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Introduction

Solid oxide cells (SOCs) are electrochemical devices operating at high temperature that can directly convert fuel into electricity (fuel cell mode -SOFC) or electricity into fuel (electrolysis mode -SOEC). In recent years, the interest in SOCs has grown significantly thanks to their wide range of technological applications that could offer innovative solutions for the transition toward a renewable energy market. Indeed, SOCs present various advantages, such as large fuel flexibility and a very high efficiency without the use of expensive catalysts [START_REF] Godula-Jopek | Hydrogen Production by Electrolysis[END_REF][START_REF] Shaikh | A review on the selection of anode materials for solid-oxide fuel cells[END_REF]. Besides, thanks to their very good reversibility in SOFC and SOEC modes [START_REF] Arsalis | A comprehensive review of fuel cell-based micro-combined-heat-and-power systems[END_REF][START_REF] Hansen | Solid oxide electrolysis -a key enabling technology for sustainable energy scenarios[END_REF][START_REF] Mathiesen | Smart Energy Systems for coherent 100% renewable energy and transport solutions[END_REF][START_REF] Ni | Technological development of hydrogen production by solid oxide electrolyzer cell (SOEC)[END_REF], the same device can be used to produce hydrogen during the peaks of electricity production and electricity during the peaks of consumption.

Therefore, these high-temperature systems appear as a relevant technology to match the fluctuations between the demand and the production caused by the intermittence of renewable energy sources [START_REF] Lehner | Power-to-Gas : Technology and Business Models[END_REF].

The SOCs are composed of a dense electrolyte sandwiched between two porous electrodes. The reactions of hydrogen oxidation and steam reduction (Eq. (1a)) take place in the fuel electrode, while oxygen is consumed or produced (Eq. (1b)) in the air electrode. Between the two electrodes, the dense electrolyte is a pure ionic conductor allowing the migration of oxygen vacancies ( ) from one electrode to the other.

(1a) (1b)

The state of the art materials for the air electrode are mixed ionic and electronic conductors, such as Lanthanum Strontium Cobalt Ferrite (LSCF) [START_REF] Monaco | Experimental validation of a La0.6Sr0.4Co0.2Fe0.8O3-δ electrode model operated in electrolysis mode: Understanding the reaction pathway under anodic polarization[END_REF], or a composite made of LSCF and Gadoliniumdoped Ceria (GDC) [START_REF] Effori | Reaction Mechanism and Impact of Microstructure on Performances for the LSCF-CGO Composite Electrode in Solid Oxide Cells[END_REF]. Besides, a thin barrier layer of GDC is generally added between the air electrode and the electrolyte to limit the reactivity at this interface [START_REF] Laurencin | Degradation mechanism of La0.6Sr0.4Co0.2Fe0.8O3-δ /Gd0.1Ce0.9O2-δ composite electrode operated under solid oxide electrolysis and fuel cell conditions[END_REF]. The dense electrolyte is usually made of Yttria-Stabilized Zirconia (YSZ) with 8 mol.% of yttria (8YSZ) to maximize the ionic conductivity [START_REF] Suciu | Physico-chemical properties of nanocrystalline YSZ powders as a function of doping level and electrical properties after sintering[END_REF]. Finally, the fuel electrode is a porous cermet of nickel and YSZ (Ni-YSZ), in which Ni ensures the electronic conductivity while YSZ serves as ionic conductor. The same YSZ stoichiometry as in the electrolyte (8YSZ) is used in the classical cermet. However, zirconia stabilized with 3% molar of yttria (3YSZ) is sometimes employed in order to enhance the electrode robustness. Indeed, this tetragonal structure (often referred to as Yttria doped Tetragonal Zirconia Polycrystalline, 3Y-TZP) is known to have a much higher mechanical strength even though its ionic conductivity is lower than that of 8YSZ [START_REF] Ghatee | Investigation of electrical and mechanical properties of 3YSZ/8YSZ composite electrolytes[END_REF].

Despite their numerous advantages, the commercial attractiveness of SOCs is still limited by the high degradation rates compromising their lifetime expectations [START_REF] Laurencin | Degradation mechanism of La0.6Sr0.4Co0.2Fe0.8O3-δ /Gd0.1Ce0.9O2-δ composite electrode operated under solid oxide electrolysis and fuel cell conditions[END_REF][START_REF] Hubert | Impact of Nickel agglomeration on Solid Oxide Cell operated in fuel cell and electrolysis modes[END_REF][START_REF] Monaco | Degradation of Ni-YSZ Electrodes in Solid Oxide Cells: Impact of Polarization and Initial Microstructure on the Ni Evolution[END_REF]. In this frame, it is still needed to improve the tradeoff between cell performances and durability. For this purpose, the elementary reaction mechanisms at the two electrodes need to be precisely understood. Indeed, they are involved in the underlying forces driving the material degradation [START_REF] Irvine | Evolution of the electrochemical interface in high-temperature fuel cells and electrolysers[END_REF]. Moreover, a deep knowledge of the reaction mechanisms could offer the possibility to optimize further the electrode microstructure or to adjust the materials composition for higher performances and stability [START_REF] Hanna | Fundamentals of electro-and thermochemistry in the anode of solid-oxide fuel cells with hydrocarbon and syngas fuels[END_REF][START_REF] Hauch | Ni/YSZ electrodes structures optimized for increased electrolysis performance and durability[END_REF].

Concerning the reaction mechanism in the Ni-YSZ cermet, several experimental works have characterized the electrode behavior using polarization curves (η-i curves) and Electrochemical Impedance Spectroscopy (EIS) [START_REF] Mizusaki | Kinetic studies of the reaction at the nickel pattern electrode on YSZ in H2-H2O atmospheres[END_REF][START_REF] Mizusaki | Preparation of Nickel Pattern Electrodes on YSZ and Their Electrochemical Properties in H2-H2O Atmospheres[END_REF][START_REF] Bieberle | Reaction mechanism of Ni pattern anodes for solid oxide fuel cells[END_REF][START_REF] Bieberle | The Electrochemistry of Ni Pattern Anodes Used as Solid Oxide Fuel Cell Model Electrodes[END_REF][START_REF] Kek | A Study of Metal (Ni, Pt, Au)/Yttria-Stabilized Zirconia Interface in Hydrogen Atmosphere at Elevated Temperature[END_REF][START_REF] Marina | Electrode Performance in Reversible Solid Oxide Fuel Cells[END_REF][START_REF] Grondin | Computing approach of cathodic process within solid oxide electrolysis cell: Experiments and continuum model validation[END_REF][START_REF] Dasari | Electrochemical characterization of Ni-yttria stabilized zirconia electrode for hydrogen production in solid oxide electrolysis cells[END_REF][START_REF] Pan | Mechanism and Kinetics of Ni-Y2O3-ZrO2 Hydrogen Electrode for Water Electrolysis Reactions in Solid Oxide Electrolysis Cells[END_REF][START_REF] Shin | Application of a general gas electrode model to Ni-YSZ symmetric cells: Humidity and current collector effects[END_REF][START_REF] Luo | Reversible H2/H2O electrochemical conversion mechanisms on the patterned nickel electrodes[END_REF][START_REF] Doppler | Hydrogen oxidation mechanisms on Ni/yttria stabilized zirconia anodes: Separation of reaction pathways by geometry variation of pattern electrodes[END_REF][START_REF] Primdahl | Oxidation of Hydrogen on Ni/Yttria-Stabilized Zirconia Cermet Anodes[END_REF][START_REF] Eonide | Combined Deconvolution and CNLS Fitting Approach Applied on the Impedance Response of Technical Ni∕8Y Z Cermet Electrodes[END_REF][START_REF] Holtappels | Reaction of hydrogen water mixtures on nickelzirconia cermet electrodes I. DC polarization characteristics[END_REF][START_REF] Holtappels | Reaction of Hydrogen/Water Mixtures on Nickel-Zirconia Cermet Electrodes: II. AC Polarization Characteristics[END_REF]. Traditionally, these studies were carried out using simplified geometries, such as Ni patterned electrodes, to control the microstructure. Indeed, in this condition, it is possible to establish the relation between the geometrical features of the electrode and its electrochemical response [START_REF] Mizusaki | Kinetic studies of the reaction at the nickel pattern electrode on YSZ in H2-H2O atmospheres[END_REF][START_REF] Mizusaki | Preparation of Nickel Pattern Electrodes on YSZ and Their Electrochemical Properties in H2-H2O Atmospheres[END_REF][START_REF] Bieberle | Reaction mechanism of Ni pattern anodes for solid oxide fuel cells[END_REF][START_REF] Bieberle | The Electrochemistry of Ni Pattern Anodes Used as Solid Oxide Fuel Cell Model Electrodes[END_REF][START_REF] Kek | A Study of Metal (Ni, Pt, Au)/Yttria-Stabilized Zirconia Interface in Hydrogen Atmosphere at Elevated Temperature[END_REF][START_REF] Luo | Reversible H2/H2O electrochemical conversion mechanisms on the patterned nickel electrodes[END_REF][START_REF] Doppler | Hydrogen oxidation mechanisms on Ni/yttria stabilized zirconia anodes: Separation of reaction pathways by geometry variation of pattern electrodes[END_REF]. Nonetheless, despite their crucial importance for theoretical investigations, the full relevance of these studies for the SOCs application is questionable since the real porous electrodes exhibit a very complex microstructure that can strongly affect the reaction mechanism [START_REF] Hanna | Fundamentals of electro-and thermochemistry in the anode of solid-oxide fuel cells with hydrocarbon and syngas fuels[END_REF]. In this context, very few authors have conducted experiments on representative Ni-YSZ porous electrodes to obtain information under more realistic conditions [START_REF] Marina | Electrode Performance in Reversible Solid Oxide Fuel Cells[END_REF][START_REF] Grondin | Computing approach of cathodic process within solid oxide electrolysis cell: Experiments and continuum model validation[END_REF][START_REF] Dasari | Electrochemical characterization of Ni-yttria stabilized zirconia electrode for hydrogen production in solid oxide electrolysis cells[END_REF][START_REF] Pan | Mechanism and Kinetics of Ni-Y2O3-ZrO2 Hydrogen Electrode for Water Electrolysis Reactions in Solid Oxide Electrolysis Cells[END_REF][START_REF] Primdahl | Oxidation of Hydrogen on Ni/Yttria-Stabilized Zirconia Cermet Anodes[END_REF][START_REF] Eonide | Combined Deconvolution and CNLS Fitting Approach Applied on the Impedance Response of Technical Ni∕8Y Z Cermet Electrodes[END_REF][START_REF] Holtappels | Reaction of hydrogen water mixtures on nickelzirconia cermet electrodes I. DC polarization characteristics[END_REF][START_REF] Holtappels | Reaction of Hydrogen/Water Mixtures on Nickel-Zirconia Cermet Electrodes: II. AC Polarization Characteristics[END_REF]. In these cases, the exact microstructural properties of the tested electrodes were unknown limiting the possibility for a deep analysis of the results. It is worth noting that most of these experimental studies have been focusing on electrodes made of Ni and 8YSZ, while much less attention has been paid to the characterization of Ni-3YSZ cermet. Besides, most of the works presented in the literature are focused on the reaction for hydrogen oxidation in SOFC mode, whereas there is a lack of investigations in electrolysis conditions. For example, very few studies have been specifically devoted to the electrode response in cathodic polarization [START_REF] Grondin | Computing approach of cathodic process within solid oxide electrolysis cell: Experiments and continuum model validation[END_REF][START_REF] Dasari | Electrochemical characterization of Ni-yttria stabilized zirconia electrode for hydrogen production in solid oxide electrolysis cells[END_REF][START_REF] Shin | Application of a general gas electrode model to Ni-YSZ symmetric cells: Humidity and current collector effects[END_REF] and even less have operated the electrode at high steam partial pressure (pH 2 /pH 2 O < 1) [START_REF] Shin | Application of a general gas electrode model to Ni-YSZ symmetric cells: Humidity and current collector effects[END_REF].

As a general matter for the Ni-8YSZ cermet, it has been shown that the electrode reaction is strongly thermally activated and its kinetic rate is proportional to the density of active Triple Phase Boundary lengths (TPBls, defined by the lines where the percolated ionic (YSZ), electronic (Ni) and gas phases meet) [START_REF] Mizusaki | Preparation of Nickel Pattern Electrodes on YSZ and Their Electrochemical Properties in H2-H2O Atmospheres[END_REF][START_REF] Bieberle | Reaction mechanism of Ni pattern anodes for solid oxide fuel cells[END_REF][START_REF] Pan | Mechanism and Kinetics of Ni-Y2O3-ZrO2 Hydrogen Electrode for Water Electrolysis Reactions in Solid Oxide Electrolysis Cells[END_REF][START_REF] Doppler | Hydrogen oxidation mechanisms on Ni/yttria stabilized zirconia anodes: Separation of reaction pathways by geometry variation of pattern electrodes[END_REF]. Based on these observations, it has been proposed that the charge transfer at the TPBls should limit the overall electrode response [START_REF] Luo | Reversible H2/H2O electrochemical conversion mechanisms on the patterned nickel electrodes[END_REF]. Moreover, a strong dissymmetry in the two branches of the η-i curve has been highlighted [START_REF] Mizusaki | Kinetic studies of the reaction at the nickel pattern electrode on YSZ in H2-H2O atmospheres[END_REF][START_REF] Marina | Electrode Performance in Reversible Solid Oxide Fuel Cells[END_REF][START_REF] Dasari | Electrochemical characterization of Ni-yttria stabilized zirconia electrode for hydrogen production in solid oxide electrolysis cells[END_REF][START_REF] Pan | Mechanism and Kinetics of Ni-Y2O3-ZrO2 Hydrogen Electrode for Water Electrolysis Reactions in Solid Oxide Electrolysis Cells[END_REF][START_REF] Luo | Reversible H2/H2O electrochemical conversion mechanisms on the patterned nickel electrodes[END_REF][START_REF] Holtappels | Reaction of hydrogen water mixtures on nickelzirconia cermet electrodes I. DC polarization characteristics[END_REF] with an increase of the polarization resistance (R pol ) in cathodic polarization (SOEC mode) and a decrease in anodic polarization (SOFC mode) [START_REF] Pan | Mechanism and Kinetics of Ni-Y2O3-ZrO2 Hydrogen Electrode for Water Electrolysis Reactions in Solid Oxide Electrolysis Cells[END_REF]. Finally, an important effect of pH 2 O on the kinetics has been found [START_REF] Bieberle | The Electrochemistry of Ni Pattern Anodes Used as Solid Oxide Fuel Cell Model Electrodes[END_REF][START_REF] Grondin | Computing approach of cathodic process within solid oxide electrolysis cell: Experiments and continuum model validation[END_REF][START_REF] Dasari | Electrochemical characterization of Ni-yttria stabilized zirconia electrode for hydrogen production in solid oxide electrolysis cells[END_REF][START_REF] Pan | Mechanism and Kinetics of Ni-Y2O3-ZrO2 Hydrogen Electrode for Water Electrolysis Reactions in Solid Oxide Electrolysis Cells[END_REF][START_REF] Shin | Application of a general gas electrode model to Ni-YSZ symmetric cells: Humidity and current collector effects[END_REF][START_REF] Luo | Reversible H2/H2O electrochemical conversion mechanisms on the patterned nickel electrodes[END_REF][START_REF] Holtappels | Reaction of Hydrogen/Water Mixtures on Nickel-Zirconia Cermet Electrodes: II. AC Polarization Characteristics[END_REF], while the impact of pH 2 remains less pronounced [START_REF] Kek | A Study of Metal (Ni, Pt, Au)/Yttria-Stabilized Zirconia Interface in Hydrogen Atmosphere at Elevated Temperature[END_REF]. Therefore, it has been inferred from these results that the interaction of steam molecules with the electrode surface could co-limit the global kinetics [START_REF] Dasari | Electrochemical characterization of Ni-yttria stabilized zirconia electrode for hydrogen production in solid oxide electrolysis cells[END_REF]. It is worth noting that very few experimental studies, which were all published by Jiang and co-authors, have been specifically devoted to the characterization of Ni-3YSZ cermet [START_REF] Jiang | An electrode kinetics study of H2 oxidation on Ni/Y2O3-ZrO2 cermet electrode of the solid oxide fuel cell[END_REF][START_REF] Jiang | H2 oxidation on Ni/Y-TZP cermet electrodes -a comparison of electrode behaviour by GCI and EIS techniques[END_REF][START_REF] Jiang | H2 oxidation on Ni/Y-TZP cermet electrodes -Polarisation behaviour[END_REF][START_REF] Jiang | Hydrogen Oxidation at the Nickel and Platinum Electrodes on Yttria-Tetragonal Zirconia Electrolyte[END_REF]. In their works, the tests were conducted at 1000°C in SOFC mode in dry and wet conditions (%H 2 O max = 14%). They have shown that the electrode response for the Ni-3YSZ cermet is co-limited by the charge transfer at TPBls and by a surface process attributed to 'hydrogen dissociation/diffusion on Ni surface' [START_REF] Jiang | An electrode kinetics study of H2 oxidation on Ni/Y2O3-ZrO2 cermet electrode of the solid oxide fuel cell[END_REF]. Besides, they also highlighted a catalytic effect of steam on the reaction kinetics [START_REF] Jiang | H2 oxidation on Ni/Y-TZP cermet electrodes -a comparison of electrode behaviour by GCI and EIS techniques[END_REF].

For the interpretation of the electrode response, a first modeling approach consists to simulate the impedance spectra with Equivalent Circuits (EC). In this frame, Gerischer-type elements are generally well-adapted when the electrode response is controlled by the diffusion of charged species associated with a purely chemical reaction [START_REF] Costamagna | Electrochemical impedance spectroscopy of La0.6Sr0.4Co0.2Fe0.8O3-δ nanofiber cathodes for intermediate temperature-solid oxide fuel cell applications: A case study for the 'depressed' or 'fractal' Gerischer element[END_REF][START_REF] Enrico | La0.6Sr0.4Co0.2Fe0.8O3-δ nanofiber cathode for intermediate-temperature solid oxide fuel cells by water-based sol-gel electrospinning: Synthesis and electrochemical behaviour[END_REF][START_REF] Boukamp | SOFC-anodes, proof for a finite-length type Gerischer impedance?[END_REF][START_REF] Boukamp | Interpretation of the Gerischer impedance in solid state ionics[END_REF][START_REF] Nielsen | Impedance of porous IT-SOFC LSCF:CGO composite cathodes[END_REF][START_REF] Nielsen | Impedance of SOFC electrodes: A review and a comprehensive case study on the impedance of LSM:YSZ cathodes[END_REF]. Moreover, it has been recently pointed out that, for a composite electrode such as the Ni-YSZ cermet, the same type of shape for the impedance diagram could be obtained considering a transmission line model [START_REF] Shin | Application of a general gas electrode model to Ni-YSZ symmetric cells: Humidity and current collector effects[END_REF][START_REF] Nielsen | Impedance of SOFC electrodes: A review and a comprehensive case study on the impedance of LSM:YSZ cathodes[END_REF]. This model takes into account the resistance due the ionic conduction in the percolated electrolyte material associated all along the electrode thickness with the surface electrode reaction process represented by a parallel combination of a resistance and a constant phase element [START_REF] Nielsen | Impedance of SOFC electrodes: A review and a comprehensive case study on the impedance of LSM:YSZ cathodes[END_REF]. Depending on the nature and the microstructure of the electrode, different types of Gerischer elements may be used to reproduce the EIS diagrams. In particular, the classical Gerischer element is well adapted in the case of a semiinfinite diffusion when the reaction region does not extend beyond the electrode thickness [START_REF] Boukamp | Interpretation of the Gerischer impedance in solid state ionics[END_REF]. On the contrary, when the extension of the reaction is larger than the electrode itself, the Finite-Length Gerischer (FLG) element must be employed to simulate the electrode response [START_REF] Boukamp | SOFC-anodes, proof for a finite-length type Gerischer impedance?[END_REF][START_REF] Nielsen | Impedance of porous IT-SOFC LSCF:CGO composite cathodes[END_REF]. Finally, the fractal Gerischer element, which is characterized by a typical 'skewness' in the impedance diagram, has been proposed to account for the electrode surface roughness [START_REF] Costamagna | Electrochemical impedance spectroscopy of La0.6Sr0.4Co0.2Fe0.8O3-δ nanofiber cathodes for intermediate temperature-solid oxide fuel cell applications: A case study for the 'depressed' or 'fractal' Gerischer element[END_REF][START_REF] Nielsen | Impedance of SOFC electrodes: A review and a comprehensive case study on the impedance of LSM:YSZ cathodes[END_REF]. Nevertheless, it has been recently suggested that this shape of the impedance spectra could also be associated to physicochemical phenomena occurring in the electrode [START_REF] Costamagna | Electrochemical impedance spectroscopy of La0.6Sr0.4Co0.2Fe0.8O3-δ nanofiber cathodes for intermediate temperature-solid oxide fuel cell applications: A case study for the 'depressed' or 'fractal' Gerischer element[END_REF]. Even if the method based on EC simulations is a widespread and convenient approach to analyze the experimental EIS, their full physical meaning remains limited [START_REF] Costamagna | Electrochemical impedance spectroscopy of La0.6Sr0.4Co0.2Fe0.8O3-δ nanofiber cathodes for intermediate temperature-solid oxide fuel cell applications: A case study for the 'depressed' or 'fractal' Gerischer element[END_REF].

In complementarity with the EC simulations, physically-based modeling is an efficient tool to propose and check the relevance of reaction mechanisms. In this frame, several authors have studied the steam and hydrogen interaction with Ni/YSZ using Density Functional Theory (DFT) to determine the most energetically favorable configuration [START_REF] Kresse | First-principles study of the adsorption of atomic H on Ni (111), (100) and (110[END_REF][START_REF] Raz | Characterization of adsorbed water layers on Y2O3doped ZrO2[END_REF][START_REF] Shishkin | Oxidation of H2, CH4 and CO molecules at the interface between Nickel and Yttria-Stabilized Zirconia: A theoretical study based on DFT[END_REF][START_REF] Liu | First-Principles Study of Oxygen Transfer and Hydrogen Oxidation Processes at the Ni-YSZ-Gas Triple Phase Boundaries in a Solid Oxide Fuel Cell Anode[END_REF][START_REF] Fu | Importance of oxygen spillover for fuel oxidation on Ni/YSZ anodes in solid oxide fuel cells[END_REF][START_REF] Shishkin | Hydrogen Oxidation at the Ni/Yttria-tabilized Zirconia Interface : A Study Based on Density Functional Theory[END_REF][START_REF] Cucinotta | Hydrogen oxidation reaction at the Ni/YSZ anode of solid oxide fuel cells from first principles[END_REF][START_REF] Gorski | H2O chemisorption and H2 oxidation on yttria-stabilized zirconia: Density functional theory and temperature-programmed desorption studies[END_REF][START_REF] Mohsenzadeh | DFT study of the adsorption and dissociation of water on Ni(111), Ni(110) and Ni(100) surfaces[END_REF][START_REF] Chaopradith | Adsorption of Water on Yttria-Stabilized Zirconia[END_REF][START_REF] Cadi-Essadek | Density functional theory study of the interaction of H2O, CO2 and CO with the ZrO2 (111), Ni/ZrO2 (111), YSZ (111) and Ni/YSZ (111) surfaces[END_REF][START_REF] Seenivasan | Water dissociation on Ni(100), Ni(110), and Ni(111) surfaces: Reaction path approach to mode selectivity[END_REF][START_REF] Ammal | Combined DFT and microkinetic modeling study of hydrogen oxidation at the Ni/YSZ anode of solid oxide fuel cells[END_REF]. These theoretical investigations showed that the interaction of hydrogen with the Ni/YSZ system results in dissociative adsorption of H 2 on the Ni surface [START_REF] Kresse | First-principles study of the adsorption of atomic H on Ni (111), (100) and (110[END_REF][START_REF] Shishkin | Hydrogen Oxidation at the Ni/Yttria-tabilized Zirconia Interface : A Study Based on Density Functional Theory[END_REF][START_REF] Cucinotta | Hydrogen oxidation reaction at the Ni/YSZ anode of solid oxide fuel cells from first principles[END_REF][START_REF] Cadi-Essadek | Density functional theory study of the interaction of H2O, CO2 and CO with the ZrO2 (111), Ni/ZrO2 (111), YSZ (111) and Ni/YSZ (111) surfaces[END_REF], whereas steam molecules can be adsorbed on both surfaces. On Ni surface, the adsorbed H 2 O could dissociate into a hydroxyl and a surface-attached hydrogen [START_REF] Mohsenzadeh | DFT study of the adsorption and dissociation of water on Ni(111), Ni(110) and Ni(100) surfaces[END_REF], and this hydroxyl can itself be dissociated into surface-attached hydrogen and oxygen [START_REF] Mohsenzadeh | DFT study of the adsorption and dissociation of water on Ni(111), Ni(110) and Ni(100) surfaces[END_REF], whereas the dissociation in two hydroxyl ions would be promoted on YSZ surface [START_REF] Raz | Characterization of adsorbed water layers on Y2O3doped ZrO2[END_REF][START_REF] Chaopradith | Adsorption of Water on Yttria-Stabilized Zirconia[END_REF].

Chaopradith et al., for instance, have shown that the dissociated state of water is much more stable than the molecular state on the YSZ surface [START_REF] Chaopradith | Adsorption of Water on Yttria-Stabilized Zirconia[END_REF]. Other DFT studies have tentatively modeled the triple phase boundary and its impact on the energetics of the elementary processes [START_REF] Shishkin | Oxidation of H2, CH4 and CO molecules at the interface between Nickel and Yttria-Stabilized Zirconia: A theoretical study based on DFT[END_REF][START_REF] Liu | First-Principles Study of Oxygen Transfer and Hydrogen Oxidation Processes at the Ni-YSZ-Gas Triple Phase Boundaries in a Solid Oxide Fuel Cell Anode[END_REF][START_REF] Fu | Importance of oxygen spillover for fuel oxidation on Ni/YSZ anodes in solid oxide fuel cells[END_REF][START_REF] Cucinotta | Hydrogen oxidation reaction at the Ni/YSZ anode of solid oxide fuel cells from first principles[END_REF][START_REF] Ammal | Combined DFT and microkinetic modeling study of hydrogen oxidation at the Ni/YSZ anode of solid oxide fuel cells[END_REF]. Also, it was shown that the crystallographic termination of the Ni surface has an impact on the dissociation energies of water [START_REF] Mohsenzadeh | DFT study of the adsorption and dissociation of water on Ni(111), Ni(110) and Ni(100) surfaces[END_REF].

To account for both the experimental and DFT computational findings, three reaction pathways divided in a sequence of elementary steps have been mainly proposed in the literature. They differ from each other by the nature of the charge transfer across the Ni-YSZ interface with an interstitial process [START_REF] Holtappels | Reaction of Hydrogen/Water Mixtures on Nickel-Zirconia Cermet Electrodes: II. AC Polarization Characteristics[END_REF], an oxygen spillover mechanism [START_REF] Mizusaki | Kinetic studies of the reaction at the nickel pattern electrode on YSZ in H2-H2O atmospheres[END_REF], and a hydrogen spillover mechanism [START_REF] Boer | SOFC anode: hydrogen oxidation at porous nickel and nickel/zirconia electrodes[END_REF]. These three reaction pathways have been implemented by several authors into micro-kinetic models and the simulations have been compared to the response of Ni patterned electrodes [START_REF] Bieberle | State-space modeling of the anodic SOFC system Ni, H2-H2O|YSZ[END_REF][START_REF] Bessler | A new framework for physically based modeling of solid oxide fuel cells[END_REF][START_REF] Goodwin | Modeling Electrochemical Oxidation of Hydrogen on Ni-YSZ Pattern Anodes[END_REF][START_REF] Ogler | Modelling Study of Surface Reactions, Diffusion, and Spillover at a Ni/YSZ Patterned Anode[END_REF][START_REF] Bessler | Model anodes and anode models for understanding the mechanism of hydrogen oxidation in solid oxide fuel cells[END_REF][START_REF] Luo | Mechanism of rate-limiting step switchover for reversible solid oxide cells in H2/H2O atmosphere[END_REF]. The modeling results have shown that the hydrogen spillover would be the most relevant reaction mechanism for the Ni-8YSZ electrode [START_REF] Goodwin | Modeling Electrochemical Oxidation of Hydrogen on Ni-YSZ Pattern Anodes[END_REF][START_REF] Ogler | Modelling Study of Surface Reactions, Diffusion, and Spillover at a Ni/YSZ Patterned Anode[END_REF][START_REF] Bessler | Model anodes and anode models for understanding the mechanism of hydrogen oxidation in solid oxide fuel cells[END_REF][START_REF] Luo | Mechanism of rate-limiting step switchover for reversible solid oxide cells in H2/H2O atmosphere[END_REF] even if some recent studies have suggested that the oxygen spillover mechanism could also be involved in the electrode response [START_REF] Fu | Importance of oxygen spillover for fuel oxidation on Ni/YSZ anodes in solid oxide fuel cells[END_REF][START_REF] Bredikhin | Ion transfer in Ni-containing composite anodes of solid oxide fuel cells: A microstructural study[END_REF]. Moreover, it is worth mentioning that most of the simulations were focused on the steady-state behavior of the electrode (η-i curves) whereas very few studies have simulated the dynamic response to take advantage of the EIS measurements [START_REF] Bieberle | State-space modeling of the anodic SOFC system Ni, H2-H2O|YSZ[END_REF][START_REF] Gewies | Physically Based Impedance Modeling of Ni/YSZ Cermet Anodes[END_REF]. Besides, to the best of our knowledge, only one study has been dedicated to the micro-kinetic dynamic modeling of representative porous Ni-8YSZ cermet [START_REF] Gewies | Physically Based Impedance Modeling of Ni/YSZ Cermet Anodes[END_REF]. In that case, the simulations were carried out without knowing the exact microstructure of the cermet and considering a simplified charge transfer mechanism.

From this literature review, it appears that the detailed reaction mechanism of Eq. (1a) remains unclear, especially for porous Ni-3YSZ cermet electrode operated in SOEC condition. Indeed, as pointed out by Hanna et al. [START_REF] Hanna | Fundamentals of electro-and thermochemistry in the anode of solid-oxide fuel cells with hydrocarbon and syngas fuels[END_REF], there is still a clear need for 'more detailed experimental data and refinement of elementary kinetic and transport parameters to improve quantitative model prediction over a wide range of conditions'. In addition, it is necessary to apply these micro-kinetic models to porous cermet microstructures representative of the real SOCs application. Therefore, this work aims to investigate the electrode kinetics and the relevance of the oxygen and hydrogen spillover mechanisms for a typical porous Ni-3YSZ cermet by coupling: (i) electrochemical characterizations of a symmetric cell tested in anodic and cathodic polarizations over a wide range of pH 2 /pH 2 O, (ii) 3D reconstruction of the Ni-3YSZ cermet obtained by synchrotron-based X-ray nanoholotomography to measure all the microstructural properties required for the simulations, and (iii) detailed micro-kinetic models of the porous electrode able to simulate the electrode response for different experimental conditions in terms of η-i curves and EIS diagrams.

Materials and Methods

Cell Description

In Figure 1, a schematic representation of the tested symmetric cell is shown. It is composed of a 8YSZ electrolyte support which is sandwiched between two porous electrodes made of Ni and 3YSZ . Thick electrolyte (≈ 300 µm) provided by the Kerafol ® were used for the cell manufacturing. The thickness of the electrodes was limited to ≈ 25 μm in order to limit the impact of gas diffusion. In this condition, the reactions are expected to extend in the whole electrode thickness corresponding to the active Functional Layer (FL). Therefore, this configuration is at the same time representative of the real SOCs electrodes and adapted to analyze the kinetics of the reaction mechanism. and placed at the periphery of the cell on the upper surface of the electrolyte (Figure 1). Special attention has been paid to position the RE as far as possible from the electrodes. Moreover, the WE and CE were carefully aligned with each other and centered onto the electrolyte disk. Consequently, the geometrical rules to ensure the reliability of the measurements with a three-electrode configuration have been fulfilled [START_REF] Jiang | Placement of Reference Electrode, Electrolyte Thickness and Three-Electrode Cell Configuration in Solid Oxide Fuel Cells: A Brief Review and Update on Experimental Approach[END_REF]. Finally, two nickel grids having the same diameter as the electrodes and with a density of 3600 mesh•cm -2 have been used as Current Collectors (CCs).

Experimental Setup and Testing Conditions

The test has been conducted in a specific ceramic holder consisting of a single gas chamber supplied by a mixture of H 2 and H 2 O. This experimental set-up was placed in a furnace for which the temperature changes were applied using a slow heating rate of 1ºC•min -1 to avoid any mechanical damaging in the cell. It is worth noting that the setup was designed with the total volume of the gas chamber limited to ≈ 50 cm 3 while all the measurements were performed with a high inlet flowrate of reactants (1 -6 Nl•h -1 ). These conditions were chosen to avoid any gas starvation in the electrodes, and hence, to limit the concentration overpotentials in the gas phase as much as possible. Moreover, a compressive load of 1 kg was applied to the current collectors to minimize the contact resistances between the electrodes and the grids. All these precautions were taken to avoid the pollution of the electrode response with artifacts coming from the experimental setup.

To investigate a wide range of gas compositions, specific attention has been paid to the water management to ensure a constant flowrate without fluctuations up to high steam content, and thus, to limit the perturbations in the measurements. For this purpose, the vapor was produced using a steam generator, which was kept in saturated conditions and was directly connected to a gas flowmeter. A second gas flowmeter was used for hydrogen, and the two fluxes were mixed in the inlet pipe before entering the chamber. All the tubes were kept at ≈ 130ºC to avoid any condensation. Finally, the exhausting gas was sent to a heat exchanger to separate the liquid H 2 O and the H 2 .

Concerning the experimental protocol, two cells were tested to check the reproducibility according to the following procedure. The tested cells were reduced under pure H 2 at 800ºC for 24 hours.

Subsequently, the cells were operated at 700ºC for the whole duration of the test. In the first part of the characterization, the electrodes were swept under three gas compositions: pH 2 /pH 2 O = 25/75, 50/50 and 75/25. For each composition, the i-V curves measured between the electrodes and the reference (WE/CE vs RE = E meas (V/ref)) were recorded in a potentiostatic mode between +0.2 V and -0.2 V with a step of 2 mV•s -1 . Besides, the impedance spectra at Open Circuit Potential (OCP) have been measured in a galvanostatic mode in the frequency range 10 -1 -10 6 Hz using a sinusoidal perturbation (i AC ) of +/-5 mA•cm -2 . From the EIS data, the ohmic resistance (R s ) and the polarization resistance have been obtained considering the intercepts of the diagram with the real axis at high frequency (R s ) and low frequency (= R s +R pol ). The overpotential of the WE at each current density (η-i curve) has been determined by subtracting the ohmic contribution (= ) to the overall voltage drop (i-V curve) (i.e.

).

In the second part of the test, a large range of gas compositions has been investigated (pH A third pristine cell, coming from the same batch, has been reduced using the same protocol and its microstructure has been reconstructed via synchrotron-based X-ray nano-holotomography.

3D Reconstruction

To perform the holotomography experiment, a micro-pillar with a diameter of ≈ 37 µm containing the Ni-3YSZ electrode and a part of the electrolyte has been extracted from the reduced cell (Figure 2a).

The specimen preparation has been carried out using a plasma-focused ion beam (pFIB) Vion (FEI TM ), in which Xe + ions are used to mill the material allowing fast sample preparation. The details about the extraction procedure can be found elsewhere [START_REF] Monaco | Degradation of Ni-YSZ Electrodes in Solid Oxide Cells: Impact of Polarization and Initial Microstructure on the Ni Evolution[END_REF][START_REF] Hubert | Role of microstructure on electrode operating mechanisms for mixed ionic electronic conductors: From synchrotron-based 3D reconstruction to electrochemical modeling[END_REF]. The micro-pillar, fixed on an Aluminum tip, has been characterized by X-ray holotomography at the Nano Imaging beamline ID16A of the European Synchrotron Radiation Facility (ESRF) [START_REF] Cloetens | Holotomography: Quantitative phase tomography with micrometer resolution using hard synchrotron radiation x rays[END_REF]. The data acquisition and the algorithm for the reconstruction have been previously adapted to the SOC materials [START_REF] Villanova | 3D phase mapping of solid oxide fuel cell YSZ/Ni cermet at the nanoscale by holographic X-ray nanotomography[END_REF][START_REF] Hubert | Efficient correction of wavefront inhomogeneities in X-ray holographic nanotomography by random sample displacement[END_REF]. With this technique, a large representative volume of ≈ 4020 2  µm 3 can be reconstructed while keeping a fine spatial resolution of ≈ 40 nm (voxel size of 20 nm) [START_REF] Hubert | Role of microstructure on electrode operating mechanisms for mixed ionic electronic conductors: From synchrotron-based 3D reconstruction to electrochemical modeling[END_REF].

From the raw 3D reconstruction, the microstructural properties of the cermet have been computed

and used as input parameters in the micro-scale kinetic models described hereafter. 3 Models Description

General Assumptions and Reaction Mechanisms

Two micro-kinetic models have been developed in parallel: Model I, in which the oxygen spillover mechanism has been implemented [START_REF] Mizusaki | Kinetic studies of the reaction at the nickel pattern electrode on YSZ in H2-H2O atmospheres[END_REF][START_REF] Bieberle | State-space modeling of the anodic SOFC system Ni, H2-H2O|YSZ[END_REF] and Model II, in which the hydrogen spillover mechanism has been considered [START_REF] Boer | SOFC anode: hydrogen oxidation at porous nickel and nickel/zirconia electrodes[END_REF][START_REF] Goodwin | Modeling Electrochemical Oxidation of Hydrogen on Ni-YSZ Pattern Anodes[END_REF][START_REF] Ogler | Modelling Study of Surface Reactions, Diffusion, and Spillover at a Ni/YSZ Patterned Anode[END_REF]. In both models, an isothermal slice (1D) of the Ni-3YSZ electrode perpendicular to the electrolyte is considered. As shown in Figure 3a, the simulated domain includes the entire functional layer and half of the electrolyte ( ).

The electrode is modeled as a continuous equivalent medium for which the kinetics rates of the reactions and the effective transport properties are scaled on the microstructural parameters deduced from the 3D reconstruction. Mass and charge balances are considered for all the simulated species including source/sink terms related to the reaction rates and a transient term to account for the timedependent response of the electrode.

The schematic reaction mechanisms implemented in the two models are depicted in Figure 3b and Figure 3c for the oxygen (Model I) and hydrogen (Model II) spillover mechanisms, respectively. As a general approach, all the elementary reactions have been expressed using the mass-action kinetic theory [START_REF] Bard | ELECTROCHEMICAL METHODS Fundamentals and Applications[END_REF][START_REF] Kee | Chemically Reacting Flow: Theory and Practice[END_REF]. In this frame, the chemical and electrochemical reactions can be written according to Eqs. (2a) and (2b), respectively.

In which R/P are the reacting/produced species, are their respective stoichiometry coefficients, is the number of electrons transferred in the reaction and , , , denote the forward, backward, reduction and oxidation kinetic constants, respectively. For Model I based on the oxygen spillover charge transfer, the expressions of the reactions (2a) and (2b) are detailed in Table I. This reaction pathway was firstly implemented by Bierberle et al. [START_REF] Bieberle | State-space modeling of the anodic SOFC system Ni, H2-H2O|YSZ[END_REF] who assumed that the gas species only interact with the Ni. In electrolysis mode (i.e. cathodic polarization), the steam is adsorbed on the Ni surface (CR1) before to be dissociated into a hydroxyl and a hydrogen adatom (CR2). The hydroxyl is further decomposed into an adsorbed oxygen and a hydrogen adatom (CR3). Finally, the two surface-attached hydrogen atoms are desorbed to produce the dihydrogen gaseous molecule in the electrode porosity (CR4). In parallel, the oxygen is electrochemically reduced according to the spillover reaction of charge transfer across the Ni/YSZ at the TPBls (ER1). Finally, the oxygen ions onto the YSZ surface are incorporated into the lattice by consuming one vacancy (CR5). The opposite mechanism occurs in fuel cell mode (i.e. anodic polarization) so that the total reaction mechanism is described by five chemical reactions (CR) and one electrochemical reaction (ER). The detail of reactions (2a) and (2b) for Model II is provided in Table II. This model is based on the version of the hydrogen spillover mechanism proposed by Goodwin et al. [START_REF] Goodwin | Modeling Electrochemical Oxidation of Hydrogen on Ni-YSZ Pattern Anodes[END_REF]. In our approach, it is still assumed that hydrogen interacts only with Ni whereas a competitive adsorption/desorption of water is considered for both materials. Considering the cathodic polarization, steam can be adsorbed on Ni and YSZ surface (CR1 and CR2) and two intertwined pathways are possible to produce the hydrogen. On the one hand, the H 2 O attached to Ni can be electrochemically reduced at the TPBls to form one hydrogen on the Ni surface and one hydroxyl ion on the YSZ surface (ER1). On the other hand, the H 2 O attached to the YSZ can react with an oxygen ion on the surface to produce two hydroxyl ions (CR3). These OH -species attached on the YSZ surface are subsequently reduced with a second charge transfer according to a hydrogen spillover mechanism, resulting in the formation of a hydrogen adatom on Ni and an oxygen ion on YSZ (ER2). Finally, the adsorbed hydrogens on Ni are desorbed in the gas phase (CR4) while the oxygen ion is incorporated in the YSZ lattice (CR5). As for Model I, the reaction is reversed in anodic polarization so that this mechanism is divided into five CR and two ER. 

ER1

First charge transfer reaction

ER2

Second charge transfer reaction

CR5

Oxygen incorporation in the YSZ lattice

In the next sections, the general set of equations used to express the reaction kinetics rates together with the charge and mass transfer in the electrodes phases are reported. The application of these general equations to Model I and Model II are detailed in Appendix A and B, respectively.

Thermodynamics and Kinetics of the Reactions

Considering the surface elementary steps of the two mechanisms, their kinetic rates can be written according to the general expression (3a) for the chemical reactions (2a) and using a Butler-Volmer formalism (3b) for the electrochemical reactions (2b).

(3a) (3b)

In which is the kinetic rate (mol•m -3 •s -1 ), is the activity and are the reduction/oxidation transfer coefficients ( ), which are taken as 0.5 each. , , and are Faraday's constant (C•mol -1 ), the universal gas constant (J•mol -1 •K -1 ) and the operating temperature (K), respectively. As already mentioned, the kinetic rates of the reactions are dependent on the electrode microstructural properties. Therefore, the kinetic rates (3a) and (3b) for the equivalent homogeneous medium are respectively proportional to the Ni/gas or YSZ/gas interfacial specific surface area ( , m -1 ) and the density of active TPBls ( , m -2 ). Finally, is the local potential in the electrode (V) expressed as the difference between the local electronic potential in the Ni ( ) and the local ionic potential in the YSZ ( ) (Eq. ( 4)).

(

) 4 
Where and denote the electrochemical potentials (J•mol -1 ) for the electrons in Ni and the oxygen ions in YSZ (considering:

).

Ideal solutions for the gas and the surface species have been assumed in the models so that the activities are directly given by the partial pressure p i or the surface concentration C i through Eqs.

(5a) and (5b).

(5a) (5b) 
Where represent the i-th gas partial pressure (bar), the reference pressure (1 bar) and is the total density of sites available for adsorption on the surface S (mol•m -2 ). In Eq. (5b), represents the surface coverage of i-th species on the surface S. In coherence with the previous expression of surface activities, a Langmuir isothermal model has been adopted with a monolayer coverage on the Ni or YSZ surface so that (where represents the fraction of empty surface sites that are still available for adsorption).

Conversely to the other species that evolve with the position in the electrode and the polarization, the activities of the vacancies and oxygen atoms in the bulk of YSZ have been taken constant. Indeed, the 3YSZ remains a good ionic conductor with a high concentration of charge carrier so that [START_REF] Kawata | Local structure analysis of YSZ by Y-89 MAS-NMR[END_REF]:

(6a) (6b) 
Where is the molar percentage of Yttria in the 3YSZ (i.e. , is the volume of the unit cell for the tetragonal zirconia (m 3 ) [START_REF] Hannink | Transformation toughening in zirconia-containing ceramics[END_REF] and is Avogadro's number (atoms•mol -1 ).

For each reaction i, the forward and backward kinetic constants are linked via the thermodynamic equilibrium constant ( ). Regarding the chemical reactions, the equilibrium constants are determined from the thermodynamic data using Eqs. (7a) and (7b).

(7a) (7b)

In which represents the Gibbs free energy variation (J•mol -1 ) for the i-th reaction at standard pressure of reactants and products and , represents the standard enthalpy and entropy of formation of the m-th species, expressed in (J•mol -1 ) and (J•K -1 •mol -1 ), respectively. The data for the standard enthalpies and entropies listed in Table III for the gas, the adsorbed and the bulk species are taken from the literature [START_REF] Bessler | The influence of equilibrium potential on the hydrogen oxidation kinetics of SOFC anodes[END_REF][START_REF] Chase | NIST-JANAF Thermochemical Tables[END_REF] at an operating temperature of 700°C. Once the equilibrium constants of the chemical reactions are determined, they are used to calculate the surface coverages at equilibrium for the adsorbed species taking advantage of the relation of with the activities (Eq. ( 8)). Finally, the coverages at equilibrium are used to determine the equilibrium constants of the electrochemical reactions according to Eq. ( 9).

It can be noticed that the equilibrium potential ( is equal to the chemical potential of oxygen in the gas phase taken at the reference electrode. Indeed, it is assumed that the reference is at equilibrium and exposed to the same atmosphere:

(and , assumption which is well experimentally verified for our system).

Mass and Charge Transport for the Model Species

In the models, Fick's law is used to describe the diffusion of gas and surface-attached species, whereas the electronic current in Ni and the ionic current in YSZ are computed considering classical Ohm's law.

(i) For the gas species, the mass balances and the equations to express the diffusive flux are reported in Eqs. (10a) and (10b).

(

) (10b) 10a 
In which is the pore volume fraction in the electrode while and are the molar concentration (mol•m -3 ) and flux (mol•m -2 •s -1 ) of the i-th species. represent the source/sink term associated with the reactions in which the i-th species is produced/consumed (mol•m -3 •s -1 ) and represents the effective gas diffusion coefficient for the i-th species (m 2 •s -1 ).

The effective diffusion coefficient in (10b) is derived from the Dusty-Gas Model (DGM) by neglecting the permeation flux [START_REF] Laurencin | Modelling of solid oxide steam electrolyser: Impact of the operating conditions on hydrogen production[END_REF]. This last approximation is especially relevant for the microstructure of typical Ni-YSZ electrodes for which the mass transfer is fully limited by the gas diffusional process [START_REF] Bernadet | Effects of Pressure on High Temperature Steam and Carbon Dioxide Co-electrolysis[END_REF]. In this condition, the effective coefficient ( given in Eq. ( 11) is a combination of the binary diffusion coefficient ( and the Knudsen diffusion coefficient ( for a multi-component gas mixture composed of H 2 , H 2 O and a neutral gas used as a diluent, such as nitrogen [START_REF] Laurencin | Modelling of solid oxide steam electrolyser: Impact of the operating conditions on hydrogen production[END_REF].

Where is the molar fraction of inert gas in the gas flow (e.g. N 2 ). The Knudsen diffusion coefficient is reported in Eq. (12a) while the binary diffusion coefficient is expressed according to Fuller's theory and is reported in Eq. (12b) [START_REF] Laurencin | Modelling of solid oxide steam electrolyser: Impact of the operating conditions on hydrogen production[END_REF].

(12a) (12b)
In which is the apparent tortuosity factor for the gas phase, is the mean pores radius (m), is the molar mass of the i-th species expressed in g•mol -1 and is the Fuller volume of the i-th species taken from [START_REF] Todd | Thermodynamic and transport properties of gases for use in solid oxide fuel cell modelling[END_REF].

(ii) The diffusion and mass conservation of surface-attached species on Ni and YSZ have been modeled using Eq. (13a) and Eq. (13b), respectively.

(13a) (13b) 
In which represents the surface diffusion coefficient of the i-th species on Ni or YSZ expressed in m 2 •s -1 . All the surface diffusion coefficients at 700°C are taken from the literature [START_REF] Ogler | Modelling Study of Surface Reactions, Diffusion, and Spillover at a Ni/YSZ Patterned Anode[END_REF].

However, it can be pointed out that a rather large range of uncertainty is expected on these parameters, as the experimental determination of surface diffusion coefficients remains very challenging. Also, despite recent progress in the DFT description of the interaction of water with the YSZ surface [START_REF] Cucinotta | Hydrogen oxidation reaction at the Ni/YSZ anode of solid oxide fuel cells from first principles[END_REF][START_REF] Chaopradith | Adsorption of Water on Yttria-Stabilized Zirconia[END_REF], the mechanisms by which the hydroxyls migrate on the YSZ surface remain unclear, as well as their energy barriers, making it difficult to use available DFT results to estimate a diffusion coefficient of water or OH on this surface. Note that the crystallographic orientation of the surface, especially for Ni, obviously impacts the energy barriers for diffusion, and thus the diffusion coefficients of the surface-attached species, contributing to increase the range of uncertainty on these coefficients.

(iii) The electronic and ionic current densities in the electrode are both computed with Eq. ( 14), in which the effective conductivity ( ) is expressed according to Eq. [START_REF] Irvine | Evolution of the electrochemical interface in high-temperature fuel cells and electrolysers[END_REF]. and

and

Where and are the bulk electronic and ionic conductivities of Ni and 3YSZ (S•m -1 ), respectively [START_REF] Lay-Grindler | Micro modelling of solid oxide electrolysis cell: From performance to durability[END_REF]. The charge conservation equations for the electronic and ionic conductive phases are written in Eqs. (16a) and (16b), respectively.

(16a) (16b) 
Where is the capacitance of double layer arising between the Ni and the YSZ (F•m -2 ) and are the source/sink terms for the electronic and ionic charges (A•m -3 ), related to the kinetics rates of the reactions in which those are consumed or produced via Eq. ( 17).

(

) 17 
It can be noticed that for the electronic and ionic charge conservation equations, a positive flux of charges is associated with a negative current so that, a reaction is considered as a sink if it produces charged species, and vice versa.

Inside the electrolyte, the ionic current is not associated with any reaction and no capacitance effect arises from the accumulation of charges due to the absence of the interface with the electronic conducting material, meaning that Eq. (16b) becomes:

It can be pointed out that all the diffusivities and conductivities in Eqs. ( 10) -( 16) are expressed as a function of the electrode microstructural properties to take into account the effect of the cermet microstructure on the mass/charge transport phenomena. Only the effective ionic conductivity of the 8YSZ inside the electrolyte has been taken as the property for the dense material (i.e.

). The intrinsic diffusion coefficients and conductivities used for the simulations at 700°C are reported in Table IV. 

Summary of the Main Hypotheses for the Models

Different assumptions have been made to simulate the electrode response and to simplify the determination of the most relevant reaction mechanism for the Ni-3YSZ cermet:

 The mixtures for the gaseous molecules and the adsorbed species have been treated as ideal solutions.

 In Model II, the YSZ surface has been simulated considering one single type of adsorption site for all the surface-attached species as in [START_REF] Ogler | Modelling Study of Surface Reactions, Diffusion, and Spillover at a Ni/YSZ Patterned Anode[END_REF][START_REF] Luo | Mechanism of rate-limiting step switchover for reversible solid oxide cells in H2/H2O atmosphere[END_REF]. In this configuration, the surface attached oxygen ions, hydroxyl ions and molecular water are considered as competitively adsorbed on YSZ.

 To reduce the number of unknown fitting parameters in both models, the reaction of oxygen incorporation/excorporation in the YSZ lattice (CR5) has been assumed not limiting (i.e.

. In Model II, since the reaction of H 2 O dissociation on the YSZ surface (CR3) is supposed to be very fast [START_REF] Chaopradith | Adsorption of Water on Yttria-Stabilized Zirconia[END_REF], it has also been considered as not limiting.

 Using these assumptions, in each model there are five free fitting parameters:

-For Model I:  The reduction kinetic constant of the second charge transfer reaction ( ).



Numerical Implementation and Boundary Conditions

The equations of charge/mass balances combined with the expressions of fluxes and source terms constitute a set of partial differential equations implemented in the commercial software for finite element computations Comsol Multiphysics ® and solved in the time domain.

In both models, the overall electrode potential is taken as the difference between the electronic potential in the Ni ( ) at the CC/FL interface and the ionic potential in the YSZ ( ) at the FL/EL interface as shown in Eq. [START_REF] Mizusaki | Preparation of Nickel Pattern Electrodes on YSZ and Their Electrochemical Properties in H2-H2O Atmospheres[END_REF].

(

) 19 
This potential is used to compute the electrode overpotential ( ), according to Eq. ( 20), which is equivalent to the one deduced from the measurements versus the reference (i.e.

).

(

) 20 
To obtain the steady-state response of the electrode, the ionic potential is fixed in the YSZ (i.e. at in Figure 3a) and the local current densities, the local surface coverages on Ni and YSZ and all the other unknowns are computed.

To simulate the impedance spectra, the procedure reported in Hubert et al. [START_REF] Hubert | Role of microstructure on electrode operating mechanisms for mixed ionic electronic conductors: From synchrotron-based 3D reconstruction to electrochemical modeling[END_REF] has been applied.

For each frequency, a sinusoidal perturbation has been imposed to the ionic current in the electrolyte:

(21)
Ten full cycles of the sinusoid have been simulated and the last two have been analyzed to calculate the impedance of the electrode from the time-dependent current and potential. Using this procedure, the solution has been determined for each point of the diagram keeping the full non-linearity of the system. The models have been run using the same amplitude for the perturbation as the experiment with = 5 mA•cm -2 in the frequency range between 10 -1 and 10 6 Hz and seven points per decade have been calculated. In this work, only spectra at OCP have been simulated ( ).

However, it is worth mentioning that, using this approach, the impedance spectra can be simulated with both models not only at OCP but also under polarization as detailed in [START_REF] Hubert | Role of microstructure on electrode operating mechanisms for mixed ionic electronic conductors: From synchrotron-based 3D reconstruction to electrochemical modeling[END_REF].

The imposed boundary conditions are the same in both models and are summarized hereafter:

1) For the electronic Ni phase: and 2) For the ionic YSZ phase: and for the stationary solution, or for the time-dependent solution.

3) For the gas phases: 

3D Reconstruction

A Region Of Interest (ROI) containing the cermet has been extracted from the whole reconstruction obtained by X-ray holotomography. A volume size of ≈ 23×23×23 µm 3 (cf. Figure 2) has been taken for the ROI, which is large enough to be well representative of the heterogeneous Ni-YSZ microstructure. Indeed, it has been already shown that the Representative Volume Elements (RVEs)

for typical cermet electrode microstructures are ranging from around 12 3 µm 3 to 15 3 µm 3 [START_REF] Moussaoui | Stochastic geometrical modeling of solid oxide cells electrodes validated on 3D reconstructions[END_REF].

In Figure 2b, a 2D slice of the ROI extracted from the raw reconstruction is shown. The three phases of the cermet can be identified by their corresponding grey-levels in the micrograph (darker: pores, grey: 3YSZ, clearer: Ni). Before computing the electrode microstructural properties, the 3D image has been segmented by labeling the Ni, YSZ and pore phases. To facilitate this image processing, the volume has been previously filtered using in-house codes to increase the contrast between the different phases and separate the peaks on the histogram (Figure 2c). The filtering is based on the Malik-Perona method [START_REF] Perona | Scale-space and edge detection using anisotropic diffusion[END_REF] and the procedure followed in this work is reported in [START_REF] Villanova | 3D phase mapping of solid oxide fuel cell YSZ/Ni cermet at the nanoscale by holographic X-ray nanotomography[END_REF].

The result of this step is highlighted in Figure 2d in which the grey-level histograms before and after filtering are reported. As it can be seen, the application of the Malik-Perona filter allows a better separation of the peaks, which are more convoluted in the original reconstruction.

Subsequently, the volume has been segmented and each of the three phases in the electrode has been labeled univocally using the lower and higher thresholds identified following the Otsu's approach [START_REF] Otsu | A Threshold Selection Method from Gray-Level Histograms[END_REF]. These thresholds are given in Figure 2d (they are equal to 120 and 180, respectively). A 3D rendering volume and a 2D cross-section extracted from the segmented reconstruction are given in Figure 2e.

Finally, the isolated voxels have been identified and excluded from the volumes used for the computation. In this way, only the percolated networks of each phase have been considered to evaluate the microstructural parameters. All the properties extracted from the volume are given in Table V. The volume fractions ( ), the interfacial specific surface areas between the phases ( ), the mean radii ( ) and the density of the active TPBl ( ) have been measured using the methods reported in [START_REF] Moussaoui | Stochastic geometrical modeling of solid oxide cells electrodes validated on 3D reconstructions[END_REF]. Besides, the apparent tortuosity factors ( of each phase has also been computed by homogenization following the procedure reported in [START_REF] Laurencin | Characterisation of Solid Oxide Fuel Cell Ni-8YSZ substrate by synchrotron X-ray nano-tomography: From 3D reconstruction to microstructure quantification[END_REF]. To check the accuracy of the microstructural properties deduced from the 3D reconstruction, the solid volume fractions obtained for the Ni and the 3YSZ have been compared to the expected ones. As it can be seen in 

Experimental Results and Analyses

In order to check the validity of the measurements with the three-electrode experimental setup, the η-i curves and EIS diagrams vs the RE have been measured at pH 2 /pH 2 O = 50/50 for both electrodes (WE and CE). As shown in Figure 4a, an almost perfect superposition is found for the two polarization curves, indicating that the symmetric behavior of the cell is accurately obtained in the setup. Besides, the impedance spectra at OCP for the two electrodes and the complete symmetric cell are shown in Figure 4b. It can be noticed that the EIS diagrams of the two electrodes are also well superposed and their sum corresponds to the impedance of the complete cell. These results indicate the absence of misalignment between the electrodes and confirm the validity of the RE positioning. Finally, it can be pointed out that the data for the EIS are not perturbed with noise especially in the low-frequency range, meaning that the steam supply is stable without any fluctuation. From all these observations, it can be claimed that the experimental setup is completely reliable for the electrochemical characterizations. More precisely, the potential-activated behavior under anodic current suggests that the reaction rate could be mainly dominated by the electrochemical reaction of charge transfer, while the presence of a limiting current density under cathodic polarization would reveal a limitation by a chemical reaction in the adsorbed phases due to a low concentration of reactant. These statements are in good agreement with the experimental results already reported in the literature for a Ni-8YSZ cermet electrode [START_REF] Grondin | Computing approach of cathodic process within solid oxide electrolysis cell: Experiments and continuum model validation[END_REF][START_REF] Dasari | Electrochemical characterization of Ni-yttria stabilized zirconia electrode for hydrogen production in solid oxide electrolysis cells[END_REF][START_REF] Pan | Mechanism and Kinetics of Ni-Y2O3-ZrO2 Hydrogen Electrode for Water Electrolysis Reactions in Solid Oxide Electrolysis Cells[END_REF]. Therefore, the co-limitation in electrolysis mode seems to appear irrespectively of the level of zirconia doping from 3 to 8 mol.% of yttria. This last remark might constitute a 'weak' clue suggesting that the co-limitation in SOEC mode would be more related to an interaction of gas with Ni. From Figure 5b, it can be seen that the electrode performance in both polarizations is improved when the pH 2 /pH 2 O ratio is decreased. Moreover, it can be noticed in Figure 5b that the dependency of the electrode response with the partial pressures is more pronounced in cathodic polarization.

Based on this remark and considering that a decrease in the pH 2 /pH 2 O ratio corresponds to an increase in the partial pressure of steam, it can be suspected that the co-limiting step observed in electrolysis mode could be associated with an interaction of steam with the electrode surface.

To go further in the analysis, the impedance spectra have been acquired at OCP for a large range of gas compositions (Figures 5c and5d). As a first comment, it can be seen that the Nyquist plots of the diagrams (Figure 5c) exhibit a global shape that tends toward a kind of FLG impedance with a slightly 'skewed' shape. This global shape of the EIS diagrams could be explained by the transport of oxygen vacancies in the 3YSZ backbone taking place in parallel to the electrochemical and chemical reactions in the electrode. In other words, the contribution with a line at around 45° from the real axis in the Nyquist plot could be principally ascribed to the oxygen vacancies migration in the depth of the electrode. Moreover, the FLG type impedance behavior would suggest that the reaction could extend over a large distance in the depth of the electrode compared to the whole Ni-YSZ thickness [START_REF] Nielsen | Impedance of porous IT-SOFC LSCF:CGO composite cathodes[END_REF]. It is worth noting that this shape of the electrochemical impedance spectra is in good agreement with the one published by Boukamp et al. [START_REF] Boukamp | SOFC-anodes, proof for a finite-length type Gerischer impedance?[END_REF] for porous Ni/Ti-doped YSZ electrodes. When changing the steam content in the gas flow, they have reported a 'minor dispersive contribution in the high-frequency region and a dominating dispersion down to 0.01 Hz'.

This global trend is also coherent with the EIS evolutions as a function of the pH 2 /pH 2 O ratio as displayed in Figures 5c and5d, even if a slight difference in the characteristic frequencies is detected.

From the analysis of the impedance diagrams as a function of the pH 2 /pH 2 O ratio, it can be clearly seen that low frequency contribution of the electrode response is the most affected by the variation of the reactants/products ratio (Figure 5c and5d). Based on this observation, this contribution could be associated to a chemical reaction or to a gas diffusional process in the porosities of the electrode.

Nevertheless, considering the microstructural properties obtained from the 3D reconstruction (Table V) and the low thickness of the functional layer, the gas diffusion is not expected to represent a limiting step for this type of electrode. Therefore, it could be suspected that the low frequency contribution in the EIS would be related to a chemical process occurring on the electrode surface.

The EIS data measured at OCP have been used to determine the dependency of the overall reaction rate on the partial pressure of hydrogen and steam. In this objective, the electrode polarization resistance at OCP has been classically expressed according to Eq. ( 22) [START_REF] Luo | Reversible H2/H2O electrochemical conversion mechanisms on the patterned nickel electrodes[END_REF].

(

) 22 
In which is a proportionality factor and the exponents and are the reaction orders with respect single solution for the two exponents has been found for all the experimental data in the investigated range of gas compositions. This result means that the reaction pathway is controlled by one single reaction mechanism at OCP whatever the steam content in the gas mixture. The fitted values for the two exponents are given in Table VI. A very low value has been obtained for the hydrogen ( =0.035) while the exponent on the steam partial pressure is much higher ( =0.38).

Electrochemical Simulations for the Porous Ni-3YSZ Electrode 4.3.1 Models Calibration and Elements of Validation

For the simulations with each model, the thermodynamic data and the diffusion coefficients have been taken from literature, whereas all the microstructural parameters characterizing the cermet morphology have been deduced from the 3D reconstruction (cf. data listed in Table III, Table IV and Table V, respectively). The other parameters including the forward kinetic constants of the reactions are given in Table VII for both models. As the first step of the validation, the two models have been calibrated fitting the simulated η-i curve on the experimental one at pH 2 /pH 2 O = 50/50.

The objective of these preliminary simulations was to identify the numerical values of the unknown kinetic parameters for the two studied models.

The results of the fitting procedure are shown in Figure 5a. It is worth noting that the error minimization between the experimental data and the simulated curves has led to determine a single set of solutions for the missing parameters of the two models. In this condition, it was found that both models can mimic accurately the η-i curve. Indeed, the asymmetric behavior between the cathodic and the anodic branches is perfectly reproduced by the oxygen spillover mechanism (Model I) as well as the hydrogen spillover mechanism (Model II). Once calibrated on the η-i curve at pH 2 /pH 2 O = 50/50, the EIS diagram at OCP measured in the same conditions has been simulated with the two models (Figures 6a and6b). It can be noticed that this validation step has been carried out without any further adjustments to the input model parameters. In this condition, it has been found that both models can predict with a good level of confidence the impedance diagram in terms of shape (Figure 6a) but also in terms of frequency distribution (Figure 6b). Based on these results, both reaction pathways appear to be suitable to predict the electrode response. At this stage, it is thus not possible to discriminate between the two elementary models for the porous Ni-3YSZ electrode. To gain more insight into the most relevant mechanism, the η-i curves at different partial pressures have been simulated using the two calibrated models. As shown in Figure 5b, a slight difference is found between the simulated curves and the experimental results. Indeed, both models overestimate the effect of the steam partial pressure on the electrode response. This statement is also confirmed by the impedance spectra simulated at different pH 2 /pH 2 O (Figure 6). Indeed, although the two models can perfectly reproduce the electrode behavior in terms of frequency distribution, the decrease of the simulated polarization resistance with increasing the H 2 O partial pressure is higher than the experimental one (Figures 6c and6d). In contrast, the opposite behavior is observed when decreasing the partial pressure of water (Figures 6e and6f). Nevertheless, it can be noticed that the simulated curves obtained with Model II are significantly closer to the measured data suggesting that the mechanism based on the hydrogen spillover could be more relevant for a Ni-3YSZ cermet electrode. To support this claim, the exponents on the H 2 and H 2 O partial pressures involved in the expression of the electrode polarization resistance at OCP (Eq. ( 22)) have been evaluated by computing the electrode response over the same range of gas compositions than the one used for the experiments. The results obtained with the calibrated models are given and compared to the experimental exponents in Table VI. Although the effect of pH 2 O is slightly overestimated in both cases, it is worth noting that the two models can retrieve the very low dependency of R pol on the hydrogen partial pressure. Regarding the exponent for pH 2 O, it appears that the prediction given by Model II is more accurate than Model I even if the discrepancy between the experimental exponent and the calculated one remains noticeable. Therefore, the comparison between the reaction orders obtained for Model I and Model II reinforces the statement that the reaction mechanism based on the hydrogen spillover charge transfer appears to be the most suitable to describe the electrode response.

To conclude, the model based on the hydrogen spillover mechanism is found to capture the global electrode behavior acceptably, even if its predictability must be still improved. Therefore, it seems that the mechanism proposed for the Ni-8YSZ cermet is still valid for the porous Ni-3YSZ electrode. Consequently, Model II can be used to analyze the response of this type of electrode.

Reaction Pathway and Electrode Rate Determining Steps with Model II

Firstly, a sensitivity analysis has been performed by changing the tortuosity factor of the 3YSZ which affects its ionic conductivity. As expected, it was found that the polarization curve is dependent on this parameter meaning that the electrode efficiency is partially limited by the oxygen vacancies migration from the electrolyte into the depth of the electrode. The EIS simulations have also confirmed that this limitation is related to the contribution at high frequencies, identified by the line at around 45° in the impedance spectra. Besides, changing the density of active TPBls and the global electrode specific surface area has shown that the overall kinetic rate is affected by these parameters controlling the reactions of charge transfer, and the chemical processes at the solid-gas interface, respectively. From the analysis of the simulated EIS, both parameters have an effect on the skewed semi-circle at intermediate/low frequencies indicating a convolution of the overall reaction processes. This observation strengthens the interpretation of the experimental EIS diagrams as a kind of (finite-length) Gerischer element, which can be interpreted as a transmission line model [START_REF] Shin | Application of a general gas electrode model to Ni-YSZ symmetric cells: Humidity and current collector effects[END_REF][START_REF] Nielsen | Impedance of SOFC electrodes: A review and a comprehensive case study on the impedance of LSM:YSZ cathodes[END_REF] for which the local resistance induced by the transport of vacancies is in parallel with a resistance and a capacitor associated with the reaction process. Moreover, the behavior in the high frequencies region corresponding to a straight line at an angle slightly lower than 45º is in good agreement with the fractal Gerischer element. It has been recently pointed out that this shape of the impedance diagram could also be obtained considering a transmission line model in which the capacitor is substituted by a constant-phase element to take into account the dispersion of time constants of the reaction processes [START_REF] Nielsen | Impedance of SOFC electrodes: A review and a comprehensive case study on the impedance of LSM:YSZ cathodes[END_REF]. This remark reinforces the observation that the electrode behavior could be controlled by the vacancies migration in the ionic conductive network coupled with the electrochemical reactions at the TPBls and a chemical reaction occurring and at the solid/gas interface. Finally, it is worth mentioning that a sensitivity analysis on the surface diffusion coefficients has also revealed that the electrode response is noticeably improved when the diffusivity of the YSZ-attached hydroxyl ion is increased by a factor of five, suggesting that this species could play a key role on the electrode response.

To identify the nature of the gas-solid chemical reaction limiting the electrode response, the local kinetic rates for the steam adsorption on Ni (CR1) and YSZ (CR2) have been plotted in the electrode thickness (at pH 2 /pH 2 O =50/50 for an electrode overpotential of -0.06 V and +0.06 V) (Figures 7b and7c). In the simulated conditions, it is found that both reactions extend in the whole electrode thickness suggesting that the entire functional layer contributes to the electrode response.

This modeling result is fully consistent with the global shape of the experimental electrode impedance related to a type of finite-length Gerischer element (Figures 5c and5d). Moreover, it can be noticed in Figures 7b and7c that the rate of adsorption/desorption reactions, CR1 and CR2, are activated in anodic and cathodic polarizations, indicating that steam interacts with both Ni and YSZ surfaces in both operating modes.

Before identifying the precise role of YSZ and Ni surfaces on the mechanism, it is worth reminding that Model II is divided in seven elementary steps that can be separated in two possible pathways for the steam reduction/hydrogen oxidation reactions as illustrated in Figure 7a. Considering an operation in electrolysis mode, pathway n°1 corresponds to the steam adsorption on the Ni surface (CR1) followed by the electrochemical reduction at the TPBls (ER1). Alternatively, water can be adsorbed on the YSZ surface (CR2) and dissociated into two hydroxyl ions (CR3), which correspond to pathway n°2. Finally, the common reactions belonging to both pathways correspond to the second charge transfer (ER2), the oxygen incorporation in YSZ (CR5) and the hydrogen desorption from Ni (CR4).

As reported hereafter, the relative contribution of these two pathways in the overall Ni-3YSZ electrode response has been evaluated depending on the anodic or cathodic polarization. In each case, the rate determining steps have also been identified. Besides, the charge transfer reaction ER2 is strongly promoted at the FL/EL interface whereas ER1 takes place more homogeneously along the electrode thickness. This difference in the distribution of the two reaction rates is related to the reacting species involved in the second charge transfer.

Indeed, it is reminded that ER2 involves as product (or reactant in the fuel cell mode) the oxygen ions migrating in the electrolyte. Because of the very fast kinetic rate of the oxygen exchange from the surface into the bulk of YSZ, this reaction ER2 is thus strongly promoted in a region close to the electrolyte interface. To investigate the impact of these electrochemical reactions on the two reaction pathways, the surface coverages of hydroxyl ions and water attached to the YSZ as well as water attached to the Ni are given in Figure 9. In fuel cell mode for which the pathway n°2 is predominant, the fast charge transfer ER2 corresponds to a production of surface-attached hydroxyl ions (Figure 9a). This increase favors both (i) the reverse reaction of water dissociation (Reverse-CR3) and (ii) the first charge transfer reaction (Reverse-ER1), leading to produce H 2 O on both the YSZ surface (Figure 9b) and the Ni surface (Figure 9c), respectively. Nevertheless, due to the fast kinetics of the reverse dissociation, a significant part of H 2 O is formed directly on the YSZ surface where the coverage of water is increased by almost one order of magnitude with respect to the equilibrium conditions. This increase promotes the direct desorption of water from the YSZ surface. All these evolutions provide an insight into the underlying mechanism explaining why the pathway n°2 dominates the reaction mechanism under anodic polarization (fuel cell mode). It can be pointed out that the direct formation of H 2 O on the YSZ surface via the reverse reaction of dissociation is not considered in the reaction scheme proposed in other works [START_REF] Luo | Mechanism of rate-limiting step switchover for reversible solid oxide cells in H2/H2O atmosphere[END_REF] for which only the charge transfer reaction (ER1) is taken into account. However, based on our modeling results, it appears that the direct formation of water on the YSZ surface would also contribute to the electrode response. This possibility has been suggested by Goodwin et al. [START_REF] Goodwin | Modeling Electrochemical Oxidation of Hydrogen on Ni-YSZ Pattern Anodes[END_REF] even if it was finally not included in their modeling scheme.

In electrolysis mode where the pathway n°1 is dominant, the fast kinetic of ER2 triggers a significant consumption of (Figure 9a) which promotes the steam dissociation reaction on the YSZ surface (CR3) and the H 2 O reduction at the TPBls (ER1). The very fast dissociation reaction consumes the H 2 O on the YSZ surface causing a drop in the water surface coverage (Figure 9b). This decrease of water attached on the YSZ surface is not balanced by the adsorption reaction (CR2) blocking the pathway n°2, so that the reduction of Ni-attached H 2 O at the TPBls (ER1) becomes the main source of hydroxyl ions on the YSZ surface (resulting in the activation of the pathway n°1).

To summarize, the global reaction rate is dominated in fuel cell mode (i.e. anodic polarization) by the pathway n°2. In this case, most of the steam is produced on the YSZ surface and the reaction rate is mostly controlled by the charge transfer reaction (ER2) and the water desorption from the YSZ (reverse of CR2). In electrolysis mode (i.e. cathodic polarization), the pathway n°1 becomes predominant. Indeed, the adsorption rate of H 2 O on the YSZ (CR2) becomes very slow yielding to activate the contribution of the first charge transfer reaction (ER1) and the steam adsorption on Ni (CR1). As this last reaction is not kinetically favored, it explains the appearance of a relatively low limiting current density in electrolysis mode.

As a general comment, it can be inferred from this numerical analysis that the second charge transfer at the TPBls (ER2) and the variation in concentration for the YSZ-attached hydroxyl ions play a key role on the electrode response in both polarizations. This strong effect of YSZ-attached hydroxyl ions has been ascribed to their production/consumption and is consistent with the influence of the surface diffusivity on the electrode response.

Sensitivity Analysis on Model II Parameters

A complementary sensitivity analysis has been performed in an attempt to improve the Model II predictability regarding the dependence of the electrode response with pH 2 O. This study has been realized with the purpose to check the validity of the assumptions concerning the non-limiting nature of the oxygen ions incorporation into YSZ and the water dissociation reactions on the YSZ surface (CR5 and CR3, respectively). Besides, according to the simulation results, the surface coverage of and its surface diffusion are expected to have an impact on the electrode response. However, as already stated, large uncertainty exists on the diffusion coefficients, especially for the surface-attached species. This means that the contribution of surface diffusion could have been slightly underestimated [START_REF] Ogler | Modelling Study of Surface Reactions, Diffusion, and Spillover at a Ni/YSZ Patterned Anode[END_REF]. For this reason, a third sensitivity analysis has been carried out to investigate the impact on the reaction of the hydroxyl ions surface diffusivity.

The analyses have been carried out by lowering the value of the examined parameter to make the electrode response dependent on it (or to increase the dependency in case of the diffusivity).

Afterward, the forward kinetic constants of the other reactions have been re-fitted on the experimental η-i curve at pH 2 /pH 2 O = 50/50 and the EIS diagram at OCP has been simulated without any further adjustment. In addition, the reaction orders with respect to H 2 and H 2 O have been evaluated and compared to the results obtained experimentally. The values of the hydroxyl diffusion coefficient and the forward kinetic constants used in the sensitivity analysis are reported in Table VIII while the results are given in Figure 10 and Table VI.

As shown in Figure 10a-c, it is possible to obtain a satisfactory fitting of the electrode η-i curve at pH 2 /pH 2 O = 50/50 in all three analyzed cases. Nevertheless, the EIS diagram calculated at OCP with the model limited by the oxygen ions incorporation/excorporation reaction (CR5) presents a different shape from the experimental spectrum (Figure 10d). Indeed, in this case, the impedance arc at ≈ 40 Hz appears to be similar to a pure semicircle with a more ideal capacitive behavior compared to the experimental one. Besides, the simulated characteristic frequency is clearly shifted towards higher values and does not match anymore the experimental data. For these reasons, it can be stated that the hypothesis on the not-limiting nature of the reaction CR5 is well confirmed. 

(m 3 •s -1 •mol -1 )
When using the model limited by the kinetics of water dissociation (CR3), it is also possible to reproduce accurately the η-i curves and the EIS diagrams (Figures 10d and10e). Nevertheless, the reaction orders for H 2 and H 2 O become less consistent in this case (cf. Table VI). In particular, the exponent for the steam partial pressure is increased with respect to the reference parameters of Model II, obtaining a value that is even less comparable to the experimental data. Therefore, the hypothesis of fast water dissociation on the YSZ surface is also confirmed.

Finally, the decrease of the hydroxyl ions diffusivity on the YSZ surface has been studied. From Figure 10, it can be seen that, increasing the limitation by diffusion, the polarization curves as well as the EIS diagrams at OCP are well captured by the model. Moreover, it can be seen in Table VI that the orders of reaction for hydrogen and water obtained with this model are more similar to the experimental data with respect to the ones calculated with the standard version of Model II. This result indicates that the impact of the surface diffusion of on the electrode response could be higher than in the standard case. From this point of view, the surface diffusivity of the hydroxyl ions appears to be a key property that would require a precise determination for a better prediction of the electrode behavior. Nevertheless, even in this last case, there is still a slight overestimation of the dependence of R pol with the steam partial pressure suggesting that more investigations are still needed for this type of electrode. In particular, complementary experimental characterizations would be useful by measuring for example impedance spectra under polarizations.

Besides, a deeper understanding of the interactions between H 2 or H 2 O molecules and the Ni-3YSZ system is still required to reduce the uncertainty on the surface diffusion coefficients for instance.

From this point of view, Molecular Dynamics (MD) and DFT computations in combination with the micro-kinetic modeling are expected to bring valuable insights into the exact limiting steps for a real Ni-YSZ cermet electrode. 

Conclusion

In this work, the reaction mechanism for the hydrogen oxidation and steam reduction in a porous cermet electrode made of Ni and 3YSZ has been investigated. Experimental characterizations have been carried out at 700°C with symmetric cells using a three-electrode set-up over a large range of gas compositions. The -i curves have shown that electrode response is activated by the electrode potential in anodic polarization while a strong co-limitation is found under cathodic current. The electrode performances were found to be substantially improved increasing the steam partial pressure while the effect of the hydrogen was significantly lower. Impedance spectra at OCP have shown a shape exhibiting a type of finite-length Gerischer element. The skewed semi-circle at low frequencies was also found to be strongly sensitive to the steam content in the gas phase. Thanks to all these observations, it has been suggested that the co-limitation especially under electrolysis current is related to an interaction of steam with one of the electrode solid phases. Finally, a sensitivity analysis of the main model assumptions has been carried out to improve the accuracy of the simulations. On the one hand, it has been confirmed that the hypotheses based on the non-limiting nature of the water dissociation on the YSZ surface as well as the incorporation of oxygen ions in the YSZ lattice are correct. On the other hand, it has been found that decreasing the surface diffusivity of the hydroxyl ions could improve the global quality of the model predictions.

Knowing the uncertainty on this key parameter, it can be reasonably supposed that electrode response is also co-controlled by surface diffusion. YSZ surface coverages at equilibrium with Eq. ( 8) and subsequently the equilibrium constants for the electrochemical reactions as reported in Eq. ( 9).

List of Abbreviations

For the Ni surface, the coverages at equilibrium are: The diffusion of all the species involved in the reaction mechanism has been modeled according to

Eqs. ( 10) to ( 16) and using the diffusion coefficients reported in Table IV. 

Figure 1 :

 1 Figure 1: Symmetrical cell used for the experimental characterization.

  2 /pH 2 O = 20/80, 30/70, 40/60, 50/50, 60/40, 70/30 and 80/20) and for each condition, the EIS at OCP has been measured to determine the dependency of the polarization resistance on pH 2 and pH 2 O. All the measurements have been performed with an Autolab PGSTAT-302N electrochemical workstation.

Figure 2 :

 2 Figure 2: Procedure for the electrode reconstruction: a) Pillar extracted from the reduced cell containing the Ni-3YSZ electrodeb) 2D cross-section extracted from the raw reconstructionc) 2D cross-section extracted from the filtered reconstructiond) Grey-level histograms for the raw and filtered image highlighting the three phases present in the volume and the thresholds used in the segmentation (in pink and green, respectively) -e) 3D rendering volume and 2D cross-section extracted from the final segmented reconstruction.

Figure 3 :

 3 Figure 3: Illustration of the Ni-3YSZ cermet modeling in electrolysis mode: a) Scheme of the electrode containing part of the electrolyte (EL), the functional layer (FL) and part of the current collector layer (CC) -b) Representation of the oxygen spillover mechanism implemented in Model Ic) Representation of the hydrogen spillover mechanism implemented in Model II.

Table I :

 : Reactions for Model I (expressed in electrolysis mode with the abbreviations CR and ER referring to the chemical and electrochemical reactions, respectively) CR1 Steam adsorption on the Ni surface CR2 H 2 O dissociation on the Ni surface CR3 Hydroxyl dissociation on Ni surface CR4 Hydrogen desorption from the Ni surface ER1 oxygen spillover from the Ni to the YSZ CR5 Oxygen incorporation in the YSZ lattice



  The kinetic constant of steam adsorption on Ni ( ); The forward kinetic constant of steam dissociation on Ni ( ); The forward kinetic constant of hydroxyl dissociation on Ni ( ); The kinetic constant of hydrogen desorption from Ni ( ); The reduction kinetic constant of the charge transfer reaction ().-For Model II: The kinetic constant of steam adsorption on Ni ( ); The kinetic constant of steam adsorption on YSZ ( ; The kinetic constant of hydrogen desorption from Ni ( ); The reduction kinetic constant of the first charge transfer reaction ( );

and 4 )

 4 For the adsorbed phases:

Figure 4 :

 4 Figure 4: Illustration of the validity of the measurements in the three-electrode setup (with pH 2 /pH 2 O = 50/50 and T = 700ºC): a) η-i curves recorded for the WE and the CE vs the REb) EIS diagrams at OCP recorded for the two half-cells and the symmetric cell.

Figure 5 :

 5 Figure 5: Experimental and simulation results at 700ºC: a) Experimental and simulated η-i curves with pH 2 /pH 2 O = 50/50 -b) Experimental and simulated η-i curves with pH 2 /pH 2 O = 25/75 and pH 2 /pH 2 O = 75/25 -Experimental Nyquist plot (c) and Bode plot (d) of the EIS diagrams at OCP measured at different pH 2 /pH 2 O (20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20).

to H 2

 2 and H 2 O respectively. A least-square algorithm has been used to fit the exponents and for all the tested compositions (i.e. pH 2 /pH 2 O = 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20). A
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  10 (m 2 •s -1•mol -1 ) Fitted Hydroxyl dissociation on Ni ( ) 7.5 × 10 10 (m 2 •s -1 •mol -1 ) Fitted Hydrogen desorption from Ni ( ) 1.6 × 10 7 (m 2 •s -1 •mol -1 ) Fitted Charge transfer reaction in the reduction direction (

Figure 6 :

 6 Figure 6: Experimental and simulated impedance spectra at OCP with different pH 2 /pH 2 O: Nyquist (a) and Bode (b) plots with pH 2 /pH 2 O = 50/50 -Nyquist (c) and Bode (d) plots with pH 2 /pH 2 O = 40/60 -Nyquist (e) and Bode (f) plots with pH 2 /pH 2 O = 60/40.

Figure 7 :

 7 Figure 7: Results of the simulation with Model II on the steam interaction with Ni and YSZ surfaces with pH 2 /pH 2 O = 50/50: a) Schematic representation of the two parallel pathways for the electrode reaction with Model II (given in electrolysis mode) -b) Local kinetic rate of H 2 O adsorption/desorption on Ni surface (CR1) -c) Local kinetic rate of H 2 O adsorption/desorption on YSZ surface (CR2) -d) Kinetic rate of steam adsorption/desorption on Ni and YSZ integrated over the electrode thickness as a function of the overpotential.

Figure 8 :

 8 Figure 8: Kinetic rate of the charge transfer reactions at different polarizations with pH 2 /pH 2 O = 50/50: a) Local kinetic rate of the first charge transfer reaction (ER1) -b) Local kinetic rate of the second charge transfer reaction (ER2).

Figure 9 :

 9 Figure 9: Local surface coverages at different polarizations with pH 2 /pH 2 O = 50/50: a) Hydroxyl ions on the YSZ surfaceb) H 2 O on the YSZ surfacec) H 2 O on the Ni surface.

Figure 10 :

 10 Figure 10: Results of the sensitivity analysis on the parameters of Model II at 700ºC: a) η-i curve at pH 2 /pH 2 O = 50/50 for the model limited by the incorporation/excorporation of in the YSZ (CR5) -b) η-i curve at pH 2 /pH 2 O = 50/50 for the model limited by the dissociation of on the YSZ (CR3) -c) η-i curve at pH 2 /pH 2 O = 50/50 for the model limited by the surface diffusion of on the YSZ ( ) -Nyquist (d) and Bode (e) plots of the EIS diagrams at OCP at pH 2 /pH 2 O = 50/50.

