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Oxygen electrode degradation in solid oxide cells operating in electrolysis and fuel cell modes: LSCF destabilization and interdiffusion at the electrode/electrolyte interface

Introduction

In recent years, significant efforts have been devoted to free the energy sector from fossil-based sources. With this objective, the transition towards a renewable-based electricity system is required.

However, one of the main difficulties for this change relies on the intermittent nature of renewable energy sources (RES), such as solar panels or wind turbines. Therefore, it is also necessary to develop technologies able to store the overproductions of RES and to reinject them in the grid when the demand exceeds the electric production. Among the different options, the use of hydrogen as an energy vector to compensate for RES fluctuations is considered as one of the most promising possibilities.

Solid oxide cells (SOCs) are promising electrochemical reactor operating high temperatures. They offer many advantages such as high efficiency or a large fuel flexibility. Moreover, thanks to their reversibility, the same device can be used to produce electricity in fuel cell mode (solid oxide fuel cell -SOFC) or hydrogen in electrolysis mode (solid oxide electrolysis cell -SOEC) [START_REF] Godula-Jopek | Hydrogen Production by Electrolysis[END_REF][START_REF] Lehner | Power-to-Gas : Technology and Business Models[END_REF][START_REF] Hauch | Recent advances in solid oxide cell technology for electrolysis[END_REF]. Typical materials for SOCs are zirconia doped with 8%mol. of yttria (referred as yttria-stabilized zirconia -8YSZ) for the dense electrolyte, a porous cermet of nickel and YSZ (Ni-YSZ cermet) for the hydrogen electrode, and mixed ionic and electronic conductors (MIECs) for the oxygen electrode.

The use of MIECs allows extending the electrochemically active region to the whole electrode surface instead of being limited to the triple phase boundaries (TPBs), defined as the regions where the pores, the electronic conductive phase, and the ionic conductive phase meet. Among the different compounds for the oxygen electrode, lanthanum strontium cobalt ferrite (La x Sr 1-x Co y Fe 1- y O 3-δ -LSCF) is the most common material for SOCs application [START_REF] Gómez | Current developments in reversible solid oxide fuel cells[END_REF][START_REF] Ma | Recent advances in high temperature electrolysis using solid oxide fuel cells: A review[END_REF][START_REF] Menzler | Materials and manufacturing technologies for solid oxide fuel cells[END_REF][START_REF] Jiang | Development of lanthanum strontium cobalt ferrite perovskite electrodes of solid oxide fuel cells -A review[END_REF]. It has been recently proposed to replace LSCF in the oxygen electrode by a composite of LSCF and gadolinium-doped ceria (Gd x Ce 1-x O 2-δ -GDC), in order to mitigate the mismatch in thermal expansion coefficients between the different components [START_REF] Dusastre | Optimisation of composite cathodes for intermediate temperature SOFC applications[END_REF] and to enhance the electrode performances, in particular in SOEC mode [START_REF] Effori | Reaction Mechanism and Impact of Microstructure on Performances for the LSCF-CGO Composite Electrode in Solid Oxide Cells[END_REF]. In addition, new types of microstructures, such as nanofibers, are currently being investigated for the oxygen electrode to optimize the electrode performances even at intermediate temperature [START_REF] Sanna | Synthesis and electrochemical characterization of La0.6Sr0.4Co0.2Fe0.8O3-δ / Ce0.9Gd0.1O1.95 co-electrospun nanofiber cathodes for intermediate-temperature solid oxide fuel cells[END_REF].

Despite their numerous advantages, the degradation of SOCs is still too large to envisage the industrial deployment of this technology especially for electrolysis applications [START_REF] Irvine | Evolution of the electrochemical interface in high-temperature fuel cells and electrolysers[END_REF][START_REF] Sohal | Degradation Issues in 29 Solid Oxide Cells During High Temperature Electrolysis[END_REF][START_REF] Moçoteguy | A review and comprehensive analysis of degradation mechanisms of solid oxide electrolysis cells[END_REF][START_REF] Skafte | Quantitative review of degradation and lifetime of solid oxide cells and stacks[END_REF]. Indeed, the voltage degradation rates are still in the range of ≈ 0.1 -3 %•kh -1 in SOFC mode and between 0.6 and 10 %•kh -1 in SOEC operation at relatively low current densities (|i DC | < 1 A•cm -2 ) [START_REF] Skafte | Quantitative review of degradation and lifetime of solid oxide cells and stacks[END_REF] These rather large degradation rates are. The degradation is caused by various ageing phenomena activated by the high operating temperature and the polarization. In particular, an increase in the ohmic resistance of the cell has been reported [START_REF] Fang | Performance and Degradation of Solid Oxide Electrolysis Cells in Stack[END_REF][START_REF] Tietz | Degradation phenomena in a solid oxide electrolysis cell after 9000 h of operation[END_REF] as well as an augmentation of the polarization resistances of the two electrodes. In the hydrogen electrode, nickel tends to agglomerate during operation at high temperature resulting in a phase coarsening that compromises the electro-catalytic performances of the electrode [START_REF] Hubert | Impact of Nickel agglomeration on Solid Oxide Cell operated in fuel cell and electrolysis modes[END_REF]. In addition, in electrolysis mode, a migration of Ni from the interface with the electrolyte towards the bulk of the electrode has been reported [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] Trini | Comparison of microstructural evolution of fuel electrodes in solid oxide fuel cells and electrolysis cells[END_REF][START_REF] Mogensen | Relation Between Ni Particle Shape Change and Ni Migration in Ni-YSZ Electrodesa Hypothesis[END_REF]. In the oxygen electrode, the release of strontium from LSCF associated with the reactivity at the electrolyte interface are known to contribute significantly to the overall degradation in SOCs [START_REF] Knibbe | Solid Oxide Electrolysis Cells: Degradation at High Current Densities[END_REF][START_REF] Liu | Performance stability and degradation mechanism of La0.6Sr0.4Co0.2Fe0.8O3-δ cathodes under solid oxide fuel cells operation conditions[END_REF][START_REF] Oh | Mechanism of La 0.6Sr 0.4Co 0.2Fe 0.8O 3 cathode degradation[END_REF][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 demixing of the LSCF under operation is associated to a passivation layer on the LSCF surface [START_REF] Baqué | Degradation of oxygen reduction reaction kinetics in porous La0.6Sr0.4Co0.2Fe0.8O3-δ cathodes due to aging-induced changes in surface chemistry.pdf[END_REF] and the formation of insulating phases, such as strontium zirconate (SrZrO 3 ), at the interface with the electrolyte [START_REF] Knibbe | Durability of Solid Oxide Cells[END_REF][START_REF] Morales | Multiscale analysis of the diffusion barrier layer of gadolinia-doped ceria in a solid oxide fuel cell operated in a stack for 3000 h[END_REF][START_REF] The | Microstructural comparison of solid oxide electrolyser cells operated for 6100 h and 9000 h[END_REF].

