5 10 -4	4.5 10 -4	4 10 -4	4 10 -3
		0.7	0.7	0.7	0.65	0.60	0.60
	Rohm (. cm 2 ) 2.8	3.5	4.35	2.7	3.5	4.0
	𝜏 𝑊 (𝑠)		65.3			65.3	
	Fitted parameter for the SEI					
	𝐶 𝑑𝑙 𝑆𝐸𝐼 (F.cm -2 )	1.5 10 -6	1.5 10 -6	1.5 10 -6	1.5 10 -6	1.0 10 -6	1.0 10 -6
	RSEI (.cm 2 )	0.52	1.47	2.47	0.37	2.69	4.5
	LSEI (m)	2.5 10 -8	5.0 10 -8	10.0 10 -8	2.5 10 -8	7.0 10 -8	9.5 10 -8
	DSEI (m² s -1 )		1.1 10 -14			1.1 10 -14	
	𝐶 ̅ 𝑙 𝑆𝐸𝐼 (𝑚𝑜𝑙 𝑚 -3 )		100			100	
	𝜏 𝑊 𝑆𝐸𝐼 (𝑠)	1.47 10 -2	5.90 10 -2	2.36 10 -1	1.42 10 -2	1.11 10 -1	2.05 10 -1

Table 2 :

 2 Calculated 𝑅 𝑊 and 𝑅 𝑊 𝑆𝐸𝐼 parameters for the Temporal EEC model at 25°C and 45°C for graphite electrode and SEI

		Aging at 25°C		Aging at 45°C	
	Cycle number 0	200	600	0	250	600
	𝑅 𝑊 (cm 2 )	7.85	9.42	11.6	7.87	15.1	16.8
	𝑅 𝑊 𝑆𝐸𝐼 ( cm 2 ) 2.24	5.39	13.3	2.16	10.9	16.7

Table 3 :

 3 Calculated values for components used with Foster structure to represent the EEC model for the negative graphite electrode and SEI film during its lifetime.

		Aging at 25°C		Aging at 45°C	
	Cycle	0	200	600	0	250	600
	number						
	Calculated parameter for the graphite electrode			
	𝛕 𝒄𝒕 (𝐬)	1.15 10 -4	1.5 10 -4	2.01 10 -4	5.32 10 -5	5.15 10 -5	6.14 10 -5
	𝜏 𝑊,1 (𝐬)	2.94			2.94		
	𝜏 𝑊,2 (𝐬)	1.06			1.06		
	𝜏 𝑊,3 (𝐬)	0.54			0.54		
	Calculated parameter for the SEI				
	𝛕 𝑺𝑬𝑰 (𝐬)	0.78 10 -6	2.21 10 -6	3.71 10 -6	0.55 10 -6	2.69 10 -6	4.50 10 -6
	𝜏 𝑊,1 𝑆𝐸𝐼 (𝐬)	5.97 10 -3	2.39 10 -2	9.56 10 -2	5.76 10 -3	5.18 10 -2	8.31 10 -2
	𝜏 𝑊,2 𝑆𝐸𝐼 (𝐬)	6.64 10 -4	2.66 10 -3	1.06 10 -2	6.40 10 -4	5.76 10 -3	9.24 10 -3
	𝜏 𝑊,3 𝑆𝐸𝐼 (𝐬)	2.39 10 -4	9.56 10 -4	3.82 10 -3	2.30 10 -4	2.07 10 -3	3.33 10 -3

  where the charge 𝑧 is equal to one for lithium ions. At 𝑥 = -𝐿 𝑆𝐸𝐼 /2, at the SEI/active material interface, we have: Combining both term and accounting for the surface ratio between the active material surface and the electrode surface, one gets: Concentration of the lithium ion at the SEI graphite interface (𝑚𝑜𝑙 𝑚 -3 )𝐶 𝑠Lithium concentration inside the active material (𝑚𝑜𝑙 𝑚 -3 )𝐷 𝑠 Diffusion coefficient of Lithium in the active material (𝑚 ² 𝑠 -1 ) 𝐷 𝑙 𝑆𝐸𝐼 Diffusion coefficient of Lithium through the SEI (𝑚 ² 𝑠 -1 )𝑅 𝑊 Diffusion resistance of Lithium in the active material (𝑜ℎ𝑚 𝑚 2 )