  Two micro-kinetic elementary models, based on the oxygen and hydrogen spillover mechanisms, have been developed. To reduce the number of unknown parameters for the simulations, the real microstructural properties of the tested cermet have been deduced from a 3D electrode reconstruction obtained by synchrotron X-ray nano-holotomography. The validation of the two models has been conducted taking advantage of the experimental characterizations. It has been shown that the model based on the hydrogen spillover mechanism is the most appropriate to predict correctly the electrode response in terms of impedance spectra and polarization curves obtained at different gas compositions.Once validated, the model based on the hydrogen spillover mechanism has been used to clarify the reaction pathway for the Ni-3YSZ electrode. The analysis of the simulated impedance diagrams at OCP has confirmed that the rate determining steps are (i) the charge transfer at TPBls, (ii) the oxygen vacancies migration in 3YSZ network and (iii) a pure chemical surface process. Moreover, the simulations under polarizations have highlighted a change of reaction pathway from cathodic to anodic polarization.In fuel cell mode, the charge transfer would be mainly controlled by the electrochemical oxidation of the hydroxyl ions and by the water desorption from the YSZ surface. In electrolysis mode, the adsorption rate of H 2 O on the YSZ would become very slow leading to the activation of the reaction pathway controlled by the steam adsorption on Ni. This change of mechanism explains the strong dissymmetry of the electrode polarization curve. Moreover, it has been clearly shown that the attached hydroxyl ions on the YSZ surface play a key role in this electrode mechanism.

  sites available for adsorption on the surface S (mol•m -2 ) Standard Gibbs free energy variation for the i-th reaction (J•mol -1 ) Volume fraction of the a phase (%) Electrode overpotential (V) Surface coverage of i-th species on surface S (-) Fraction of empty surface sites on surface S (-) Electrochemical potential of the i-th species (J•mol -1 ) Kinetic rate of the i-th reaction (mol•m -3 •s -1 ) Triple phase boundaries lengths density (m -2 ) Electronic conductivity of the Ni/Ionic conductivity of the YSZ (S•m -1 ) Apparent tortuosity factor of the a phase (-) Electronic potential in the Ni/ionic potential in the YSZ (V)

  equilibrium constants of the charge transfer reactions are obtained:

Table II : Reactions for Model II (expressed in electrolysis mode with the abbreviations CR and ER referring to the chemical and electrochemical reactions, respectively)

 II 

CR1

Steam adsorption on the Ni surface

CR2

Steam adsorption on the YSZ surface

CR3 H 2 O dissociation on YSZ surface

CR4

Hydrogen desorption from the Ni surface

Table III : Thermodynamic data for the species used in the models at 700°C

 III [START_REF] Bessler | The influence of equilibrium potential on the hydrogen oxidation kinetics of SOFC anodes[END_REF][START_REF] Chase | NIST-JANAF Thermochemical Tables[END_REF] 

	Species	Standard enthalpy (J•mol -1 )	Standard entropy (J•K -1 •mol -1 )
		19.8 × 10 3	165.4
		-216.9 × 10 3	231.6
		-31.8 × 10 3	40.7
		-273 × 10 3	130
		-193 × 10 3	106
		-222 × 10 3	39
		-273 × 10 3	98
		-282.5 × 10 3	67
		-236.4 × 10 3	0
		-236.4 × 10 3	0
		0	0

Table IV : Diffusion coefficients and conductivities at 700°C

 IV [START_REF] Ogler | Modelling Study of Surface Reactions, Diffusion, and Spillover at a Ni/YSZ Patterned Anode[END_REF][START_REF] Todd | Thermodynamic and transport properties of gases for use in solid oxide fuel cell modelling[END_REF][START_REF] Lay-Grindler | Micro modelling of solid oxide electrolysis cell: From performance to durability[END_REF] 

	0.797	(S•m -1 )
	1.713	(S•m -1 )
	Diffusion coefficients/conductivities	
	7.3 × 10 -4	(m 2 •s -1 )
	6.3 × 10 -4	(m 2 •s -1 )
	2.1 × 10 -4	(m 2 •s -1 )
	7.1 × 10 2	(m•s -1 )
	2.1 × 10 3	(m•s -1 )
	7.8 × 10 -8	(m 2 •s -1 )
	1.9 × 10 -8	(m 2 •s -1 )
	3.2 × 10 -10	(m 2 •s -1 )
	1.4 × 10 -8	(m 2 •s -1 )
	1.5 × 10 -9	(m 2 •s -1 )
	1.5 × 10 -9	(m 2 •s -1 )
	8.1 × 10 -16	(m 2 •s -1 )

Table 5 ,

 5 the volume fractions of Ni and 3YSZ are 23.7% and 36.4%, respectively. They correspond to a cermet made of 39.4 vol.% of Ni and 60.6 vol.% of 3YSZ. As this composition is in perfect agreement with the proportion used for the electrode manufacturing (Section 2.1), the full methodology for the electrode reconstruction can be considered validated.

Table V : Microstructural properties of the connected phases in the Ni-3YSZ cermet electrode extracted from the 3D reconstruction Properties of the connected phases

 V 

	Pore volume fraction (	)			39.85	(%)
	Nickel volume fraction ( )			21.57	(%)
	3YSZ volume fraction (	)			36.36	(%)
	Specific surface area between 3YSZ and pores (	)	2.09	(µm -1 )
	Specific surface area between pores and Ni (	)	0.48	(µm -1 )
	Specific surface area between Ni and 3YSZ (	)	0.97	(µm -1 )
	Mean pore radius	)			0.26	(µm)
	Mean Ni particle radius	)			0.29	(µm)
	Mean 3YSZ particle radius	)		0.19	(µm)
	Density of triple phase boundary lengths (	)	4.329	(µm -2 )
	Pore tortuosity factor (				2.66	(-)
	Ni tortuosity factor (				17.01	(-)
	3YSZ tortuosity factor (				2.75	(-)

Table VII : Parameters used in the simulations at 700ºC Parameters used in both models

 VII 

	Density of available sites on Ni surface ( )		1.7 × 10 -5	(mol•m -2 )	[16]
	Density of available sites on YSZ surface (	)	2.5 × 10 -5	(mol•m -2 )	[16]
	Double-layer capacitance at the Ni/YSZ interface ( )	1.3	(F•m -2 )	[86]
	Volume of the unit cell for the YSZ (	)		134.73	(Å 3 )	[74]

Table VIII : Parameters in the sensitivity analysis for Model II

 VIII 

			Limited by CR5	Limited by CR3	Limited by	
			kinetic	kinetic	diffusion	
	YSZ-attached hydroxyl ions diffusion coefficient ( )	1.45 × 10 -9	1.45 × 10 -9	1.45 × 10 -11	(m 2 •s -1 )
	Steam adsorption on Ni (	)	5 × 10 2	7.5 × 10 1	1.25 × 10 2	(s -1 )
	Steam adsorption on YSZ (	)	5 × 10 2	1.5 × 10 2	1.25 × 10 2	(s -1 )
	Steam dissociation on YSZ (	)	1 × 10 11	1 × 10 8	2.5 × 10 11	(m 2 •s -1 •mol -1 )
	Hydrogen desorption from Ni (	)	4 × 10 12	8.1 × 10 7	8.1 × 10 8	(m 2 •s -1 •mol -1 )
	First charge transfer reaction in the reduction direction ( )	2 × 10 3	3 × 10 3	1 × 10 3	(m 3 •s -1 •mol -1 )
	Second charge transfer reaction in the reduction direction ( )	1 × 10 3	1 × 10 2	5 × 10 3	(m 3 •s -1 •mol -1 )
	Oxygen incorporation in the YSZ ( )	2.5 × 10 -3	5 × 10 4	5 × 10 4	

(S•m -1 )

(A.28) 
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Therefore, the global reaction rate of the electrode at OCP is almost independent of pH 2 whereas a clear influence of pH 2 O is found. All these dependencies derived from the analysis of the electrochemical impedance spectra confirm the behavior suggested by the η-i curves. Moreover, as already mentioned, changing the steam content affects mainly the diagrams in the medium and lowfrequency range while they remain almost unchanged at high frequencies (Figure 5d). This strong effect of the pH 2 O on the low frequency response of the electrode indicates that the surface processes co-limiting the electrode response should involve the steam and not the hydrogen.

Therefore, even at OCP, the electrode reaction rate is controlled by (i) the charge transfer, (ii) the oxygen vacancies migration in 3YSZ, and (iii) a pure chemical surface process sensitive to the steam partial pressure. According to the literature [START_REF] Boukamp | SOFC-anodes, proof for a finite-length type Gerischer impedance?[END_REF][START_REF] Atangulov | Gas electrode impedance with slow adsorption and surface diffusion[END_REF], this impact of steam on a FLG-type element for the cermet could be attributed to a slow steam adsorption/desorption coupled with surface diffusion up to the TPBls. To conclude, it can be stated from the experimental results that the overall reaction rate for the porous Ni-3YSZ cermet electrode is co-limited at OCP by the charge transfer at the TPBls, the oxygen solid-state diffusion in the electrode thickness and a surface process, which is sensitive to the steam partial pressure. This surface process could be associated with a steam-solid phase interaction potentially followed by a surface diffusional transfer. Finally, the strong dissymmetry of the electrode polarization curve suggests that the contribution of this surface process on the overall reaction rate appears to be more and more pronounced when changing the operating mode from anodic to cathodic polarization. It could even indicate a change in the reaction pathway between the two operating modes.

In electrolysis mode, the gaseous H 2 O is partially adsorbed on the Ni surface (Figure 7b). In this case, the adsorbed molecules are reduced directly at the TPBls by the first charge transfer reaction (ER1) according to the pathway n°1 (cf. schematic representation in Figure 7a). In parallel, it can be seen in Figure 7c that the gaseous H 2 O molecules are also adsorbed on the YSZ surface where they dissociate in two hydroxyl ions according to the pathway n°2 (Figure 7a). In both cases, the hydroxyl ions, which are produced by the two pathways, are commonly consumed by the second charge transfer (ER2).

In fuel cell mode, the opposite directions for the two pathways are found with part of the H 2 O produced via the oxidation at the TPBls (Reverse-ER1 and Reverse-CR1) (pathway n°1) and part of the H 2 O formed directly on the YSZ surface via the reverse reaction of the water dissociation (Reverse-CR3 and Reverse-CR2) (pathway n°2).

Therefore, these simulation results show that two pathways are activated in parallel for the two operating modes as shown in Figure 7a.

To determine the contribution of each pathway to the total electrode response, the local kinetic rates integrated over the electrode thickness are plotted as a function of the overpotential in Figure 7d.

Interestingly, a modification in the dominant pathway is highlighted. In fuel cell mode, most of the steam is produced by the water desorption from the YSZ surface according to the pathway n°2, whereas in electrolysis mode, the reaction mechanism is dominated by the pathway n°1. Indeed, in this case, the contribution of the H 2 O adsorbed on Ni is higher compared to the reaction of adsorption on YSZ. Therefore, these modeling results suggest that the nature of the reaction pathway and the associated rate determining step related to the gas-solid interaction would change with the electrode polarization. Under anodic current (fuel cell mode), the reaction would be mainly controlled by the pathway n°2, which involves the steam interaction with YSZ (cf. Figure 7a). On the contrary, the pathway n°1, which is linked to the interaction of steam with Ni, would be predominant under electrolysis current (cf. Figure 7a) (knowing that the rate of steam adsorption on YSZ becomes negligible under high cathodic polarization). This global behavior allows identifying the nature of the gas-solid interaction, which was highlighted experimentally, but also explains the dissymmetry of the electrode polarization curves in the two operating modes.

To deepen the analysis and clarify the detail of mechanisms, the local kinetic rates of the two charge transfer reactions (ER1 and ER2) are given in Figure 8 at pH 2 /pH 2 O = 50/50 and -0.06 V / +0.06 V.

Whatever the electrode polarization, it can be seen that the rate of the second charge transfer reaction (ER2) is always higher with respect to the first one (ER1) (Figure 8). Stoichiometric coefficient of i-th species (-)
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Appendix A: Development of Model I for the oxygen spillover Mechanism

As explained in Section 3, the oxygen spillover mechanism implemented in Model I is described by five chemical reactions and one electrochemical charge transfer reaction.

These reactions are accompanied by the surface diffusion of the adsorbed species ( , , , and ), the ionic conduction in the YSZ, the electronic conduction in the nickel phase and gas diffusion in the pores of the electrode (H 2 and H 2 O).

For each reaction, the kinetic rate is expressed according to Eqs. (3a) and (3b).

(A.1)

The thermodynamic equilibrium constants for the five chemical reactions (CR1-CR5) are evaluated using Eqs. (7a) and (7b). The thermodynamic data used for the calculations are reported in Table III.

Once the equilibrium constants have been determined, these have been used to evaluate the surface coverages at equilibrium on Ni and YSZ with Eq. ( 8).

For the equilibrium on Ni surface: Whereas on the YSZ surface:

(A.17)

Subsequently the surface coverages at equilibrium have been used to evaluate the equilibrium constant for the electrochemical charge transfer reaction ER1 as reported in Eq. ( 9).

(A. [START_REF] Mizusaki | Preparation of Nickel Pattern Electrodes on YSZ and Their Electrochemical Properties in H2-H2O Atmospheres[END_REF] The diffusion of all the species involved in the reaction mechanism has been modeled according to Eqs. ( 10) to ( 16) and using the diffusion coefficients reported in Table IV. Solving this set of partial differential equations with the boundary conditions reported in Section 3.5, the model is used to simulate the η-i curves and the impedance spectra.

Appendix B: Development of Model II for the hydrogen spillover Mechanism

The H spillover mechanism implemented in Model II is described by five chemical reactions and two electrochemical reactions.

These reaction steps are accompanied by the surface diffusion of the adsorbed species ( , , , and ), the ionic conduction in the YSZ, the electronic conduction in the nickel and gas diffusion in the pores of the electrode (H 2 and H 2 O).

For each one of the electrode reactions, the kinetic rate is expressed according to Eqs. (3a) and (3b). The thermodynamic equilibrium constants of the five chemical reactions (CR1-CR5) are obtained using Eqs. (7a) and (7b) and the thermodynamic data reported in Table III. Solving this set of partial differential equations with the boundary conditions reported in Section 3.5, it is possible to simulate the η-i curves and the impedance spectra.