It has been shown that the direct contact between the LSCF electrode material and the YSZ electrolyte favors the strontium segregation due to the high reactivity between the two materials [START_REF] Yang | Study on the strontium segregation behavior of lanthanum strontium cobalt ferrite electrode under compression[END_REF][START_REF] Sun | A comparative study of surface segregation and interface of La0•6Sr0•4Co0•2Fe0•8O3-δ electrode on GDC and YSZ electrolytes of solid oxide fuel cells[END_REF]. To mitigate this reactivity, a barrier layer of GDC is usually added between the electrolyte and the electrode avoiding the direct contact between the two [START_REF] Ferreira-Sanchez | A 2D and 3D X-ray mdiffraction and m-fluorescence study of a mixed ionic electronic conductor[END_REF][START_REF] Knibbe | Cathode-electrolyte interfaces with CGO barrier layers in SOFC[END_REF]. As a consequence, an interdiffusional layer (IDL) has been detected between the GDC and the YSZ [START_REF] Szász | Nature and Functionality of La0.58Sr0.4Co0.2Fe0.8O3-δ/Gd0.2Ce0.8O2-δ/Y0.16Zr0.84O2-δ Interfaces in SOFCs[END_REF][START_REF] Tsoga | Gadolinia-Doped Ceria and Yttria Stabilized Zirconia Interfaces: Regarding Their Application for SOFC Technology[END_REF] which is reported to have a lower ionic conductivity [START_REF] Zhou | Electrical conductivity and stability of Gd-doped ceria/Y-doped zirconia ceramics and thin films[END_REF]. Nowadays, the effects of the IDL on the cell performances and its evolution during operation are still unclear. It has been proposed that the IDL could be formed exclusively during sintering [START_REF] Morales | Multiscale analysis of the diffusion barrier layer of gadolinia-doped ceria in a solid oxide fuel cell operated in a stack for 3000 h[END_REF][START_REF] Xu | Interdiffusion between gadolinia doped ceria and yttria stabilized zirconia in solid oxide fuel cells: Experimental investigation and kinetic modeling[END_REF] and it could even act as a protective layer to prevent the formation of strontium zirconate [START_REF] Szász | Nature and Functionality of La0.58Sr0.4Co0.2Fe0.8O3-δ/Gd0.2Ce0.8O2-δ/Y0.16Zr0.84O2-δ Interfaces in SOFCs[END_REF][START_REF] Wankmüller | Correlative tomography at the cathode/electrolyte interfaces of solid oxide fuel cells[END_REF][START_REF] Wilde | Gd0.2Ce0.8O2 Diffusion Barrier Layer between (La0.58Sr0.4)(Co0.2Fe0.8)O3-δ Cathode and Y0.16Zr0.84O2 Electrolyte for Solid Oxide Fuel Cells: Effect of Barrier Layer Sintering Temperature on Microstructure[END_REF] whereas some other authors have suggested that the evolution in operation of the IDL could contribute to the increase of the ohmic losses in SOCs [START_REF] Matsui | Degradation Analysis of Solid Oxide Fuel Cells with (La,Sr)(Co,Fe)O3-δ Cathode/Gd2O3-CeO2 Interlayer/Y2O3-ZrO2 Electrolyte System: The Influences of Microstructural Change and Solid Solution Formation[END_REF][START_REF] Shimura | Evaluation of La0.57Sr0.38Co0.2Fe0.8O3-δ Electrode Performance Degradation Based on Three-Dimensional Microstructure Reconstruction and Electrochemical Simulation[END_REF].

Even in presence of the GDC barrier layer, the formation of SrZrO 3 is still detected in aged [START_REF] Endler | Time-Dependent Electrode Performance Changes in Intermediate Temperature Solid Oxide Fuel Cells[END_REF] and pristine cells [START_REF] Ferreira-Sanchez | A 2D and 3D X-ray mdiffraction and m-fluorescence study of a mixed ionic electronic conductor[END_REF], especially in the porosities of the barrier layer [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]. For the pristine cells, it appears that the electrode sintering temperature may play a key role in the strontium zirconate formation [START_REF] Digiuseppe | Distribution of relaxation times analysis and interfacial effects of LSCF fired at different temperatures[END_REF]. For the aged cells, it has been recently pointed out that this phenomenon could be significantly accelerated in electrolysis mode [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] Finsterbusch | Electrochemically driven cation segregation in the mixed conductor La0.6Sr0.4Co0.2Fe0.8O3-delta[END_REF][START_REF] Mahmoud | A Mössbauer spectral study of degradation in La0.58Sr0.4Fe0.5Co0.5O3-x after long-term operation in solid oxide electrolysis cells[END_REF][START_REF] Rinaldi | Strontium Migration at the GDC-YSZ Interface of Solid Oxide Cells in SOFC and SOEC Modes[END_REF]. Based on this observation, it has been proposed that this behavior could be associated to the depletion of oxygen vacancies in the LSCF material in anodic polarization [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]. In particular, the accumulation of oxygen in the LSCF under electrolysis current could be the driving force for Sr segregation and the formation of a passivation layer of strontium oxide (SrO) on the electrode surface [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]. Subsequently, the Sr could form volatile species and diffuse in the porosity of the electrode and barrier layer to react with the zirconium coming from the electrolyte resulting in the formation of the insulating SrZrO 3 phase. However, for a full validation of this mechanism there is not yet a direct and clear experimental evidence showing the severity of the LSCF phase demixing and its correlation with the formation of SrZrO 3 as a function of the operating conditions (i.e. polarization and operating temperature).

Moreover, the real impact of the oxygen electrode degradation on the evolution of the IDL is still unclear.

In this work, the LSCF destabilization, the strontium zirconate formation, and the IDL evolution after ageing are investigated using a classical hydrogen electrode supported cell. Two cells have been operated in electrolysis mode in the same experimental conditions changing only the operating temperature between the two tests. These two durability experiments have been used to investigate the influence of the operating temperature on the degradation in SOEC mode. Besides, a third cell has been tested in fuel cell mode for a very long operating time to compare the degradation as a function of the polarization. Specimens have been taken from the cells and advanced post-mortem characterizations have been carried out on the extracted samples. In particular, micro. Micro X-ray diffraction (μXRD) and micro X-ray fluorescence (μXRF) 2D maps have been acquired from specimens extracted at the oxygen electrode side to analyze the crystallographic modifications in the LSCF and the chemical reactivity at the barrier layer/electrolyte interface. These characterizations have been complemented by classical scanning electron microscopy (SEM) observations and energy-dispersive X-ray (EDX) analyses. Based on the experimental results, the impact of the operating conditions on the LSCF demixing has been assessed and a possible evolution of the IDL has been discussed.

Materials and Methods

Cells Description

Typical hydrogen supported cells have been used for this study. They are composed of a dense electrolyte made of 8YSZ having a thickness of ≈ 8 µm sandwiched between the two electrodes.

The hydrogen electrode consists in a thick Ni-YSZ porous cermet (≈ 260 µm) whereas the oxygen electrode has a multilayer structure with a total thickness of ≈ 60 µm. This assembly is composed of a LSCF-GDC (La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ -Gd 0.2 Ce 0.8 O 2-δ ) composite (≈ 16 µm) associated to a LSCF layer (≈ 20 µm) topped with a current collector made of lanthanum strontium cobaltite (La 0.5 Sr 0.5 CoO 3 , LSC). Finally, a barrier layer of GDC of ≈ 4 µm is added between the oxygen electrode and the electrolyte.

The cells denoted Cell-1 and Cell-2 thereafter have a circular shape and an active area of 9.08 cm 2 , whereas Cell-3 presents a rectangular shape and an active area of 70 cm 2 . As described in Monaco et al. [START_REF] Monaco | Degradation of Ni-YSZ Electrodes in Solid Oxide Cells: Impact of Polarization and Initial Microstructure on the Ni Evolution[END_REF], the oxygen electrode of Cell-3 is segmented in 20 sectors with the external and central ones of 3.17 cm 2 and 3.79 cm 2 , respectively. It is worth noting that, although their shapes are different, the three cells have been produced using the same manufacturing protocol and are identical in terms of composition and microstructures. To complement the study, a pristine cell (Reference Cell) of the same type has also been characterized.

Experimental Setups and Testing Protocols 2.2.1 Description of the Test Benches

The two experiments in electrolysis mode (Cell-1 and Cell-2) have been performed in an in-house setup depicted in Figure 1a.

The test bench is equipped with a Crofer22APU oxygen diffuser, positioned on top of the oxygen electrode, which serves also as current collector. To ensure a good electrical contact and a homogeneous flow path, a gold grid of 100 meshes•cm -2 with a diameter of 34 mm was inserted between the diffuser and the oxygen electrode surface. A gold wire welded on the pipe close to the grid was used to measure the cell voltage whereas the current was applied directly on the metallic inlet pipe (cf. Figure 1a). The cell holder at the hydrogen side was also made of Crofer22APU and a

Ni grid of 100 meshes•cm -2 has been chosen as current collector in contact with the hydrogen electrode. As for the oxygen electrode, a gold wire welded directly to the Crofer22APU support close to the Ni grid, has been used to measure the cell voltage whereas the current was applied from the metallic pipe (Figure 1a). To ensure the gas tightness and the electrical insulation between the two electrodes, a ceramic glass seal is deposited at the periphery of the electrolyte. Finally, a loading of 0.4 kg•cm -2 has been applied on the cell to minimize the contact resistances.

At the inlet of the hydrogen electrode, steam was produced using a steam generator kept in saturated vapor conditions. The steam flow was regulated downstream thanks to a modified mass flow controller (MFC), allowing its operating temperature to be higher than 100 °C. A second mass flow controller was used for the hydrogen, and the two fluxes were mixed in the inlet pipe before entering the cell housing. Finally, the outlet gas was sent to a heat exchanger to separate the water from the dry gas.

The cell aged in fuel cell mode (Cell-3) was tested in a specific setup with a longitudinal co-flow configuration that has already been described in Monaco et al. [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 setup, the different segments of the oxygen electrode are connected to a metallic plate having the same structure. The different metallic sectors have been electrically insulated by using a non-conductive glue, allowing measuring the local voltages and current densities for each sector independently.

Experimental Protocols

For Cell-1 and Cell-2, after the reduction of the nickel oxide in the cermet, the polarization curves (i-U curves) at 800 ºC were measured in fuel cell mode sending 100% H 2 at the hydrogen electrode (flowrate = 6 Nml•min -1 •cm -2 ). Synthetic air was sent to the oxygen electrode and its flowrate was chosen to have an equivalent air utilization factor of 20% at |i DC | = 0.75 A•cm -2 for the entire duration of the experiment. After this preliminary characterization, the temperature was increased to 850 ºC and the gas composition in the hydrogen side was changed to H 2 O/H 2 = 90/10 vol.% while raising the total flowrate to 12 Nml•min -1 •cm -2 . Once the open circuit voltage (OCV) was stabilized, the i-U curves in electrolysis mode, and the electrochemical impedance spectra (EIS) at i DC = -0.75 A•cm -2 were measured. Subsequently, the two durability experiments were conducted. For Cell-1, the temperature was kept at 850 ºC and the current was set to -0.75 A•cm -2 . For Cell-2, instead, the temperature was lowered to 750 ºC keeping the cell at OCV. After the stabilization of the temperature and the voltage, the same current as for Cell-1 was applied. During the ageing, the two cells have been operated in galvanostatic mode for ≈ 1'800 hours and the evolution of the voltage in each experiment has been recorded every 15 minutes. At the end of the durability experiments, the two cells have been characterized again at 850 ºC measuring the EIS at i DC = -0.75 A•cm -2 . This last step has been performed to investigate the evolution of the ohmic and polarization resistances (R Ω and R p , respectively) after ageing in the same conditions of current and gas composition for the two cells. It can be noticed that the heating from 750 ºC to 850 ºC for Cell-2 was done keeping the cell at OCV.

The EIS under polarization at the beginning and at the end of the durability experiments have been measured in the frequency range between 10 -2 and 10 5 Hz in galvanostatic mode with an amplitude of ± 40 mA•cm -2 . For both cells, the amplitude of the sinusoidal current has been selected paying a specific attention to check the linearity condition and to reduce the signal-to-noise ratio. In addition,

since SOCs operate at high temperature, a classical inductive effect of the wires is typically measured at high frequencies modifying the shape of the impedance spectra and hindering the determination of the ohmic resistance [START_REF] Caliandro | Model-assisted identification of solid oxide cell elementary processes by electrochemical impedance spectroscopy measurements[END_REF][START_REF] Shin | Polarization mechanism of high temperature electrolysis in a Ni-YSZ/YSZ/LSM solid oxide cell by parametric impedance analysis[END_REF]. To overcome this limitation, one typical approach is to fit the impedance spectra using an equivalent circuits model (ECM) [START_REF] Huang | A review of AC impedance modeling and validation in SOFC diagnosis[END_REF] representative of the cell response (i.e. with an inductive contribution) and to re-simulate the impedance without this inductive component. It is worth noting that several types of ECMs exist that are used to represent the different factors contributing to the cell response, such as gas diffusion, gas conversion, chargetransfer reactions and solid-state diffusion. In order to determine the most suitable ECM, recent works have been using the distribution of relaxation time (DRT) to identify the different electrochemical processes starting from the frequency response [START_REF] Papurello | Distributed relaxation times technique for the determination of fuel cell losses with an equivalent circuit model to identify physicochemical processes[END_REF][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] Sonn | Combined Deconvolution and CNLS Fitting Approach Applied on the Impedance Response of Technical Ni∕8YSZ Cermet Electrodes[END_REF][START_REF] Leonide | Evaluation and Modeling of the Cell Resistance in Anode-Supported Solid Oxide Fuel Cells[END_REF]. In our case, to remove the inductance and to evaluate the ohmic and polarization resistances, a similar ECM to the one reported in [START_REF] Liu | Analysis of Impedance Spectra for Segmented-in-Series Tubular Solid Oxide Fuel Cells[END_REF][START_REF] Nechache | Diagnosis of a cathode-supported solid oxide electrolysis cell by electrochemical impedance spectroscopy[END_REF] has been employed as shown in Figure 1b. It consists of an inductance (L), that takes into account the contribution of the wires, an ohmic resistance (R Ω ), two resistancecapacitance elements (R-C) and two resistance-constant phase element groups (R-CPE). The two R-Cs are used to simulate the low-frequency contributions in the diagrams whereas the R-CPEs represent the phenomena at medium/high frequencies. It can be noticed that in this case, the DRT was not used to distinguish between the various contributions to the polarization resistance because the interest was mainly in the separation between the ohmic and polarization resistances.

In parallel, the segmented cell tested in fuel cell mode (Cell-3) was aged for 15'000 hours at an operating temperature of 780 °C [START_REF] Monaco | Degradation of Ni-YSZ Electrodes in Solid Oxide Cells: Impact of Polarization and Initial Microstructure on the Ni Evolution[END_REF]. A nominal flowrate of ≈ 7 Nml•min -1 •cm -2 composed of diluted H 2 was used to supply the hydrogen electrode (H 2 /N 2 = 60/40 vol.%), whereas ambient air was sent to the oxygen electrode (flowrate ≈ 110 Nml•min -1 •cm -2 ). During the durability experiment, the cell was kept at OCV or operated in potentiostatic mode. In addition, the evolution of the area specific resistance (ASR) at i DC ≈ 0.25 A•cm -2 was measured periodically to follow the overall cell degradation.

All the electrochemical characterizations have been conducted using a potentiostat/galvanostat (Autolab PGSTAT-302N) equipped with a frequency response analyzed module and a 10 A current booster. All the experimental data have been collected using the NOVA ® software and analyzed using Zview ® .

Characterization Techniques

After the durability experiments, the physico-chemical evolutions between the electrolyte and the oxygen electrode have been investigated as a function of the ageing conditions. In particular, synchrotron-based µXRD and µXRF characterizations have been performed at the microXAS beamline of the Swiss Light Source (SLS) to analyze the crystalline and chemical evolution as a function of the operating conditions. On the one hand, samples extracted from Cell-1 and Cell-2

have been characterized after ageing in electrolysis mode to examine the impact of the operating temperature on the LSCF destabilization and the reactivity at the electrolyte interface. On the other hand, a specimen extracted from Cell-3 aged in fuel cell mode has been analyzed to assess the effect of polarization. To complete the study, a last sample taken from the pristine cell (Reference Cell)

has been examined to study the reactivity at the oxygen electrode/barrier layer/electrolyte interfaces after sintering and to compare the evolutions before and after ageing. All the specimens for the synchrotron-based characterization have been extracted from the cells center, taking thin lamellae containing the oxygen electrode, the barrier layer, and the electrolyte. Finally, SEM-EDX analyses have been also performed on Cell-1 and Cell-2 to compare the strontium zirconate formation after ageing in electrolysis mode.

Sample Preparation for the µXRD/µXRF Analysis

As shown in Figure 2, the lamellae for the µXRD/µXRF characterization have been prepared using a Xe + plasma-Focused Ion Beam (pFIB) Vion (FEI TM ), following a similar protocol as in Khamidi et al. [START_REF] Khamidy | Durability of nanostructured LaPrNiO4+δ electrode for solid oxide cells: Electrochemical, microstructural, and structural investigation[END_REF]. Fragments extracted from the aged and pristine cells have been positioned in the vacuum chamber of the pFIB machine to prepare the lamellae. A rectangular platinum layer (thickness ≈ 3-4 µm) was deposited on the sample surface to protect the region of interest (ROI) (Figure 2a) [START_REF] Tao | Focused ion beam induced deposition of platinum[END_REF].

This step was carried out using a low current of 59 nA, to ensure the deposition of Pt while preventing any damaging of the specimen surface. Subsequently, the two sides of the ROI were milled to isolate the lamella (Figure 2b). This step was done at two different currents, 470 nA in the area far from the ROI and at a lower current of 180 nA in the proximity to the ROI to avoid any material damaging in the sample. Once the lamella was isolated (Figure 2c), a small Pt deposition was used to fix it on a specific micromanipulator and the sample was detached from the cell using a low ion current of 180 nA (Figure 2d). Finally, a last Pt deposition was used to glue the lamella to an aluminum pin (Figure 2e) and the sample was removed from the vacuum chamber. The final dimensions for all the specimens are approximately 100 × 80 × 20 µm 3 for the horizontal dimension (X), the vertical dimension (Y) and the depth (Z), respectively. This geometry allows investigating a representative zone along the interface while the thickness of the samples has been chosen as a tradeoff between the X-ray absorption and the need to probe enough crystallographic grains to obtain well-defined powder-like diffraction rings. 

Synchrotron-Based µXRD/µXRF Characterization

The setup of the microXAS beamline at the SLS is described schematically in Figure 3. During the characterization, the specimens have been illuminated with an X-rays beam focused using two Kirkpatrick-Baez (KB) mirrors (photon flux: 10 11 ph•s -1 ). The experiment was performed at 17.2

keV with a beam size on the sample of around 1 × 0.5 μm 2 . Therefore, the vertical spatial resolution (Y axis, cf. Figure 3) is around 500 nm. The lamellae have been positioned on a motorized holder in the focal point of the X-rays beam and 2D raster scans have been performed on the vertical (Y) and longitudinal (X) directions with a step size of 500 nm all over each sample. A silicon drift diode detector (KETEK), positioned at ≈ 90° from the X-ray beam, has been used to detect the fluorescence spectrum of the illuminated region of the specimen. In parallel, a 2D diffraction detector (PILATUS 100K) positioned behind the samples has been used to obtain the local XRD, as a cumulated information along the depth of the sample (in the direction of the X-rays). The acquisition of the diffracted X-rays has been possible thanks to the limited thickness of the specimens along the beam direction (Z) allowing the transmission of X-rays towards the detector.

The two detectors allow obtaining at the same time the elemental and crystalline 2D maps of each lamella.

The 2D diffraction rings measured in each point have been azimuthally integrated using pyFAI [START_REF] Kieffer | PyFAI, a versatile library for azimuthal regrouping[END_REF] to obtain classical 1D diffraction patterns, whereas the local fluorescence data have been fitted

using pyMCA [START_REF] Solé | A multiplatform code for the analysis of energy-dispersive X-ray fluorescence spectra[END_REF]. The µXRF and µXRD data are subsequently integrated over the horizontal direction to obtain an average elemental composition and diffraction pattern for each vertical position in the sample. The Rietveld refinement of these local XRD patterns has been performed using the software XRDUA [START_REF] De Nolf | XRDUA: Crystalline phase distribution maps by twodimensional scanning and tomographic (micro) X-ray powder diffraction[END_REF].

SEM-EDX Observations

In complementarity with the µXRD/µXRF analyses, the two cells aged in electrolysis mode (Cell-1 and Cell-2) have been characterized using a field emission gunscanning electron microscope (FEG-SEM Zeiss Merlin, Germany) equipped with an energy-dispersive X-ray detector (EDX, Brucker XFlash Detector). Before the observations, fragments of the cells have been obtained perpendicular to the oxygen electrode/barrier layer/electrolyte interface. Then, they have been impregnated in polymer resin (Epofix, Denmark) to fill the pores and the surfaces have been polished until a final stage using a diamond spray at 0.25 µm. A thin carbon coating has been done on the polished cross-section to avoid charging effects of the samples during microscopy observations. The SEM images have been obtained using a secondary electron detector at working distance between 8-10 mm and an accelerating voltage of 3 kV. For the EDX analysis, the accelerating voltage was increased to 15 kV whereas the working distance was not changed.

Results and Discussion

Experimental Results

Cells Aged in Electrolysis Mode

The experimental results obtained for Cell-1 and Cell-2 are reported in Figure 4. To ensure the same starting point between the two durability experiments, it has been checked that the two cell presents the same initial performances. The i-U curves obtained in SOFC at 800 ºC after the reduction of the NiO in the cermet are compared in Figure 4a. The two i-U curves are well superposed indicating that the cells exhibit almost identical performances. Moreover, the OCV values obtained in the two cases (1.16 V and 1.15 V for Cell-1 and Cell-2, respectively) are comparable to the theoretical one (which corresponds to 1.2 V at 800ºC if considering 99.6% of H 2 in the hydrogen side) indicating that there is no significant gas leakage between one electrode and the other.

After this preliminary characterization, the temperature was increased to 850 ºC and the performances in electrolysis mode have been measured for both cells with a gas composition of H 2 O/H 2 = 90/10 vol.% (Figure 4b). In these conditions, the OCV values are almost identical (0.807

V for Cell-1 and 0.805 V for Cell-2). In addition, the two cells exhibit a similar behavior in terms of i-U curves being perfectly superposed up to i DC = -0.5 A•cm -2 whereas only a minor difference is found at higher current density (for |i DC |> 0.5 A•cm -2 ). As an example, from the polarization curves in Figure 4b, it can be noticed that Cell-2 presents slightly better performances at i DC = -0.75 A•cm -2 (U Cell-2 is 17mV lower than U Cell-1 corresponding to a difference of ≈ 2%). Comparing the initial impedance diagrams (Figure 4d and Figure 4e), this difference can be attributed to the lowfrequency processes (f < 1 Hz). This phenomenon may be linked to the gas diffusion in the electrodes [START_REF] Leonide | Evaluation and Modeling of the Cell Resistance in Anode-Supported Solid Oxide Fuel Cells[END_REF][START_REF] Caliandro | Model-assisted identification of solid oxide cell elementary processes by electrochemical impedance spectroscopy measurements[END_REF] that could be associated to some minor differences in the hydrogen electrodes microstructures. Nevertheless, it can be considered that the performances at the beginning of the tests are the same for the two cells. 

U (V) i (A•cm -2 ) a) Cell-1 Cell-2 U (V) i (A•cm -2 ) Cell-1 Cell-2 b) U (V) t (hours) ΔV ≈ 13.5 mV•kh -1 ΔV ≈ 60 mV•kh -1 Cell-1 Cell-2 c)
After the assessment of the initial performances, the durability experiments were conducted and the recorded degradation curves are reported in Figure 4c, in which the evolutions of the cell voltage (at i DC = -0.75 A•cm -2 ) are plotted as a function of the ageing time. The degradation, measured as the slope of the durability curves (U = f(t)), is significantly higher for Cell-2 aged at 750 ºC with an overall degradation rate of ≈ 60 mV•kh -1 . On the other hand, the measured degradation rate of Cell-1 tested at 850 ºC is substantially lower (≈ 13.5 mV•kh -1 ). As can be seen in the graph, for Cell-1 after ≈ 1'500 hours of operation a problem with the electrical power supply of the test bench has caused the temporary interruption of the degradation test for approximately 80 hours. However, when the test was restarted, after a stabilization period, the cell performances were in the same range as during the first 1'500 hours of ageing (Figure 4c).

To evaluate the effects of the degradation on the ohmic and polarization resistances, the impedance diagrams under current at 850 ºC have been measured at the end of each test and compared with the initial ones (Figure 4d and Figure 4e). As a first observation, it is noted that, when the cells are characterized in the same conditions, the difference in the degradation of the total ASR (= R Ω + R p ) is much less pronounced than what the analysis of the durability curves would have suggested. This result is consistent with those reported by Fang et al. who have found a higher measured degradation rates at lower temperature but comparable ASR degradations in the same conditions when operating a short-stack at 700 ºC, 750 ºC and 800 ºC [START_REF] Fang | Electrochemical Performance and Preliminary Post-Mortem Analysis of a Solid Oxide Cell Stack with 20,000 h of Operation[END_REF]. As discussed in Hubert et al. [START_REF] Hubert | Impact of Nickel agglomeration on Solid Oxide Cell operated in fuel cell and electrolysis modes[END_REF], this type of behavior could be explained by considering the thermally-activated response of the cell. Indeed, it is worth reminding that the activation overpotentials and the ohmic losses are significantly larger at lower temperature. Therefore, the impact of the material deterioration on the cell performance depends on the temperature. In other words, the same material degradation will induce a higher loss of cell performances at lower temperature. These observations reinforce the statements reported in Hubert et al. [START_REF] Hubert | Impact of Nickel agglomeration on Solid Oxide Cell operated in fuel cell and electrolysis modes[END_REF] in which it has been indicated that the performance degradation should be compared in the same experimental conditions.

For both cells, the most impacted contributions in the impedance diagrams after the correction of inductance effect, appear to be the ohmic resistances the high frequency arc (> 10 3 Hz) (Figure 4d and Figure 4e). In particular, a significant increase in the ohmic resistance can be detected, which is higher for the cell aged at 850 °C (Cell-1, ΔR Ω = 15 mΩ•cm -2 •kh -1 or 17 %•kh -1 ) than for the one aged at 750 °C (Cell-2, ΔR Ω = 8.5 mΩ•cm -2 •kh -1 or 9 %•kh -1 ). This augmentation of the ohmic resistance may originate from different phenomena. It could be mainly ascribed to either a full Ni depletion at the H 2 electrode [START_REF] Frey | A Detailed Post Mortem Analysis of Solid Oxide Electrolyzer Cells after Long-Term Stack Operation[END_REF][START_REF] Hoerlein | A parameter study of solid oxide electrolysis cell degradation: Microstructural changes of the fuel electrode[END_REF] or an evolution of the IDL at the barrier layer/electrolyte interface [START_REF] Matsui | Degradation Analysis of Solid Oxide Fuel Cells with (La,Sr)(Co,Fe)O3-δ Cathode/Gd2O3-CeO2 Interlayer/Y2O3-ZrO2 Electrolyte System: The Influences of Microstructural Change and Solid Solution Formation[END_REF][START_REF] Tsoga | Performance characteristics of composite film electrolytes for intermediate-temperature solid oxide fuel cells[END_REF]. However, SEM observations of the hydrogen electrode have revealed that Ni is still present at the electrolyte interface after ageing and remains percolated. Therefore, in our specific case, no severe Ni depletion is present after the durability experiments. Moreover, previous studies conducted on the same type of cells, have revealed that there is not a fully depleted layer of nickel at the hydrogen electrode/electrolyte interface even after ageing in electrolysis mode for more than 10'000 hours [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] Rinaldi | Post-test Analysis on a Solid Oxide Cell Stack Operated for 10,700 Hours in Steam Electrolysis Mode[END_REF]. Therefore, it could be suspected that, for our tested cells, the increase in the ohmic resistance may be mainly due to an evolution of the inter-diffusional layer during the durability experiments in electrolysis mode.

Cell Aged in Fuel Cell Mode

The results of the durability test for Cell-3 have been already discussed in Monaco et al. [START_REF] Monaco | Degradation of Ni-YSZ Electrodes in Solid Oxide Cells: Impact of Polarization and Initial Microstructure on the Ni Evolution[END_REF]. Therefore, only the main aspects are detailed hereafter. During the experiment, a limited evolution of the local currents in potentiostatic mode has been measured indicating a good stability of the cell even after 15'000 hours. In addition, the periodical measurements of the global ASR at ≈ 0.25 A•cm -2 have shown an overall increase of the resistance of ≈ 9 mΩ•cm 2 •kh -1 corresponding to an equivalent degradation rate of ≈ 3 mV•kh -1 . This rather low degradation rate after many thousands of hours of test in fuel cell mode is consistent with other results reported in literature for very long durability experiments [START_REF] Blum | Long-term operation of solid oxide fuel cells and preliminary findings on accelerated testing[END_REF][START_REF] Fang | Electrochemical Performance and Degradation Analysis of an SOFC Short Stack Following Operation of More than 100,000 Hours[END_REF][START_REF] Blum | Anode-Supported Solid Oxide Fuel Cell Achieves 70'000 Hours of Continuous Operation[END_REF][START_REF] Menzler | Post-test characterization of a solid oxide fuel cell after more than 10 years of stack testing[END_REF][START_REF] Menzler | Post-test characterization of a solid oxide fuel cell stack operated for more than 30,000 hours: The cell[END_REF]. This type of evolution indicates that the degradation phenomena are milder in these conditions compared to an operation in electrolysis mode. In particular, lower degradation in the oxygen electrode could be expected in this case.

Post-Mortem Analyses

The impedance diagrams analyses for the cell aged in electrolysis mode (Cell-1 and Cell-2) have revealed a larger increase of the ohmic resistance for the one operated at higher operating temperature. This increase in the ohmic resistance may be partially associated to a modification of the IDL between the GDC and the 8YSZ under operation [START_REF] Matsui | Degradation Analysis of Solid Oxide Fuel Cells with (La,Sr)(Co,Fe)O3-δ Cathode/Gd2O3-CeO2 Interlayer/Y2O3-ZrO2 Electrolyte System: The Influences of Microstructural Change and Solid Solution Formation[END_REF][START_REF] Tsoga | Performance characteristics of composite film electrolytes for intermediate-temperature solid oxide fuel cells[END_REF]. Besides, the low degradation rate for the cell aged in fuel cell mode for 15'000 hours (Cell-3) suggests that the physico-chemical evolutions at the oxygen electrode would be less severe for this cell.

To verify these statements, μXRD/μXRF and SEM-EDX characterizations have been performed on the samples. In particular, the LSCF decomposition and the formation of SrZrO 3 at the electrolyte interface have been investigated as a function of the operating conditions. In addition, a specific attention has been paid to highlight a modification of the IDL after operation in electrolysis mode.

As a first step, the oxygen electrode of the pristine cell (Reference Cell) has been analyzed to investigate the precipitation of strontium zirconate and the interdiffusion at the interface between the barrier layer and the electrolyte during the cell manufacturing.

Characterization of the Reference Cell

In Figure 5a, 2D maps showing the normalized elemental distribution in the active layer of strontium (Sr), cerium (Ce), gadolinium (Gd) and yttrium (Y) are given for the pristine cell.

According to the XRF signal, a small amount of Sr is detected along the interface between the GDC barrier layer and the 8YSZ electrolyte. The diffusion of strontium is also revealed in Figure 5b in which the normalized XRF intensities integrated along the horizontal direction are given for each vertical position. This result indicates that during the sintering of the LSCF electrode, strontium can diffuse through the GDC and react at the barrier layer/electrolyte interface. To verify the crystalline phase of the Sr-based compound, the average XRD pattern obtained at the interface is plotted in Figure 5c. As it can be seen, three peaks at 13.66º, 19.38º and 23.78º are detected corresponding to the (011), ( 020) and ( 121) reflections of the perovskite structure of SrZrO 3 . Therefore, as already observed by several authors [START_REF] Morales | Multiscale analysis of the diffusion barrier layer of gadolinia-doped ceria in a solid oxide fuel cell operated in a stack for 3000 h[END_REF][START_REF] Ferreira-Sanchez | A 2D and 3D X-ray mdiffraction and m-fluorescence study of a mixed ionic electronic conductor[END_REF][START_REF] Villanova | X-ray fluorescence nano-imaging of long-term operated solid oxide electrolysis cells[END_REF], it is confirmed that the Sr diffusion during the sintering yields to the formation of strontium zirconate at the interface between GDC and 8YSZ. From the XRF data given in Figure 5a and Figure 5b, it can be also seen that the distribution of gadolinium is significantly different with respect to the cerium with an accumulation of Gd in the region close to the GDC/8YSZ interface just below the zirconates. This high Gd concentration could be due to its dissolution in the YSZ resulting in the formation of the thin IDL in the electrolyte. This claim is consistent with the results reported in literature [START_REF] Morales | Multiscale analysis of the diffusion barrier layer of gadolinia-doped ceria in a solid oxide fuel cell operated in a stack for 3000 h[END_REF][START_REF] Szász | Nature and Functionality of La0.58Sr0.4Co0.2Fe0.8O3-δ/Gd0.2Ce0.8O2-δ/Y0.16Zr0.84O2-δ Interfaces in SOFCs[END_REF][START_REF] Villanova | X-ray fluorescence nano-imaging of long-term operated solid oxide electrolysis cells[END_REF][START_REF] Uhlenbruck | Element interdiffusion at electrolyte-cathode interfaces in ceramic high-temperature fuel cells[END_REF][START_REF] Wilde | Effect of Gd0.2Ce0.8O2 Sintering Temperature on Formation of a SrZrO3 blocking Layer between Y0.16Zr0.84O2[END_REF], in which a thin layer containing a relatively high concentration of Gd was also observed at the electrolyte interface after sintering.

The diffraction pattern acquired at the electrolyte interface (Figure 6a) has been also used to characterize this inter-diffusional layer. The analysis of the XRD pattern has allowed identifying a crystalline phase whose main peaks are detected at 13.15º, 15.20º, 21.56º and 25.33º. Interestingly, all these peaks are close and slightly shifted with respect to the peaks of the 8YSZ (found at 13.33º, 15.41º, 21.86º and 25.69º for the (111), ( 020), ( 022) and ( 131) reflections, respectively). This simple shift indicates that the IDL presents the same cubic structure than the fluorite 8YSZ but with a different unit cell volume (UCV). This observation was confirmed by the estimation of the lattice parameter obtained by Rietveld refinement. Indeed, it has been found that the lattice parameter for this crystalline phase at the interface is slightly higher than the one measured for the 8YSZ in the bulk of the electrolyte (≈ 5.20 Å vs 5.14 Å). Moreover, it can be mentioned that the 2D diffraction patterns obtained at the interface have a well-defined ring-like shape contrarily to the spotty diffractograms obtained in the bulk of the electrolyte (which are associated to the relatively large crystals of the 8YSZ, cf. Figure 6b). All the aforementioned characterizations by µXRF and µXRD are fully consistent with the Gd diffusion in YSZ resulting in a solid solution corresponding to the IDL formation during sintering.

Indeed, the insertion of Gd in the Y 2 O 3 -doped ZrO 2 has been reported to favor the crystallization of nanoscale-grains [START_REF] Leib | High-Temperature Stable Zirconia Particles Doped with Yttrium, Lanthanum, and Gadolinium[END_REF], which could explain the powder diffraction-like 2D patterns measured experimentally for the IDL. Moreover, the larger lattice parameter for the IDL could be due to the bigger ionic radius of Gd with respect to Y [START_REF] Katamura | The Cubic-Tetragonal Phase Equilibria in the ZrO2-R2O3 (R = Y, Gd, Sm, Nd) Systems[END_REF][START_REF] Rebollo | Phase stability of Y + Gd co-doped zirconia[END_REF]. Therefore, it can be reasonably stated that the crystalline phase ascribed to the IDL could correspond to a Gd 2 O 3 -Y 2 O 3 -ZrO 2 solid solution exhibiting nano-grains and cubic fluorite-type crystal similar to the ones reported in [START_REF] Basu | X-ray absorption spectroscopy of doped ZrO2 systems[END_REF][START_REF] Lee | Preparation and fluorite-pyrochlore phase transformation in Gd2Zr2O7[END_REF][START_REF] Thampi | Influence of aliovalent cation substitution on structural and electrical properties of Gd2(Zr1-xMx)2O7-δ (M = Sc, Y) systems[END_REF][START_REF] Yamamura | Electrical conductivity anomaly around fluorite-pyrochlore phase boundary[END_REF].

To confirm the localization of the inter-diffusional layer, the spatial distribution of the crystalline phases has been deduced from the XRD maps by identifying the peaks corresponding to the GDC, the 8YSZ, the IDL and the SrZrO 3 . These distributions are shown in Figure 6b across the barrier layer including part of the electrolyte and the electrode. Firstly, the layer and the electrolyte can be clearly distinguished as they are ascribed to the GDC and 8YSZ, respectively. Secondly, the zirconate corresponds to the line at the interface between the GDC and 8YSZ. Finally, the close examination of the maps shows that the IDL is a fine layer of less than 1 µm (thickness ≈ 500 nm) located just below the zirconates. This confirms the formation of the solid solution in the electrolyte just at the interface with the barrier layer. Besides, this observation means that, in this case, the interdiffusion between the GDC and the 8YSZ does not prevent the formation of SrZrO 3 as it has been reported for different types of IDL forming at different sintering temperatures [START_REF] Szász | Nature and Functionality of La0.58Sr0.4Co0.2Fe0.8O3-δ/Gd0.2Ce0.8O2-δ/Y0.16Zr0.84O2-δ Interfaces in SOFCs[END_REF][START_REF] Wankmüller | Correlative tomography at the cathode/electrolyte interfaces of solid oxide fuel cells[END_REF][START_REF] Wilde | Gd0.2Ce0.8O2 Diffusion Barrier Layer between (La0.58Sr0.4)(Co0.2Fe0.8)O3-δ Cathode and Y0.16Zr0.84O2 Electrolyte for Solid Oxide Fuel Cells: Effect of Barrier Layer Sintering Temperature on Microstructure[END_REF].Therefore, for this type of cells, the presence of this IDL after sintering presents mainly negative effects on the cell performances as it causes a decrease in the ionic conductivity [START_REF] Xu | Interdiffusion between gadolinia doped ceria and yttria stabilized zirconia in solid oxide fuel cells: Experimental investigation and kinetic modeling[END_REF][START_REF] Yamamura | Electrical conductivity anomaly around fluorite-pyrochlore phase boundary[END_REF][START_REF] Tsoga | Processing and characterisation of fine crystalline ceria gadolinia-yttria stabilized zirconia powders[END_REF] without avoiding entirely the reactivity between the Sr and the Zr from the electrolyte.

Characterization of the Aged Cells

Destabilization of the LSCF and SrZrO 3 Formation

In order to quantify the destabilization of the oxygen electrode material after ageing, the evolution of the unit cell volume of the LSCF along the electrode thickness has been estimated by Rietveld refinement (space group R-3c) for the different cells as shown in Figure 7. Indeed, the loss of Sr from the LSCF structure is expected to cause an increase of the UCV [START_REF] Hardy | Lattice expansion of LSCF-6428 cathodes measured by in situ XRD during SOFC operation[END_REF][START_REF] Mineshige | Introduction of Asite deficiency into La0.6Sr0.4Co0.2Fe0.8O3-δ and its effect on structure and conductivity[END_REF][START_REF] Świerczek | Crystal structure and magnetic properties of high-oxygen pressure annealed Sr1-xLaxCo0.5Fe0.5O3-δ (0≤x≤0.5)[END_REF]. Therefore, this related to the spatial distribution but is explained by the preferred orientation of the relatively large grains for this phase).

parameter could be a relevant indicator to highlight the LSCF demixing according to equation (1) [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].

(

Comparing the Reference Cell to Cell-1 (Figure 7a and Figure 7b, respectively), an overall increase of the UCV is found across the active layer (LSCF-GDC) and the pure LSCF layer (UCV max ≈ 353 Å 3 for Cell-1 and ≈ 351 Å 3 for the pristine cell). On the other hand, Cell-2 presents an increase of that appears to be less significant as can be seen in Figure 7c (UCV max ≈ 352 Å 3 ). In addition, in this case the increase of UCV is found to be limited to the composite layer in a region close to the interface with the GDC barrier layer (whereas the UCV in the LSCF layer remains similar to the one of the Reference Cell). These observations would suggest that a significant destabilization of the LSCF would occur in electrolysis mode when the cell is operated at higher temperature (Cell-1, 850 °C). In contrast, the Sr release appears to be much more limited and restricted to the electrochemical active zone for Cell-2 aged at lower temperature (750 °C). Finally, the electrode destabilization of Cell-3 aged in fuel cell mode for a very long time of 15'000 hours at 780 °C is roughly the same than the one found for Cell-2 aged at around the same temperature for a shorter time (1'800 hours) as shown in Figure 7d. Therefore, it could be concluded that the destabilization is favored under electrolysis current as expected. Moreover, it would be aggravated at high temperature. 

d)

This observation (i.e. Sr Cell-2 ≈ Sr Cell-3 at the interface) would confirm that the process of LSCF destabilization and the following formation of SrZrO 3 is favored in electrolysis mode as proposed by Laurencin et al. [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]. Indeed, these two cells (Cell-2 and Cell-3) present similar evolutions but the operating times are significantly different indicating that roughly the same extent of LSCF destabilization and SrZrO 3 formation have occurred after 1'800 hours in electrolysis mode at 750 ºC and 15'000 hours in fuel cell mode at 780 ºC. Furthermore, the important changes in UCV and the large XRF signal for Sr found at the barrier layer/electrolyte interface for the cell operated at higher temperature (Cell-1) mean that the process of LSCF destabilization associated with the formation of zirconates is thermally activated.

This statement is also reinforced by the SEM-EDX observations of the oxygen electrode/barrier layer/electrolyte interfaces performed on the two cells aged in electrolysis mode (Figure 8c). 22 Indeed, the presence of a secondary phase is clearly observed in the cross section of Cell-1 at the GDC/8YSZ interface especially in the porosities of the barrier layer (i.e. in the region highlighted in red in Figure 8c where this secondary phase exhibits a different contrast in the secondary electrons images). On the contrary, the quantity of this phase is found to be less significant in the micrograph of Cell-2 (Figure 8c). The EDX analyses of the same regions (shown in the inserts of Figure 8c) have shown that this phase corresponds to a Sr-rich material that can be ascribed to the SrZrO 3.

Therefore, the SEM-EDX analyses confirms the larger accumulation of Sr at the interface for the cell aged at higher temperature.

Based on these results, it can be stated that the Sr release from the LSCF appears to be favored by the anodic polarization confirming the observations already discussed in Laurencin et al. [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]. In addition, it has been found that the kinetic rate of the Sr excorporation reaction (equation ( 1)) would be strongly thermally activated, so that operating the cell at high temperature would result in an acceleration of the LSCF demixing and Sr accumulation at the barrier layer/electrolyte interface.

Therefore, the stronger destabilization of the LSCF material coupled with the nickel migration which is also observed after ageing in electrolysis mode [18,X], could contribute to explain the larger degradation rates measured in SOEC mode with respect to the SOFC operation.

Evolution of the Inter-Diffusional Layer After Ageing in Electrolysis Mode

The formation of zirconates would cause a loss of Zr from the electrolyte which could in turn contribute to modify the composition of the IDL. In this frame, it can be noticed in Figure 8a that the distribution of gadolinium is not uniform for the operated cells with a clear increase at the interface with the electrolyte. It can also be observed that the accumulation of Gd would be the highest for Cell-1 operated at high temperature in electrolysis mode. Therefore, a combined effect between the loss of Zr due the SrZrO 3 precipitation and the diffusion of Gd could be suspected for the IDL.

To verify this hypothesis, the spatial distributions at the oxygen electrode/barrier layer/electrolyte interface of the different crystalline phases (8YSZ, GDC, SrZrO 3 and IDL) are plotted for Cell-1

and Cell-2 in Figure 9a. The maps for the 8YSZ and GDC allow identifying without ambiguity the electrolyte and the barrier layer, respectively. Moreover, the position of SrZrO 3 and the IDL phases can be clearly identified, and it is confirmed that IDL is located in between the zirconates and the 8YSZ electrolyte. Finally, as for the pristine cell, the inhomogeneity in the signal for the 8YSZ is simply explained by the quite coarse crystallographic grains in the electrolyte. In comparison with the maps of the pristine cell given in Figure 6b, it can be noticed that the overall thickness of the IDL after operation remains in the order of a few hundreds of nanometers (≈ 500 nm). This size for the IDL corresponds to the vertical resolution of the microXAS beamline, making it hard to investigate the increase of the thickness of the inter-diffusional layer. This statement clearly indicates the need of post-test characterizations performed at the nanoscale to analyze in detail the local evolution of the inter-diffusional layer after ageing. Nevertheless, despite this limitation, a slightly higher intensity of the signal for the IDL peaks can be observed in the sample extracted from Cell-1 indicating a potential increase in the concentration of this solid solution especially after ageing at higher operating temperature (Figure 9a). Based on this observation, a preliminary analysis has been conducted to assess the possible evolution of the IDL crystalline phase that could be related to the SrZrO 3 formation.

With this purpose, the diffraction patterns obtained at the GDC/8YSZ interface for Cell-1 and Cell-2 are compared with the XRD of the pristine cell in Figure 9b and Figure 9c, respectively. All the peaks associated to the SrZrO 3 are increased after ageing at high temperature (Cell-1 at 850 ºC, Figure 9b), whereas they remain closer to the pristine sample for the cell aged at lower temperature (Cell-2 at 750 ºC, Figure 9c). These evolutions are consistent with the analysis of the XRF signal obtained for the two cells confirming the aggravating effect of the high operating temperature on the formation of strontium zirconate associated with the accumulation of Sr. Besides, an evolution of the intensity of the IDL peaks is also detected. For Cell-1, all the peaks associated to the interdiffusional layer are slightly increased in intensity, suggesting a modification at the barrier layer/electrolyte interface with an increase in the amount of the solid solution. For Cell-2, instead, the peaks associated to the IDL are essentially superposed with the XRD pattern of the pristine cell (except the (111) reflection). This observation may suggest that in this case only a limited augmentation of the IDL is detected after ageing.

Based on these results, it could be suspected that the IDL would evolve after operation especially at high temperature when the LSCF destabilization and the SrZrO 3 formation are also aggravated.

Therefore, this result could be an indication that the increase of the IDL at the interface is promoted by the formation of strontium zirconate. Indeed, it could be proposed that the loss of zirconium from the 8YSZ associated to the formation SrZrO 3 could trigger the dissolution of gadolinium in the electrolyte via Zr 4+ substitution [START_REF] Bekale | Impurity diffusion of cerium and gadolinium in single-and polycrystalline yttria-stabilized zirconia[END_REF]. It is worth noting that this proposition is quite in good agreement with the recent study of Matsui et al. [START_REF] Matsui | Degradation Analysis of Solid Oxide Fuel Cells with (La,Sr)(Co,Fe)O3-δ Cathode/Gd2O3-CeO2 Interlayer/Y2O3-ZrO2 Electrolyte System: The Influences of Microstructural Change and Solid Solution Formation[END_REF] who have observed an evolution of the IDL after ageing by EDX analysis. Moreover, Villanova et al. have used nanoscale X-ray fluorescence to investigate the chemical evolutions after ageing of a hydrogen electrode supported cell (i DC = -0.75 A•cm -2 , T ≈ 780ºC, t ≈ 6'100 hours) and an electrolyte supported cell (i DC = -0.9 A•cm -2 , T ≈ 840ºC, t ≈ 23'000 hours) [START_REF] Villanova | X-ray fluorescence nano-imaging of long-term operated solid oxide electrolysis cells[END_REF]. In their study, they have found no significant modification of gadolinium distribution at the GDC/8YSZ interface for the cell aged at lower temperature whereas an accumulation of Gd has been observed at the interface for the cell aged at higher temperature (although in this case the electrolyte was made of 6/1 mol.% scandia/ceria-doped zirconia (6Sc1CeSZ)).

Finally, it is reminded that the loss of Zr and the enrichment in Gd reduce the conduction of oxygen ions in the IDL as measured by Matsui et al. [START_REF] Matsui | Degradation Analysis of Solid Oxide Fuel Cells with (La,Sr)(Co,Fe)O3-δ Cathode/Gd2O3-CeO2 Interlayer/Y2O3-ZrO2 Electrolyte System: The Influences of Microstructural Change and Solid Solution Formation[END_REF]. These authors have synthetized several compounds, based on the local atomic compositions obtained by EDX at the GDC/8YSZ interface, and have shown that the interdiffusional process of Gd and Zr corresponds to an overall decrease of the ionic conductivity. Therefore, it can be reasonably proposed that the increase in ohmic resistances measured experimentally for Cell-1 and Cell-2 could be ascribed to an evolution of the IDL. In this frame, the higher increase in the ohmic resistance of Cell-1 with respect to Cell-2 would be consistent with a higher evolution of the IDL observed for this cell. Nevertheless, more characterizations at the nanoscale are still required to fully confirm and validate this mechanism.

Conclusion

In this work, the LSCF destabilization and the IDL evolution after ageing have been investigated as a function of the conditions. One durability experiment has been performed in fuel cell mode for a very long operating time and two long-term tests in electrolysis mode have been conducted keeping all the operating parameters identical except for the ageing temperature. Three long-term tests have been performed in fuel cell mode and in electrolysis mode at different operating temperatures. The experimental results have confirmed a larger degradation during electrolysis operation with respect to fuel cell mode. In addition, the degradation rate measured during the long-term test in electrolysis mode has been found to be significantly larger at lower temperature. Moreover, in SOEC mode, the electrochemical characterizations in the same conditions performed after the durability experiments have revealed an overall similar increase in the ASR and a larger increase of the ohmic resistance for the cell tested at higher operating temperature.

After the durability experiments, samples extracted from the pristine and the aged cells have been characterized using synchrotron-based μXRD/μXRF and SEM-EDX analyses. to assess the relation between the oxygen electrode destabilization, the formation of insulating species at the electrode/barrier layer/electrolyte interfaces, and the possible evolution of the inter-diffusional layer. For the pristine cell, The analysis of the pristine cell has confirmed that the it has been confirmed that a reactivity between the electrode and the electrolyte occurs during the sintering resulting in the formation of strontium zirconate at the GDC/8YSZ interface between the GDC barrier layer and the 8YSZ electrolyte. Besides, the formation of a Gd-rich inter-diffusional layer has been detected in the electrolyte just below the zirconates. Based on the XRD analyses, it has been proposed that this inter-diffusional layer could correspond to a solid solution of Gd 2 O 3 -Y 2 O 3 -ZrO 2 exhibiting a crystal structure similar to the 8YSZ but lower ionic conductivity.

The analysis of the aged cells has shown that the destabilization of the LSCF could be identified by an increase of the unit cell volume associated to the strontium release. This evolution has been found to be strongly dependent on the operating conditions. Indeed, it has been found that the LSCF destabilization and the Sr diffusion towards the electrolyte with the formation of strontium zirconate are promoted by both the high temperature and the operation in electrolysis mode, whereas it is significantly less severe under fuel cell operation. Furthermore, it has been demonstrated that the Sr release is promoted at high operating temperature. Moreover, it has been shown that Sr diffusion towards the electrolyte is consistent with the LSCF destabilization, with a larger amount of strontium zirconate detected at the GDC/8YSZ interface after an operation in SOEC mode at higher temperature. As the LSCF decomposition has a direct impact on the performances, it has been concluded that the demixing of the oxygen electrode material must also explain in part the higher degradation measured in SOEC operation.

Finally, the crystalline evolution of the IDL after the durability experiments in electrolysis mode has been preliminary investigated using the diffraction patterns measured at the barrier layer/electrolyte interface. A slightly stronger increase of the intensity for the XRD peaks of the solid solution has been observed after ageing at high temperature and this evolution has been ascribed to the larger formation of SrZrO 3 in these conditions. Based on this behavior, it has been proposed that the loss of Zr 4+ from the electrolyte associated to the SrZrO 3 formation could facilitate the inter-diffusion of Gd reducing the local ionic conductivity. This mechanism could potentially explain a part of the larger increase in ohmic resistances observed for the cell operated in electrolysis mode at 850°C. However, further characterizations at the nanoscale are required to finely investigate the IDL and its evolution after ageing.

Figure 1 :

 1 Figure 1: a) Experimental setup used for Cell-1 and Cell-2 -b) Equivalent circuit model used to analyze the EIS spectra obtained under polarization in electrolysis mode.

Figure 2 :

 2 Figure 2: Illustration of the lamellae preparation procedure: a) Pt deposition on the ROI surfaceb) FIB milling around the ROIc) Isolated lamella illustrating the cell multilayered structure (in particular for the oxygen electrode) -d) Extraction of the specimene) Finalized sample.

Figure 3 :

 3 Figure 3: Experimental setup at the microXAS beamline in which the sample is scanned along the XY directions while recording simultaneously the local fluorescence spectra and the local powder-like diffraction pattern.

Figure 4 :

 4 Figure 4: Experimental results for Cell-1 and Cell-2: a) Initial performances of the cells in SOFC mode at 800 ºCb) Initial performances of the cells in SOEC mode at 850 ºCc) Durability curves at 850 ºC (Cell-1) and 750 ºC (Cell-2) -d) and e) EIS acquired under polarization at 850 ºC at the beginning and at the end of the long-term test for Cell-1 and Cell-2, respectively.

Figure 5 :

 5 Figure 5: Characterization of the pristine oxygen electrode: a) Normalized 2D element distribution obtained from the XRF signal at the electrode/barrier layer/electrolyte interfaceb) Local XRF intensity integrated over the horizontal directionc) XRD pattern at the GDC/8YSZ interface.

Figure 6 :

 6 Figure 6: Analysis of the XRD pattern at the interface for the Reference Cell: a) Main crystalline phases identified at the barrier layer/electrolyte interfaceb) 2D maps of the XRD showing the normalized distribution of the crystalline phases (note that the intensity variation of 8YSZ is not

Figure 8 :

 8 Figure 8: Analysis of the operated cells: a) Normalized 2D element distribution obtained from the XRF signal at the electrode/barrier layer/electrolyte interface for Cell-1, Cell-2, and Cell-3 -b) Comparison of the integrated XRF signal of Sr between the pristine cell and the aged samplesc) SEM images of the LSCF-GDC/GDC/8YSZ region for the cells aged in electrolysis mode at 850 ºC (Cell-1) and at 750 ºC (Cell-2), the inserts show the EDX signal of Sr in the same interface.

Figure 9 :

 9 Figure 9: Analysis of the evolution of the IDL after ageing in electrolysis mode: a) XRD maps exhibiting the crystalline phases at the interface between the barrier layer and the electrolyte for Cell-1 and Cell-2 -b) and c) Evolution of the XRD pattern at the interface for the cells aged in electrolysis mode as a function of the operating temperature for Cell-1 and Cell-2, respectively.
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To check the diffusion of Sr towards the electrolyte, the normalized XRF signals from the electrode-barrier layer/electrolyte area have been considered and the 2D maps showing the distributions of Gd, Sr and Y are given in Figure 8a. The XRF maps show a clear signal of Sr, detected at the interface between the GDC and the 8YSZ for all the samples (Figure 8a). To quantify the amount of Sr at the barrier layer/electrolyte interface, the XRF signal has been integrated along the direction parallel to the electrolyte interface. The normalized integrated profiles are plotted in Figure 8b as a function of the position across the LSCF-GDC electrode, the barrier layer and a part of the electrolyte. A clear evolution of Sr content can be detected depending on the operating conditions. Indeed, after ageing in electrolysis mode at 850 ºC (Cell-1), the of Sr at the GDC/8YSZ interface is more than double with respect to the pristine cell, consistently with the higher release of Sr from the LSCF detected from the UCV evolution. Besides, the amount of Sr at the interface in the two cells aged in electrolysis mode at 750 ºC (Cell-2) and in fuel cell mode at 780 ºC (Cell-3) is quite similar and only slightly higher than the Reference Cell. Once again, this is in good agreement with the limited destabilization of the LSCF highlighted by the UCV estimations for these two samples.