	Where 𝜏 𝑊 𝑆𝐸𝐼 = 𝑍 Graphite electrode impedance (𝑜ℎ𝑚 𝑚 2 ) 𝑳 𝑺𝑬𝑰 𝟐 𝟒𝐷 𝑙 𝑆𝐸𝐼 𝑓(𝑠) = 3 𝑠² ∞ + ∑ 𝑠² + 𝑠 𝑛 ′ 2 2 𝑛=1 𝑍 𝑊 Warburg impedance (𝑜ℎ𝑚 𝑚 2 )
	𝑍 𝑊 𝑆𝐸𝐼 = SEI Warburg impedance (𝑜ℎ𝑚 𝑚 2 ) 𝑅𝑇 𝐹 𝐿 𝑆𝐸𝐼 /2 𝐶 ̅ 𝑙 𝑆𝐸𝐼 𝐹𝐷 𝑙 𝑆𝐸𝐼 List of the symbols 𝑆𝐸𝐼 𝑍 𝑊 𝐶 𝑛 Greek Capacitance ( 𝐹 𝑚 -2 ) symbols	𝑆 g 𝑆 𝐴𝑀	𝑆𝐸𝐼 ) 𝑡𝑎𝑛ℎ(√𝑗𝜔𝜏 𝑊 √𝑗𝜔𝜏 𝑊 𝑆𝐸𝐼
	𝐶 𝑑𝑙 𝑆𝐸𝐼 	Double layer capacitance of the SEI film (𝐹 𝑚 -2 ) CPE exponent (-)
	𝐶 𝑙 𝑆𝐸𝐼 𝛼 𝑟	Symmetry factor (-)		
	𝛽 1	Frumkin-type isotherm coefficient ()
	𝜂	Overpotential (V)		
	τ	Characteristic time (s)		
	𝐸 𝑒𝑞 𝜔	Equilibrium potential (V) Pulsation (rad s -1 )		
	𝐸 0 𝑒𝑞	Standard equilibrium potential (V)		
	𝐹	Faraday's constant (96487𝐶 𝑚𝑜𝑙 -1 )	
	𝑓	Frequency (Hz)		
	𝑖 0	Exchange current density (𝐴 𝑚 -2 )		
	𝑖 𝑑𝑙	Double layer current (𝐴 𝑚 -2 )		
	𝑖 𝑓	Faradaic current density (𝐴 𝑚 -2 )		
	𝑖 𝑖𝑛𝑡	Interfacial current density (𝐴 𝑚 -2 )		
	𝑖 𝑡𝑜𝑡	Total current density (𝐴 𝑚 -2 )		
	𝐿 𝑆𝐸𝐼	SEI film thickness (m)		
	𝑄 𝑑𝑙 𝑅 𝑅 𝑛	𝑖𝑛𝑡 = Double layer capacity parameter (F m -2 s -1 ) 𝑖̃𝑖 𝑛𝑡 𝑧𝐹 = -𝐷 𝑙 𝑆𝐸𝐼 𝑑𝐶 ̃𝑙 𝑆𝐸𝐼 𝑑𝑥 = -𝐷 𝑙 𝑆𝐸𝐼 𝐴 √ 𝑗𝜔 𝐷 𝑙 𝑆𝐸𝐼 Gas constant (8.314 𝐽 𝑚𝑜𝑙 -1 𝐾 -1 ) Resistance (𝑜ℎ𝑚 𝑚 2 )	cosh ( √ 𝐷 𝑙 𝑆𝐸𝐼 𝑗𝜔	𝐿 𝑆𝐸𝐼 /2 )
	𝑅 𝑐𝑡	Charge transfer resistance (𝑜ℎ𝑚 𝑚 2 )
	𝑅 𝑜ℎ𝑚	Ohmic resistance (𝑜ℎ𝑚 𝑚 2 )		
	𝑅 𝑝	particle radius (𝑚)		
	𝑅 𝑆𝐸𝐼 𝑅 𝑊 𝑆𝐸𝐼 𝑆 𝐴𝑀	𝐶 ̃𝑙𝑆𝐸𝐼 (𝑥 = -𝐿 𝑆𝐸𝐼 / 2) = SEI resistance (𝑜ℎ𝑚 𝑚 2 ) Diffusion resistance of Lithium in the SEI (𝑜ℎ𝑚 𝑚 2 ) tanh (√ 𝑗𝜔 𝐷 𝑙 𝑆𝐸𝐼 𝑖 ̃𝑖𝑛𝑡 𝐿 𝑆𝐸𝐼 /2 𝐹𝐷 𝑙 𝑆𝐸𝐼 √ 𝑗𝜔 𝐷 𝑙 𝑆𝐸𝐼 𝐿 𝑆𝐸𝐼 /2 𝐿 𝑆𝐸𝐼 /2) Exchange area (𝑚 2 )
	𝑆 𝑔	Geometric area (𝑚 2 )		
	The expression of the second term therefore reads: 𝑇 Temperature (𝐾)
	𝑈 𝑦 𝑍 𝑓	𝑑𝐶 ̃𝑙 𝑆𝐸𝐼 𝑑𝑖ĩ 𝑛𝑡 Negative electrode potential (V) = 𝐿 𝑆𝐸𝐼 /2 𝐹𝐷 𝑙 𝑆𝐸𝐼 Stoichiometry (-) Faradaic impedance (𝑜ℎ𝑚 𝑚 2 )	𝑡𝑎𝑛ℎ(√𝑗𝜔𝜏 𝑊 𝑆𝐸𝐼 ) 𝑆𝐸𝐼 √𝑗𝜔𝜏 𝑊

.
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Appendix A: Laplace transform of finite sphere diffusion model

The diffusion impedance in the active material is defined by Eq. ( 13):

The first term of this equation is determined from the expression of the overpotential Eq. (3):

Appendix C: Warburg function as series of simple elements

The function of the Warburg impedance defined by Eq. ( 18) is:

Function f can be decomposed into a sum of fractions:

Where for each integer n, 𝑟 𝑛 = 𝑔(𝑠 𝑛 ) with g(s) =(𝑠 -𝑠 𝑛 ) 𝑝 𝑛 f(s) is the residue and 𝑝 𝑛 the order corresponding to the pole 𝑠 𝑛 with 1/f(𝑠 𝑛 ) = 0. Poles of function f are 0 (second order) and the infinite number of imaginary solutions of the equation tanh(𝑠 𝑛 ) = 𝑠 𝑛 , corresponding to the real solutions of the equation 𝑠 𝑛 ′ = 𝑡𝑎𝑛(𝑠 𝑛 ′) with 𝑠 𝑛 ′ = 𝑗𝑠 𝑛 (first order poles):

Calculating the residues 𝑟 0 = 3, 𝑟 𝑛 = 1 𝑠 𝑛 ⁄ with 𝑠 𝑛 = -𝑗𝑠 𝑛 ′ leads to:

As for each positive solution 𝑠 𝑛 ′ corresponds a negative solution 𝑠 -𝑛 ′ = -𝑠 𝑛 ′, the series can be rewritten as :

Finally, calculating the sum of each term with its conjugate complex gives: