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Degradation of Ni-YSZ Electrodes in Solid Oxide Cells: Impact of Polarization and Initial Microstructure on the Ni Evolution

Two types of solid oxide cells with different Ni-YSZ cermet microstructures have been aged in electrolysis and fuel cell modes for operating times ranging from 1000 to 15000 hours. The pristine and aged cermets have been reconstructed by synchrotron X-ray holotomography. Nickel agglomeration has been observed in the bulk of the operated samples inducing a significant loss of triple phase boundary lengths. The inspection of the microstructural properties has confirmed the stabilizing role of YSZ on Ni coarsening. Furthermore, the gradients of properties quantified at the electrolyte interface have revealed a depletion of Ni only in the electrochemically active region of the electrode. The process is strongly promoted for a coarse cermet microstructure when operated under electrolysis current. The evolution of the microstructural properties has been implemented in an in-house multiscale model. The simulations have shown that the loss of performance is dominated by the depletion of Ni in case of a coarse microstructure. Thanks to the computations, it has been shown that the Ni depletion is controlled by the cathodic overpotential. To explain this dependency, it has been proposed that the accumulation of oxygen vacancies in the double layer could deteriorate the Ni/YSZ interface and trigger the Ni depletion.

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 on 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. For example, this high-temperature electrochemical device could be associated to wind turbines or solar panels for the clean production of hydrogen. In fuel cell mode, the SOCs are typically used for the generation of heat and electricity for residential µCHP systems (micro Combined Heat and Power) [START_REF] Laurencin | Hydrogen Production by Electrolysis[END_REF][START_REF] Kendall | High-Temperature Solid Oxide Fuel Cells for the 21st Century -Fundamentals, Design and Applications[END_REF][START_REF] Lehner | Power-to-Gas : Technology and Business Models[END_REF]. Moreover, the SOCs present various advantages, such as a good reversibility, a large fuel flexibility and a very high efficiency without the use of expansive catalysts.

Nowadays, the typical material for the dense electrolyte is Yttria-Stabilized Zirconia (YSZ). The electrolyte separates the hydrogen electrode, made of a cermet in nickel and YSZ (Ni-YSZ), and the oxygen electrode, usually constituted by Mixed Ionic and Electronic Conductors (MIECs), such as Lanthanum Strontium Cobaltite Ferrite (LSCF). To limit the reactivity between the oxygen electrode and the electrolyte, a thin barrier layer made of Gadoliniumdoped Ceria (GDC) is sandwiched between the two [START_REF] Gómez | [END_REF]5]. It has been recently proposed to replace LSCF by a composite of LSCF and GDC as an alternative oxygen electrode, in order to mitigate the mismatch in thermal expansion coefficients between the electrode and the electrolyte [6] and to enhance the electrode performances, especially in electrolysis mode [7].

Despite of all their advantages, the performance degradation of SOCs is still too high to envisage the industrial deployment of this technology [8,9]. Indeed, the degradation rates should be limited to less than 0.5 %.kh -1 to reach commercial attractiveness, while it is still in the range of ≈ 1-3 %.kh -1 in SOFC mode and between 2 and 10 %.kh -1 in SOEC operation [10]. These rather large degradation rates are caused by various aging phenomena activated by the high operating temperatures such as the electrode microstructural evolutions, the chemical instabilities of materials and the inter-diffusion of elements between the cell components [11][12][13].

The main degradation mechanisms occurring in the cells are the chemical destabilization of the oxygen electrode [14,15], the diffusion of cations and Ni in the electrolyte and the formation nanopores leading to decrease its ionic conductivity [16,17] and the morphological evolution of Ni within the hydrogen electrode [18]. This latter phenomenon represents a significant contribution to the global cell degradation [19]. Indeed, it has been shown that the Ni-YSZ cermet is subjected under operation to a Ni agglomeration resulting in a phase coarsening and a migration changing the Ni distribution in the electrode [18][19][20][21][22][23][24][25][26][27][28][29][30][31][32].

The Ni agglomeration is characterized by an increase of the Ni mean particle diameter (D m ) due to the sintering of the smallest particles. This phenomenon yields a loss of active Triple Phase Boundary lengths (TPBls) [23,25,28] defined by the lines where the percolated gas, electronic (Ni) and ionic (YSZ) phases meet. As they represent the electroactive sites where the charge transfer reactions take place [33][34][35], Ni agglomeration induces a significant decrease in cell performance that could explain around 30% of the total cell degradation after 2000 hours [18]. It has been shown by several authors that this phenomenon is purely thermally activated and independent on the electrode polarization [18,23,27,29,30]. Indeed, it has been proposed that Ni coarsening is ascribed to an Arrhenius-type Ostwald ripening process that could be associated to surface or bulk solid-state diffusion of Ni [18]. However, the role of the electrode microstructure remains nowadays unclear. Indeed, it has been suggested that the YSZ backbone could limit the Ni coarsening [18,23,36]. This inhibiting effect of the YSZ network could be explained by the interfacial adhesion between Ni and YSZ that could stabilize and prevent Ni from a massive agglomeration at high temperature [18].

In parallel to the agglomeration, a process of Ni migration has also been observed leading to change the Ni repartition within the electrode. This phenomenon is restricted to the electrode active layer where the electrochemical reactions take place. It is associated to a migration of Ni towards the bulk of the electrode and results in a significant Ni depletion at the electrolyte interface. The Ni depletion is accompanied by a loss of active TPBls close to the electrolyte interface that can induce a significant degradation of the electrode and cell performances. However, despite its critical importance, the contribution of Ni depletion on the electrode and cell degradation rates has never been quantified precisely.

In terms of operating conditions, Ni migration has been observed after aging in SOEC operation [21,22,31,37,38] or SOFC mode [29,39]. However, some experimental results suggest that the severity of the phenomenon could be aggravated under electrolysis conditions because of the high cathodic overpotential [21,22]. In addition, it has been reported that the high steam partial pressures could accelerate the process [40]. To date, the role of temperature or the initial cermet microstructure remains unclear and even contradictory with the statements observed for the Ni coarsening in the bulk. For instance, a fine microstructure in the active layer could help to mitigate the rate of Ni migration [41]. Therefore, in spite of many experimental efforts, the exact role of the operating conditions, the electrode polarization and the microstructure on the Ni redistribution is still not precisely established.

For all these reasons, the origin of Ni migration is also not completely understood. Nevertheless, it has been proposed that the mechanism is based on the formation of Ni(OH)x gaseous species to take into account the role of high steam partial pressure [32,42,43]. Furthermore, in order to explain the depletion in the active layer observed especially in electrolysis mode, it has been proposed that Ni migration could be associated to a contact loss between Ni and YSZ that could be triggered by high cathodic overpotential [37].

In this work, we propose to better understand the underlying mechanisms involved in the Ni agglomeration and depletion in order to assess their impact on the electrode and cell response. For this purpose, the cermet microstructures of two typical cells have been reconstructed by synchrotron X-ray nano-holotomography after operation. The cells present different microstructures and were aged in fuel cell or electrolysis mode with aging times ranging from 1000 to 15000 hours. Special attention has been paid to analyze the microstructural evolution at the electrolyte interface as function of the operating conditions and the initial cermet microstructure. These microstructural data have been implemented in an in-house multiscale model including a detailed reactions kinetics for both electrodes [44][45][46]. The model has been used to simulate the impact of Ni agglomeration and depletion on the electrode and cell response. Thanks to the modeling approach, the potential causes of the Ni depletion are discussed and a possible mechanism for the loss of adherence between Ni and YSZ is suggested.

Cells Description and Experimental Results

Materials and Geometries

Two types of classical hydrogen electrode supported cells, named Cell-A and Cell-B, have been analyzed in this work and are shortly described hereafter (Fig. 1).

The dense electrolyte of Cell-A has a thickness of ≈ 8 µm and is made of Zirconia Stabilized with 8 mol. % of Yttria (8YSZ). The porous hydrogen electrode is a Ni-YSZ cermet of ≈ 260 µm while two variants for the thin oxygen electrode are considered. On the one hand, the oxygen electrode of Cell-A1 presents a multilayer structure with a thickness of ≈ 60 µm. This assembly is composed of a GDC-LSCF composite associated to a LSCF layer topped by a current collector made of Lanthanum Strontium Cobaltite (LSC). On the other hand, Cell-A2 presents an oxygen electrode constituted by a single layer in LSC (≈ 75 µm). Both cells are rectangular as shown in Fig. 1a with an active surface area of ≈ 70 cm 2 and 48 cm 2 , for Cell-A1 and Cell-A2 respectively. Moreover, Cell-A1 is segmented in 20 sectors as depicted in Fig. 1b with the external sectors of 3.17 cm 2 and the central ones of 3.79 cm 2 . Although their oxygen electrodes are different, it is worth noting that the cermet of Cell-A1 and Cell-A2 have been produced by using the same manufacturing protocol and are identical in terms of composition and microstructure.

Cell-B is a circular button cell with an active area of 3.14 cm 2 (Fig. 1c). In this case, the hydrogen electrode is a Ni-8YSZ cermet (≈ 350 µm) while the electrolyte is made of 8YSZ (≈ 10 µm). The oxygen electrode is a single layer of porous LSCF with a thickness of ≈ 50 µm.

Finally, it can be noticed that, for all the tested cells (Cell-A and Cell-B), a barrier layer of GDC (≈ 3-5 µm) is added between the oxygen electrode and the electrolyte in order to limit their reactivity.

Durability Test

The segmented cell (Cell-A1) was aged for 15000 hours in fuel cell mode at an operating temperature of 780°C. A nominal flowrate of ≈ 7 Nml.cm -2 .min -1 composed of diluted hydrogen was used to supply the fuel electrode (60% H2 -40% N2), while ambient air was sent to the oxygen electrode (flowrate: ≈ 110 Nml.cm -2 .min -1 ). During the durability experiment, the cell was kept at the Open Circuit Voltage (OCV) or operated in potentiostatic mode. The test was conducted in a specific setup developed by SOLIDpower S.p.A. with a longitudinal co-flow configuration (Fig 1a and1b) similar to the one reported in [47]. In this setup, the different sectors of the oxygen electrode have been connected to a metallic plate presenting the same segmentation. The insulation between the different metallic sectors has been obtained using a non-conductive glue to avoid their electrical contact. In this way, the local voltages and current densities for each sector of Cell-A1 have been measured independently and their evolution has been recorded. In this work, we focused our analysis on three samples coming from the inlet, the center and the outlet of the cell as reported in Fig. 1b. For these three segments, the evolution of current densities and voltages during the aging test are shown in Fig. 2. As expected, a higher current density is measured at the inlet of the cell, related to the higher concentration of reactants. Moreover, the evolution of the local voltages during the experiment is quite limited indicating a good stability of the cell. The degradation was also measured analyzing the evolution of global Area Specific Resistance (ASR) at a current density of ≈ 0.25 A.cm -2 . An increase of ≈ 130 mΩ.cm 2 was measured corresponding to a degradation rate of ≈ 3 mV.kh -1 . This rather low value obtained for an operating time of 15000 hours in good agreement with the typical degradation rates measured on classical SOCs over shorter aging periods [10]. This good durability behavior of Cell-A1 means that its electrodes microstructures must be stable upon operation, especially for the Ni-YSZ cermet.

The other cells of type A (Cell-A2) were aged in electrolysis mode for 10700 hours in a short stack configuration containing six repeating units (RU). All the details of the stack aging, as well as the data analyses have been already published in [38]. The gas composition at the hydrogen electrode inlet was 90% H2O and 10% H2, while the oxygen electrode compartment was swept under ambient air (flowrate at the fuel electrode: ≈ 10 Nml.cm -2 .min -1 -flowrate at the oxygen electrode: ≈ 15 Nml.cm -2 .min -1 ). The cells in the stack were maintained at a temperature ranging between 710°C and 730°C and were operated in galvanostatic mode at -0.6 A.cm -2 for the first 3250 hours and at -0.5 A.cm -2 up to ≈ 10000 hours. As for Cell-A1, a limited voltage increase of 0.5%.kh -1 is reported during the test, which corresponds to a degradation rate ≈ 6 mV.kh -1 .

The second type of cell investigated in this study (Cell-B) was also aged in electrolysis mode at 800°C for a total time of 1000 hours. The durability experiment was performed at a current density of -0.5 A.cm -2 . The hydrogen electrode was fed with the same gas composition as Cell-A2 (90% H2O -10% H2) with a total flowrate of ≈ 24 Nml.cm -2 .min -1 . Ambient air was sent at the oxygen electrode with a flow rate of ≈ 112 Nml.cm -2 .min -1 . The degradation curve and the initial and final performances of the cell are reported in Fig. 3a and3b, respectively. In contrast to Cell-A, a very high degradation rate of ≈ 100 mV.kh -1 was measured in this case.

In order to investigate this striking difference in durability behavior between Cell-A and Cell-B, the Ni-YSZ electrodes for the aged and pristine cells have been reconstructed by synchrotron X-ray holotomography. The microstructural properties extracted from the volumes have been then implemented an in-house model for analysis.

3D Reconstruction Procedure and Description of the Electrochemical Model

3D Reconstruction

For the tomographic experiments, specific specimens in the shape of micro-pillars have been extracted from the pristine and aged cells. These specimens have been prepared using a plasmafocused ion beam (pFIB) Vion (FEI TM ), in which Xenon ions are used to mill the material [48,49]. Using Xe + ions, this technology allows reaching high currents so that the milling rates are about 60 times faster than classical Ga + FIB [50]. Thanks to this feature, it is possible to prepare larger samples while keeping a sufficient precision at low currents [START_REF] Kwakman | AIP Conf. Proc[END_REF]. The detailed procedure for sample preparation is reported in [50]. In this study, micro-pillars with a diameter of ≈ 50 µm have been taken from the cells. As displayed in Fig. 4a for one case, each specimen contains a part of the hydrogen electrode, the electrolyte and the oxygen electrode.

Eight micro-pillars have been analyzed in this work. For Cell-A1, three samples have been extracted from the inlet, the center and the outlet segments as reported in Fig. 1b (named Cell-A1 Inlet, Cell-A1 Center and Cell-A1 Outlet, respectively). For Cell-A2, one sample coming from the inlet of the fifth RU has been analyzed (Cell-A2 Inlet). Moreover, two samples taken from Cell-B have been studied (Fig. 1c). One of these two samples has been extracted from the center of the cell, in the electrochemically active region (Cell-B Active). The other one has been taken from the periphery of the cell, from a region in which no electrochemistry occurs (Cell-B Inactive). Finally, for both types of cell, a representative reference sample coming from a pristine cell just after the cermet reduction has also been prepared and reconstructed (Cell-A Reference and Cell-B Reference).

The cermet microstructures have been reconstructed by synchrotron X-ray nanoholotomography carried out at the Nano-Imaging beamline (ID16A) of the European Synchrotron Radiation Facility (ESRF). In this technique, the sample is illuminated by using a coherent X-ray beam with high photon flux. The refractive index of the materials, which is related to the local electron density in the sample, induces a change in the wavelength resulting in a phase shift at the outlet of the specimen. This phase shift contains the microstructural information used to reconstruct the electrode. By analyzing this phase modification, it has been shown that the distinction between the pores, the nickel and the YSZ inside the reconstructed cermet is possible [START_REF] Villanova | [END_REF]. It is worth mentioning that all the procedure including the selection of the photons energy (33.6 keV), the data acquisition and the algorithm of reconstructions have been optimized for the characterization of SOCs materials [53,54]. Thanks to this optimization, 3D image of the electrode microstructure are obtained with a large field of view (reconstructed volume of ≈ 50.225.6 2  µm 3 ) and high spatial resolution (≈ 50 nm with a voxel size of 25 nm) [50]. These features are of critical importance to be representative of the SOC microstructure but also to observe the long distance redistribution of nickel in the cermet.

Once the microstructure had been reconstructed, a region containing part of the hydrogen electrode and the electrode/electrolyte interface has been identified. For each sample, a subvolume of ≈ 303030 µm 3 has been selected and the raw images have been processed by using in-house codes in order to identify the percolated phases (Ni, pores and YSZ) [START_REF] Villanova | [END_REF]55,56]. For this purpose, the raw data in grey levels have been filtered following the approach proposed by [57] to enhance the contrast between the different phases. Afterwards, the filtered 3D images have been segmented using the criterion proposed by [58], and a specific value has been assigned to each phase. A visual comparison between a 2D cross-section taken from the raw 3D image and the corresponding 2D slice coming from the segmented reconstruction is shown in Fig. 4b. A good accordance can be noticed between the two images proving the reliability of the filtering and segmentation procedures. A 3D rendering volume containing a part of the Ni-YSZ and a part of the electrolyte is also given in Fig. 4c as an illustration. As a last step, the connected paths for each phase have been identified in the reconstructions [56] so that the microstructural properties are computed on the percolated and disconnected phases.

The density of active TPBls (ξTPBls), the volume fraction of each phase (Vf), the specific surface areas (Spi-j) and the mean phase diameters (D m ) have been measured on the volumes using in-house algorithms [59]. Moreover, the M-factors, defined as the ratio between the effective conductivity (or diffusivity) and the intrinsic value for the solid (or gas) phase, have been computed by solving the Laplace equation on the microstructures [54]:

M-factor i = σ i eff σ i bulk (1)
Where σ i eff and σ i bulk represent the effective and the intrinsic conductivity/diffusivity of phase i.

All these microstructural parameters have been computed in two ways: (i) to evaluate the global microstructural evolution in the bulk and (ii) to take into account the potential gradients arising in the neighborhood of the electrode/electrolyte interface. For this purpose, the microstructural properties in the bulk of the electrodes have been calculated for each reconstruction on a sub-volume taken at ≈ 10 µm away from the electrode/electrolyte interface (≈ 303020 µm 3 ) (Fig. 4c). In order to evaluate the gradients, the firsts 10 µm of each Ni-YSZ electrode reconstruction have been divided in slices of 30300.5 µm 3 (Fig. 4d) and the local microstructural parameters have been calculated with a slice-by-slice approach.

Electrochemical Models Presentation

The microstructural data of the different samples have been introduced in an in-house developed multiscale model to compute the cell degradation after aging. This modeling framework combines the detailed reaction mechanisms at the electrode/electrolyte interface to the global cell performances. For this purpose, two microscale 1D models describing the reaction pathways at the oxygen and hydrogen electrodes are coupled to a macroscopic 2D model describing the overall cell response. It is worth mentioning that a thorough presentation of the electrodes and cell models can be found in [7,[44][45][46]50,60], while a description of their interactions has been already detailed in [44,61]. Since the present study is focused on the cermet response, a short description of the hydrogen electrode model is reported hereafter by highlighting the specific adaptations considered for this work. This model considers a slice of Ni-YSZ active layer taking into account the detailed kinetics occurring therein. The model is based on the hydrogen spillover mechanism reported as the most classical reaction pathway for the Ni-YSZ cermet [33,34,62,63]. The overall reaction mechanism is depicted in Fig. 5a, and the reactions considered in the model are reported in Table I. Their associated kinetic rates are expressed as simple chemical reactions except for the charge transfers (ct1 and ct2) for which the classical Butler-Volmer formalism has been used (Table I). For all the reactions, the forwards and backwards kinetic constants have been linked via their thermodynamic equilibrium constants. In order to express the activities of the species adsorbed on the YSZ, it can be noticed that the water molecules and the hydroxyl ions have been assumed to be attached only on the Zr sites at the YSZ surface (s Zr ) [33,64]. Moreover, the incorporation into the lattice of the oxygen ions adsorbed on the oxygen vacancies surface sites (s V O •• ), has been supposed to be not limiting.

In this work, specific attention has been paid to take into account the real microstructural data of the Ni-YSZ cermet computed on the 3D reconstructions. In that objective, the gradients of properties evaluated using the slice-by-slice approach have been introduced to express the local kinetic rates, the effective gas diffusivities and the electronic/ionic effective conductivities evolving from the electrolyte interface towards the bulk of the electrode. For this purpose, the local kinetic rates for the surface reactions have been scaled by the local Ni/gas or YSZ/gas interfacial specific surface areas whereas the kinetics for the charge transfer reactions are proportional to the local density of active TPBs (Table I). It is also reminded that the M-factors used to compute the local effective diffusivities and conductivities can be related to the ratio between the phase volume fraction and the tortuosity factor [65].

Finally, the electrode response is simulated by solving the set of partial differential equations related to the mass and charge balances for all the considered species [46]. It is worth noting that a transient term is considered in these conservation equations to simulate the dynamic response of the electrode and to investigate the evolution of Electrochemical Impedance Spectroscopy (EIS) diagrams after degradation.

The model validity has been checked in this study by comparing the simulated and the experimental polarization curves for Cell-A (Fig. 5b). The i-V curves have been obtained at 750°C and 850°C in electrolysis mode with an inlet gas flux composed of 90% H2O and 10% H2 for the hydrogen electrode (total flow rate of 12 Nml.cm -2 .min -1 ) and dry air for the oxygen electrode (flow rate of 62 Nml.cm -2 .min -1 , respectively). As shown Fig. 5b, a very good agreement is found between the simulated curves and the experimental data. This result highlights the model ability to reproduce accurately the cell performances. Therefore, this model can be considered validated for this study and it can be used to evaluate the impact of Ni agglomeration/redistribution on the SOC response.

Results of the Microstructural Analysis

Microstructural Properties of the Reference Cells

As a first analysis, the reconstructions coming from the two reference samples (Cell-A Reference and Cell-B Reference) have been studied to investigate the differences in the initial microstructures between the two types of Ni-YSZ electrodes.

The comparison between the two rendering volumes taken in the bulk of the two pristine cermets is shown in Fig. 6a and6b. It can be seen that the two initial microstructures differ significantly between each other. On the one hand, Cell-A Reference presents a fine microstructure with a rather homogenous distribution of Ni particles (Fig. 6a). On the other hand, Cell-B Reference presents a much coarser microstructure, with large agglomerates of Ni even before aging (Fig. 6b). This difference in the initial microstructures is also revealed by the inspection of the nickel particle size distribution (PSD) plotted for the two electrodes (Fig. 6c). The coarser microstructure for Cell-B Reference is reflected in a broader distribution for the Ni phase compared to the narrow peak computed for Cell-A Reference. As a result, the Ni mean particle diameter of Cell-B Reference is more than twice the one for Cell-A (1.14 µm vs 0.46 µm: cf. Fig. 6c). From this observation, an important difference in the other microstructural parameters for the two samples can be expected. Indeed, a finer microstructure must lead to a higher number of active TPBls and higher Spi-j between the phases [66]. This dependence is well confirmed by the microstructural properties provided in Table II for the two types of cermet.

Finally, the local Ni volume fractions for the two pristine cells are plotted in Fig. 6d as a function of the position in the depth of the cermet starting from the electrolyte interface (i.e. z=0 in Fig. 6d). In both cases, gradients with a quite sharp increase of the Ni volume fraction are detected. Because of its coarser microstructure, the transition for Cell-B is smoother and more extended before reaching the Ni volume fraction in the bulk. These gradients, which are observed even for the pristine cermet, can probably be explained by the manufacturing process based on the co-sintering of the electrolyte and the cermet. To investigate the morphological evolution of Ni after operation for the two types of cell, the reconstructions coming from the aged samples have been analyzed.

Microstructural Evolution of the Aged Cells

Evolution in the Bulk -Fig. 7 displays the 3D rendering volumes as well as the 2D images extracted from the bulk of the aged samples. For Cell-A1, only the reconstruction coming from the outlet (Cell-A1 Outlet) is shown as an illustration of the overall microstructural evolution for this cell. The visual comparison between Fig. 6 and Fig. 7 shows without any ambiguity that all cermets are subjected to an agglomeration of nickel after aging. Nevertheless, it is clear that the morphological evolution is more pronounced for Cell-B than for Cell-A.

To deepen the analysis, all the microstructural parameters measured on the 3D volumes after operation have been computed and are given in Table II. The evolution of the properties between the fresh and the aged cells confirms the Ni agglomeration arising upon operation. Indeed, an increase of the mean Ni diameter is found in all the reconstructions taken from the operated cells. As expected, the Ni particle coarsening is accompanied by a loss of TPBls densities and by a decrease in the specific surface area of Ni (Table II).

It can be noticed that, for the aged specimens of Cell-A, the Ni volume fractions remain almost constant after aging. This behavior confirms that the agglomeration in the bulk can be described by a local particle sintering without significant redistribution of Ni at long-distance. Furthermore, the Ni particle growth is not severely influenced by the polarization nor the gas composition, in good agreement with the thermally activated process related to Ni coarsening proposed in [18]. This behavior is in accordance with the experimental results reported by [67].

Conversely, for Cell-B, a noticeable enrichment of Ni is measured in the bulk of the cermet after operation. This behavior is more pronounced in the sample taken from the electrochemically active region (Cell-B Active) than in the sample extracted from the periphery of the cell (Cell-B Inactive). This type of evolution could be explained by a combination of Ni agglomeration based on local sintering and Ni volatilization/re-deposition process [30].

To investigate the Ni evolution at the electrode/electrolyte interface the local microstructural properties of the aged cells have been calculated using the slice-by-slice approach.

Evolution at the Electrode/Electrolyte Interface -In Fig. 8, a zoom on the cermet microstructure at the electrode/electrolyte interface for each reconstruction is shown. To better visualize the microstructural evolutions, 2D images coming from the whole reconstructions are shown with slices taken perpendicular and parallel to the interface with the electrolyte. Once again, for Cell-A1 only the outlet reconstruction (Cell-A1 Outlet) is reported as an illustration.

As shown in Fig. 8a, 8b and 8c for Cell-A, nickel is present at the electrode/electrolyte interface for the reference cell as well as for all the aged samples. Nevertheless, it can be noticed that the sample operated for 10700 hours in electrolysis mode (Cell-A2 Inlet, Fig. 8c) presents a slight depletion of Ni at the interface that is not observed in the sample aged for 15000 hours in fuel cell mode even at high steam partial pressure (Cell-A1 Outlet, Fig. 8b).

On the contrary, the local evolutions for Cell-B are quite different as can be seen in Fig. 8d, 8e and 8f. In this case, after only 1000 hours in electrolysis mode, a severe Ni depletion is observed at the electrode/electrolyte interface for the sample coming from the electrochemically active region (Cell-B Active, Fig. 8e). This evolution is in good agreement with the enrichment that has been measured in the bulk of the sample. However, it is worth noting that a larger amount of Ni is still present at the interface for the sample extracted from the periphery of the aged cell (Cell-B Inactive, Fig. 8f). These results reveal that an important loss of nickel from the electrode/electrolyte interface occurs for this type of cell, specifically in the electrochemical active region.

To confirm these evolutions, the gradients in the local microstructural parameters have been evaluated at the electrode/electrolyte interface using the slice-by-slice approach (Fig. 9).

For Cell-A1, the gradients for the inlet, center and outlet reconstructions are almost superimposed with only a minor decrease of Ni volume fraction for the outlet segment (Fig. 9a). This slight evolution could be associated to the higher steam partial pressure at the outlet of this cell operated in SOFC mode. However, it is worth mentioning that the difference is very limited even after 15000 hours, indicating an overall similar evolution between the three segments.

Conversely, a more-pronounced decrease of Ni volume fraction is found for Cell-A2, which is concomitant with an increase of the pore volume fraction (Fig. 9c). This slight Ni depletion extends from the electrolyte interface in the two first micrometers within the cermet. It can be noticed that this extension is in good agreement with the observations reported in [38], where cells coming from the same stack have been characterized. This Ni depletion induces a moderate loss of TPBls and Ni specific surface area as shown in (Fig. 9e and9g). From this analysis of Cell-A, it can be stated that the Ni depletion is favored under cathodic polarization (i.e. electrolysis mode) although it is worth mentioning that this phenomenon is rather limited for both cells (Cell-A1 and Cell-A2).

In contrast to Cell-A, the severe Ni depletion at the electrode/electrolyte interface for Cell-B Active is confirmed by the local quantifications of the Ni volume fractions. Indeed, an important loss of Ni is measured at the electrolyte interface, which spreads in the first ≈ 5-6 µm of the electrode (Fig. 9b). This local decrease of Ni volume fraction is accompanied by a simultaneous increase of the porosity (Fig. 9d). Therefore, a quite full depletion of Ni is measured nearby the electrolyte interface in good agreement with the 2D slice given in Fig. 8e. Consequently, a huge decrease of TPBls and SpNi is measured at the interface (Fig. 9f and9h) for this sample. On the contrary, the local evolution for Cell-B Inactive are more similar to the pristine cermet, reinforcing the observation that no severe migration of nickel is detected in this sample. This statement is in good agreement with the experimental observation reported in [31,37], indicating the key impact of the electrochemical activity on the Ni depletion.

Finally, from the comparison between the behavior of Cell-A and Cell-B, it can be pointed out that the initial microstructure of the electrode and the nature of the materials of the Ni-YSZ cermet play a central role on the severity of the loss of Ni from the electrode/electrolyte interface.

Discussion

Impact of Ni Evolution on the Cell Performances

Role of Ni Agglomeration on Degradation -To investigate the impact of Ni agglomeration, our dataset for Cell-A has been merged with the one analyzed in [18] for the same type of cell. In Fig. 10a, the evolutions at different temperatures of the Ni mean particle diameters are plotted as a function of the operating time. It can be noticed that the data for Cell-A1 and Cell-A2 are roughly aligned with those of the sample aged at 750°C for 9000 hours in fuel cell mode taken from [18]. For this reason, these data have been fitted approximating the aging temperature at 750°C and using the phenomenological agglomeration law based on an Ostwald ripening process proposed in [18]:

[D m (t) n -D m (t=0) n ]=k pow ×t with k pow =k 00 ×exp(-∆H RT ⁄ ) (2) 
Where t, n and ΔH represent the time, the process related exponent and the activation energy.

As can be seen from Fig. 10a, the data are accurately fitted using n = 8 and an activation energy of ≈ 210 kJ.mol -1 . This high exponent confirms the inhibiting effect of the YSZ backbone that limits the rate of Ni agglomeration in the cermet [18,23,36]. This statement is also highlighted by the relative stability of SpYSZ-Ni with respect to the Spp-Ni, as reported in Table II for the aged cells of type A. Conversely, the evolutions of the specific surface areas are quite different for Cell-B with a higher modification of SpYSZ-Ni under operation (Table II). This difference between the two types of cells is in good agreement with the more severe Ni coarsening of Cell-B and reveals the crucial role of the Ni/YSZ interfacial adhesion on the electrode microstructure stability.

To determine the decrease of TPBls density associated to the Ni agglomeration as function of the aging time, eq. ( 2) has been combined with the microstructural correlation given in [66]. As shown in Fig. 10b, a satisfactory approximation of the TPBls decrease at 850°C and 750°C is found without any additional fitting.

The TPBls evolutions at the two temperatures have been implemented in the multi-scale model to quantify the impact of Ni agglomeration on the cell degradation. For the different values of ξTPBls, the cell response has been evaluated at 750°C and -0.5 A.cm -2 . The gas compositions used for the simulations were 90% H2O -10% H2 at the hydrogen electrode (flowrate of 12 Nml.cm -2 .min -1 ) and air at the oxygen electrode (flowrate of 62 Nml.cm -2 .min -1 ). Taking advantage of the model calibration over long operating times, the voltage increase has been calculated up to 20000 hours. It is shown in Fig. 10c that the Ni agglomeration tends to stabilize for very long-term operation. For instance at 750°C, the voltage degradation evolves from ≈ 5 mV at 8000 hours to ≈ 8 mV at 20000 hours. Therefore, even if there is not a full asymptotic behavior for the Ni coarsening, its impact on the performance does not diverge and should not compromise the cell durability on its overall requested lifetime (≈ 40000 hours).

Role of Ni Depletion on Degradation  In addition to the agglomeration, the depletion of Ni from the electrolyte interface is also expected to decrease the cell performance. Although a general physically-based model describing the Ni migration is still missing, the gradients measured on the two types of studied cells (Cell-A2 Inlet and Cell-B Active) can be used as lower and upper bounds to evaluate the impact of loss of nickel. To quantify the cell degradation in these two limiting cases, the corresponding microstructural evolutions at the electrode/electrolyte interface have been implemented in the model. The hydrogen electrode overpotential and the cell performances have been simulated after 11000 hours at 750°C (Fig 10d and10e). In case of moderate depletion, it is found that the effects on the electrode and cell responses are quite limited. Indeed, in this case a voltage loss of ≈ 6.5 mV can be assessed at i=-0.5 A.cm -2 for the complete cell. This value is slightly above to the degradation computed by considering only the agglomeration for the same aging conditions (≈ 5.5 mV). This result indicates that, in this case, the degradation in cell performances due to the microstructure change in the hydrogen electrode is mainly controlled by the Ni agglomeration while the impact of Ni migration is noticeable but not dominant.

On the contrary, when a severe loss of Ni from the electrode/electrolyte interface is introduced in the model (with the gradients for Cell-B Active), the effects on the electrode and cell response are much more pronounced (Fig. 10d and10e). In this case, the increase of the absolute value for the electrode overpotential is much higher than if only the agglomeration is taken into account. This huge electrode degradation yields to a significant cell voltage loss of ≈ 50 mV calculated at -0.5 A.cm -2 . A sensitivity analysis has been conducted with the model to identify the most impacting microstructural parameters. It has been found that the important cell degradation is mainly related to the substantial loss in the local density of TPBls at the electrolyte interface that directly controls the rate of the charge transfer reactions. In the same time, the effect of the other microstructural changes has been found to be less impacting. Indeed, even with the significant decrease of the Ni volume fraction, the local effective Ni conductivity in the active layer remains sufficiently high to not induce too large ohmic losses. Moreover, in our case, it has been found that the decrease of the Ni/gas interfacial surface area does not influence the electrode/cell performances as the reactions taking place at the Ni surface are not limiting [68]. This high impact of the Ni depletion on the charge transfer reactions is also confirmed by the EIS spectra computed at OCV for the hydrogen electrode in the two limiting situations of Ni migration (Fig. 10f). In case of moderate loss of Ni from the electrode/electrolyte interface, an overall limited increase in the polarization resistance is obtained for the aged electrode, while the characteristic frequencies remain comparable to the reference. Instead, when a severe depletion is considered, an important increase of the polarization resistance is calculated. This higher resistance is accompanied by an increase of the contribution of the high frequency phenomenon, which is classically associated with the charge transfer at the TPBls [69]. In our case, it is worth noting that Ni is still percolating up to the interface with the electrolyte even considering the severe gradients taken for Cell-B Active. In this condition, the serial resistance of the EIS diagrams is not shifted due to an additional ohmic resistance induced by a fully depleted layer in Ni.

From these numerical analyses, it appears that the impact of the Ni depletion on the cell performances can be very important depending on the initial cermet microstructure. This statement must explain a large part of the higher experimental degradation rates measured for the Cell B compared to Cell A. Moreover, it is worth reminding that the destabilization of the oxygen electrode material accelerated under electrolysis current must also contribute to the overall cell degradation [14,21].

Finally, the comparison between the two studied cermet microstructures of Cell-A and Cell-B shows that the mitigation of the Ni depletion should be possible by microstructural optimization. Nevertheless, in this objective, it is still required to clarify the underlying mechanisms driving the migration.

Mechanism of Ni Depletion

Based on our experimental results, it can be stated that the Ni migration causes a loss of nickel at the electrolyte interface. This Ni depletion takes place within the cermet active layer where the electrochemical reactions take place. Indeed, a clear influence of the electrochemistry on the severity of the Ni depletion has been detected. Moreover, it appears that this phenomenon is strongly favored in cathodic polarization (i.e. SOEC mode) whereas the analyses of the samples aged in fuel cell mode indicate that the impact of the steam partial pressure remains less pronounced. Finally, the comparison between Cell-A and Cell-B highlights the strong impact on the Ni redistribution of the initial characteristics of the electrode (in terms of microstructure and materials). Indeed, it has been clearly shown that the Ni migration is favored in case of coarser initial microstructures. Moreover, as for the Ni agglomeration, it can be suspected that the nature of the Ni/YSZ interface could play a central role in the Ni depletion (i.e. interfacial adhesion between Ni and YSZ).

Even if the precise mechanism for the Ni depletion is not completely understood, it has been proposed that the Ni migration occurs in the gas phase with the formation of volatile hydroxyl species according to [11,32]:

Ni + OHNi → Ni(OH)(gas) or Ni + ONi + H2O(gas) → Ni(OH)2(gas) (3) 
Based on these reactions, an influence of the steam partial pressure and the activities of the oxygen and hydroxyl species attached on the Ni surface could be expected. To verify these dependencies, the micromodel for the hydrogen electrode has been used to simulate the electrode behavior at +/-0.5 A.cm -2 , with a gas composition of 50% H2O -50% H2 at 750°C. The evolution of the steam partial pressure and the coverages of species attached on the surface of Ni are presented in Fig. 11a, 11b and 11c as function of the position in the electrode. It can be seen that surface concentrations of oxygen and hydroxyl adsorbates are increased in fuel cell mode and decreased in electrolysis mode (Fig. 11b and11c). According to the gas interaction with Ni (cf. Table I), these evolutions are consistent with the higher steam partial pressure at the electrolyte interface in fuel cell compared to electrolysis mode (Fig. 11a). Regarding the reactions of Ni evaporation (3), these simulations suggest that the Ni(OH)x formation should be promoted under fuel cell current in the electrode active layer. In other words, if the rate-limiting step is the Ni evaporation, the global process should be accelerated in fuel cell mode. However, the analysis of the experimental results has clearly revealed that the depletion of Ni from the electrode/electrolyte interface is favored in electrolysis mode, while it remains almost negligible in SOFC mode, even at high p(H2O). This contradictory result indicates that the Ni evaporation cannot be the limiting step for the Ni depletion. This means that even if the Ni migration occurs via volatile species, there must be another physical phenomenon triggering the nickel instability.

In this context, it has been proposed that the electrode polarization could be involved in the mechanism of Ni depletion [37]. To check this possibility, the local electrode overpotentials have been plotted in the depth of the electrode for a current density of +/-0.5 A.cm -2 (Fig. 12a). In contrast to the coverages and steam partial pressures, a sharp evolution of the electrode overpotential is simulated. These evolutions spread from the electrolyte interface over  5 µm micrometers within the cermet. Interestingly, this penetration depth of the charge transfer reactions is in the same range as the one for which the Ni depletion has been observed in Fig. 9b. Therefore, the large overpotential difference in anodic and cathodic polarization could be associated to the process of Ni depletion triggered in electrolysis mode.

In this frame, it has been recently proposed that the driving force for the Ni transport could be a gradient in Ni wettability across the active layer as a function of the electrode overpotential [70,71]. Alternatively, it has been suggested that the reductive potential could induce the detachment of Ni from YSZ [37,72]. Once detached, the Ni particles would no longer be stabilized by the YSZ backbone. These highly unstable particles could evaporate and increase the local partial pressure of hydroxyl species that would diffuse toward the bulk. Besides, the detachment of the Ni from the YSZ would modify the local electrochemical activity, inverting the local steam partial pressure gradients. In this condition, the isolated Ni particles could also evaporate and migrate in the gas phase to agglomerate in the upper layer of the electrode [31,37]. It is worth mentioning that a mechanism of Ni depletion controlled by the delamination between Ni and YSZ is in good agreement with the experimental observation. Indeed, it allows taking into account the influence of the Ni/YSZ interfacial stability highlighted by the comparison between Cell-A and Cell-B. As already discussed, this stability could be related to the adhesion of Ni on the YSZ which is strongly dependent on contaminants in YSZ [73][74][75].

It could be also related to the microstructural difference between the two cermets. Indeed, the fine microstructure of Cell-A with a high density of TPBs allows limiting the overpotential for a given current density and could therefore mitigate the process of Ni migration. To illustrate this possibility, the model has been used and it has been shown that the passage from the coarse to the fine microstructure of Cell-B and Cell-A allows reducing significantly the absolute value of the overpotential at the electrolyte interface. For example, at a current of -0.5 A.cm -2 , a decrease of  35 mV for the absolute value of the overpotential has been calculated at the electrolyte interface (750°C and gas composition 50% H2O -50% H2). This quantification is in good agreement with the analysis reported by [41] suggesting that a fine Ni particle distribution would reduce the depletion of Ni. In addition, it can be noticed that increasing the temperature from 700°C to 800°C also induces a significant decrease of the electrode overpotential. From this point of view, a higher operating temperature should alleviate the rate of Ni depletion.

In spite of all these results, the exact microscopic process at the origin of the nickel instability at the electrode/electrolyte interface remains unclear. As an explanation, it could be proposed that the high cathodic overpotential could modify the structure of the double layer leading to the deterioration of the Ni/YSZ interface. In other words, the polarization could affect the Ni/YSZ interfacial adhesion through the accumulation of charges in the double layer. Indeed, the atomic interaction between the Ni and YSZ is characterized by a large number of Ni-O bonds at the interface [76,77]. From this statement, it was suggested by Sasaki et al. [76] that 'the number of on-top Ni-O bonds is one of the critical factors that can determine the stability of the metal/oxide interface'. Therefore, the replacement of O atoms by vacancies (due to a modification of the double layer structure in electrolysis mode) is expected to reduce the number of Ni-O bonds, and hence, to weaken the Ni-YSZ adhesion.

To assess the relevance of this suggestion, the concentration of oxygen vacancies in the vicinity of the electrolyte interface has been evaluated as a function the electrode polarization. In the bulk of the solid phases, that is to say far away from the TPBs lines, the Ni/YSZ interface can be seen as a blocking electrode. In this case, the oxygen vacancies concentration could be modeled considering a classical Boltzmann distribution, with a maximal concentration depending on the material [78]: bulk denotes the bulk concentration of vacancies. By coupling eq. ( 4) with the electrochemical model, the evolution of the oxygen vacancies at the electrolyte interface has been plotted as a function of the current density. In Fig. 12b, a sharp increase of oxygen vacancies can be observed at the electrolyte interface with increasing cathodic current in SOEC mode. It can be noticed that this evolution is steeper for a coarser microstructure due to the higher negative overpotential for a given current density. Conversely, the decrease of vacancies is less pronounced under anodic polarization in SOFC mode. The strong accumulation of vacancies in the double layer associated to a depletion of oxygen could thus trigger the destabilization of the interface leading to the Ni/YSZ delamination (Fig 12c). Interestingly, interfacial cracks between Ni and YSZ have been observed in the active layer after aging in electrolysis mode [41,72].

C V O •• int = C V O •• MAX C V O •• bulk exp - 2F RT η C V O •• MAX +C V O •• bulk exp - 2F RT (η) -1 (4)
Finally, it can be noticed that the weakening of the Ni/YSZ interface due the accumulation of oxygen vacancies could lead to the detachment of Ni and trigger the migration of the highly unstable isolated particles via volatile species. Moreover, the decrease of the Ni-YSZ interfacial energy will increase the Ni wettability in the vicinity of the electrolyte interface. This evolution has been measured by Rinaldi et al. [71] after aging in electrolysis mode and could also be involved in the process of Ni migration. From this point of view, increasing the interfacial adhesion between Ni and YSZ could represent the main challenge to mitigate the Ni depletion in electrolysis mode. Nevertheless, further investigations are still required for a full validation of this proposition.

Conclusions

In this work, two classical solid oxide cells with different Ni-YSZ microstructures have been aged in fuel cell and electrolysis modes for operating times ranging from 1000 hours to 15000 hours. In electrolysis mode, it has been found that the degradation is much higher for the cell that presents a coarser Ni-YSZ microstructure. To analyze this result, the hydrogen electrodes of the pristine and aged cells have been reconstructed by synchrotron X-ray holotomography. Thanks to the large volume of the 3D images, the Ni-YSZ microstructural evolutions have been investigated in the bulk and at the electrode/electrolyte interface.

The quantification of the microstructural properties in the bulk has revealed a Ni particle growth for all the operated samples. This phenomenon of agglomeration is independent of the polarization and it can be ascribed to a local sintering process. The comparison between the two cells has confirmed the crucial role of the Ni/YSZ interfacial adhesion on this mechanism.

The microstructural evolutions have been introduced in a multi-scale model to quantify the impact of the Ni agglomeration on the electrode and cell performances. Thanks to the data extracted from the longest experimental dataset, the effects of the Ni agglomeration have been extrapolated up to 20000 hours with a good level of confidence. As expected, the contribution of the agglomeration on the cell degradation is significant but tends to slow down for very long-term operation. From this point of view, it should not compromise the cell durability on its overall requested lifetime.

The analyses of the 3D electrode reconstructions have also revealed a Ni migration toward the bulk of the electrodes resulting in Ni depletion at the electrode/electrolyte interfaces. It has been found that this Ni migration is favored in electrolysis mode and much less pronounced in fuel cell operation. Moreover, the phenomenon has been observed to occur only in the electrochemically active region of the hydrogen electrode. The microstructural characterization of the two cells has highlighted the strong impact of the initial characteristics of the electrode. Indeed, it has been clearly stated that the Ni depletion is favored in case of coarser initial microstructure.

As for the agglomeration, the gradients in microstructure parameters due to the loss of Ni at the electrode/electrolyte interface have been implemented in the model. In electrolysis mode, the impact of the moderate Ni depletion observed for the fine electrode microstructure is limited in such a way that the electrode degradation remains dominated by the agglomeration. Conversely, for the coarse cermet microstructure, the severe depletion induces a strong decrease of the cell and electrode performances. This behavior must explain a large part of the difference in the experimental degradation rates measured for the two types of cells. A sensitivity analysis performed with the model has shown that the important loss of active TPBls at the electrolyte interface is the main cause of the degradation whereas the evolutions of the other parameters is less impacting. The effect of the Ni depletion on the impedance spectra has been also computed and discussed.

Finally, the underlying mechanism at the origin of the Ni migration has been discussed taking advantage of the model. The simulations at the electrode scale have shown that the reaction of Ni evaporation cannot be the limiting step in the depletion process. Instead, the computation of the local overpotential at the electrode/electrolyte interface has revealed a large difference between the two operating modes. In this frame, the high cathodic overpotential under electrolysis current could be involved in the rate of Ni depletion. In order to unravel the role of the overpotential on Ni redistribution, the concentration of oxygen vacancies in the double layer has been estimated at the electrolyte interface in both operating modes. A strong accumulation of vacancies at high cathodic overpotential has been found. It has been proposed that this accumulation could deteriorate the Ni/YSZ interface leading to detach the Ni particles and favor the loss of nickel from the electrode/electrolyte interface. This mechanism allows taking into account the effect of the operating mode as well as the role of the Ni/YSZ adhesion and the cermet microstructure. From this point of view, it could be possible to mitigate the Ni depletion by microstructural and material optimization. Sim. 850°C Sim. 750°C Exp. 850°C from [18] Exp. 750°C from [18] Exp. 750°C from this work 0.6 0.8 Sim. 850°C Sim. 750°C Exp. 850°C from [18] Exp. 750°C from [18] Exp. 750°C from this work Elapsed time -t (hours) 
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  Where η is the electrode overpotential, C V O •• int is the oxygen vacancies concentration taken at the Ni/YSZ interface and C V O •• MAX is the maximum concentration of vacancies in YSZ. The term C V O ••
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 234 Figure 1. Schematic description of the analyzed cells: Dimensions and configuration of Cell-A (a) -Illustration of the sectors for Cell-A1 (b) -Dimensions and configuration of Cell-B (c).
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 5 Figure 5. Illustration of the electrochemical model: Elementary reactions considered in the elementary model for the hydrogen electrode (a) -Model validation on cell performances at 750°C and 850°C (b).
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 6 Figure 6. Comparison of the microstructural properties between the two types of reference cells: 3D rendering and 2D cross-section of Cell-A Reference (a) and Cell-B Reference (b) -Nickel particle size distribution for the two types of reference cells (c) -Evolution of the Ni volume fraction for the two cells at the electrode/electrolyte interface (d) (White: Ni, Grey: YSZ, Black: Pores).
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 7 Figure 7. 3D segmented rendering and 2D cross-sections extracted for the bulk reconstructions of the aged samples: Cell-A1 Outlet (a) -Cell-A2 Inlet (b) -Cell-B Active (c) -Cell-B Inactive (d) (White: Ni, Grey: YSZ, Black: Pores).
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 8 Figure 8. 2D images from the segmented volumes extracted parallel and perpendicular to the electrode/electrolyte interface: Cell-A Reference (a) -Cell-A1 Outlet (b) -Cell-A2 Inlet (c) -Cell-B Reference (d) -Cell-B Active (e) -Cell-B Inactive (f) (White: Ni, Grey: YSZ, Black: Pores).

Figure 9 .

 9 Figure 9. Local microstructural parameters at the electrode/electrolyte interface for Cell-A and Cell-B: Nickel volume fraction (a, b) -Pores volume fraction (c, d) -TPBls density (e, f) -Ni specific surface area (g, h).

1 )Figure 10 .

 110 Figure 10. Effects of the hydrogen electrode microstructural evolution on the electrode and cell performances: Increase of the Ni mean particle diameter associated to the Ni agglomeration (a) -Effect of the Ni agglomeration on the density of TPBls (b) -Simulated voltage drop at 750°C and -0.5 A.cm -2 caused by Ni agglomeration at 750°C and 850°C (c) -Effect of the Ni depletion on the hydrogen electrode performances (d) and on the cell performances (e) -Evolution of the EIS associated to the Ni depletion (f).
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 11212 Figure 11. Simulation results for the hydrogen electrode at 50% H2 -50% H2O and 750°C: Steam partial pressure (a), hydroxyl Ni surface coverage (b) and oxygen Ni surface coverage (c) as function of the position in the electrode at +/-0.5 A.cm -2 .

  

TABLE I .

 I Elementary Electrochemical Reactions Considered in the Microscale Model for the Hydrogen Electrode.

		Reaction						Kinetics
	1c H 2 O(gas)+s Ni	ads k H2O,Ni ⇄ k H 2 O,Ni des	H 2 O-s Ni	ν H 2 O,Ni ads	=Sp p-Ni •Γ Ni • k H2O,Ni ads	•	p(H2O) p ref	•θ sNi -k H2O,Ni des	•θ H2ONi
	2c H 2 O-s Ni +s Ni	diss k H2O,Ni ⇄ k H 2 O,Ni ass	H-s Ni +OH-s Ni	ν H 2 O,Ni diss	=Sp p-Ni •Γ Ni 2 • k H 2 O,Ni diss	•θ H 2 O Ni •θ s Ni -k H 2 O,Ni ass	•θ H Ni •θ OH Ni
	3c OH-s Ni +s Ni	diss k OH,Ni ⇄ k OH,Ni ass	H-s Ni +O-s Ni	ν OH,Ni diss =Sp p-Ni •Γ Ni 2 • k OH,Ni diss •θ OHNi •θ sNi -k OH,Ni ass	•θ ONi •θ HNi
	4c 2H-s Ni	des k H2,Ni ⇄ k H 2 ,Ni ads	H 2 (gas)+2s Ni	ν H2,Ni des =Sp p-Ni •Γ Ni 2 • k H2,Ni des •θ HNi 2 -k H2,Ni ads •	p(H 2 ) p ref	•θ sNi 2
	5c H 2 O(gas)+s Zr,YSZ	ads k H2O,YSZ ⇄ k H 2 O,YSZ des	H 2 O-s Zr,YSZ	ν H 2 O,YSZ ads	=Sp p-YSZ •Γ YSZ • k H 2 O,YSZ ads	•	p(H2O) p ref	•θ s Zr -k H 2 O,YSZ des	•θ H 2 O Zr
	6c	H 2 O-s Zr,YSZ +O O x (YSZ)+s Zr,YSZ	diss k H2O,YSZ ⇄ k H2O,YSZ ass	2OH ' -	ν H2O,YSZ diss	=Sp p-YSZ •Γ YSZ 2 • k H2O,YSZ diss	•θ H2OZr •θ sZr -k H2O,YSZ ass	•θ OH Zr ' 2
		s Zr,YSZ +V O •• (YSZ)	
	1e H 2 O-s Ni +s Zr,YSZ +1e Ni '	red k ct1 ⇄ k ct1 ox	OH ' -s Zr,YSZ +H-s Ni	ν ct 1 red =ξ TPBls

TABLE II .

 II Bulk properties of the Ni-YSZ extracted away from the electrode/electrolyte interface.

						Figures							
												M-	M-	M-
		ξTPBls	Vfp	VfYSZ	VfNi	Spp-YSZ	Spp-Ni	SpYSZ-Ni	D m,p	D m,YSZ	D m,Ni			
	Sample	(µm -2 )	(%)	(%)	(%)	(µm -1 )	(µm -1 )	(µm -1 )	(µm)	(µm)	(µm)	factorp	factorYSZ	factorNi
												(-)	(-)	(-)
	Cell-A Reference 6.03	29.0	42.3	28.7	1.99	0.67	1.71	0.41	0.37	0.46	0.027	0.173	0.044
	Cell-B Reference 1.55	29.1	36.8	34.1	1.21	0.28	0.90	0.72	0.59	1.14	0.036	0.150	0.065
	Cell-A1 Inlet	4.26	26.9	42.7	30.4	1.89	0.41	1.55	0.44	0.39	0.62	0.034	0.186	0.038
	Cell-A1 Center	4.42	27.5	42.4	30.1	1.89	0.43	1.54	0.44	0.39	0.61	0.037	0.180	0.039
	Cell-A1 Outlet	4.11	27.7	42.5	29.8	1.87	0.41	1.47	0.45	0.40	0.63	0.038	0.184	0.037
	Cell-A2 Inlet	4.40	25.3	44.9	29.8	1.90	0.45	1.52	0.40	0.41	0.61	0.024	0.207	0.039
	Cell-B Active	1.11	28.3	32.3	39.4	1.07	0.18	0.76	0.80	0.59	1.81	0.061	0.124	0.073
	Cell-B Inactive Figure 1.	1.14	32.1	30.6	37.2	1.07	0.26	0.60	0.84	0.63	1.93	0.079	0.103	0.055
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