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Introduction

The reduction of the operating temperature of Solid Oxide Fuel Cells (SOFCs) or Solid Oxide Electrolysis Cells (SOECs) is a critical challenge for their commercialization. Presently, the objective is to decrease it down to the intermediate range (600 -700 °C), with the aim to reduce the cost by using stainless steel instead of ceramics as interconnects for instance, as well as to improve their long-term cell durability. In this scope, the study of the long-term stability of the SOFC ceramic components is paramount [START_REF] Knibbe | Durability of Solid Oxide Cells[END_REF][START_REF] Yokokawa | [END_REF]. The cell degradation is generally due to various phenomena such as, i) a grain coarsening, particle smoothing/rounding and/or phase instability occurring at the electrodes, ii) an interfacial segregation, impurities accumulation and cationic interdiffusions occurring at the interfaces between the different layers of the cell.

As the oxygen electrode contributes to a large extent to the cell polarization resistance, Rp, a lot of work available in the literature aims to design materials with MIEC properties [3][4][5][6] suitable for both SOFCs and SOECs. In this respect oxygen deficient perovskites based materials have been extensively studied e.g. La1-xSrxCo1-yFeyO3-δ (LSCF) [7][8][9][10], La1-xSrxCoO3-δ (LSC) [11][12][13],

Ba1-xSrxCo1-yFeyO3-δ (BSCF) [14,15]. However these La, Sr-cobaltites based oxygen electrode materials have inherent disadvantages: (a) a Sr-segregation leading to the formation of SrZrO3 insulating phase [16][17][18][19]; (b) high values of thermal expansion coefficients [4,5] and (c) a crystallographic phase transition from rhombohedral to cubic [20], leading to a degradation of the cell performances. Ba, Sr-cobaltites based oxygen materials also exhibit a poor chemical stability [21].

More recently, another kind of MIEC oxides having the K2NiF4-type layered structure and showing oxygen over-stoichiometry (instead of oxygen vacancies in the previous perovskite-type materials) has been reported as oxygen electrode materials. For example, rare earth nickelates Ln2NiO4+δ (Ln = La or Pr) have been studied from long time [22][23][24]. Indeed, these compounds show good electronic conductivity [START_REF] Nigara | Science of Ceramics 11[END_REF]26] and high diffusivity of oxide ions [27][28][29]. Then, due to their large anionic bulk diffusion (D*) as well as surface exchange coefficients (k*), combined with good electrical conductivity and thermal expansion properties matching with those of electrolyte materials, they have been extensively used as oxygen electrodes in Solid Oxide Cells [30][31][32][33][START_REF] Tong | Ceramics International[END_REF][START_REF] Zhao | [END_REF].

Among these nickelates, PNO shows the lowest polarization resistance (Rp) [32] while LNO is highly chemically stable [START_REF] Flura | 5th International Conference on Fundamentals and Development of Fuel Cells[END_REF]. In a recent study, lanthanum praseodymium nickelates La2-xPrxNiO4+δ (0.0 ≤ x ≤ 2.0) (hereafter labeled LPNO) were considered to find the best compromise between high electrochemical performance and long-term chemical stability [START_REF] Vibhu | [END_REF]. The electrochemical performance in these mixed La, Pr-nickelates is increased with increasing Prcontent. For instance, a Rp value of 0.93 Ω•cm² is achieved at 600 °C for LNO/GDC/8YSZ symmetrical cell while after substitution of La by Pr, the Rp values decrease down to 0.37, 0.29, 0.23 and 0.15 Ω•cm² for La1.5Pr0.5NiO4+δ, LaPrNiO4+δ, La0.5Pr1.5NiO4+δ and PNO, respectively.

Regarding single cell performances, the PNO electrode containing single cell shows better behavior than LSCF electrode deposited on the same Ni-YSZ/YSZ/GDC support, in both SOFC and SOEC mode. The corresponding LNO single cell has lower performance than LSCF cell in SOFC mode while almost comparable behavior than LSCF in SOEC mode [38]. Kim et al. have also reported similar results for LNO [39].

The next step is to prove the durability of these nickelates based cells over the long term. In this paper, ageing of LNO, PNO and LPNO without polarization for one month or under idc = 300 mA•cm -2 for two-and-a-half month is reported. In the latter case, the results of the ageing are given for the electrode operating in SOFC mode, i.e. the reduction of O2, or in high-temperature electrolysis (SOEC) mode, i.e. the oxidation of O2.

The degradation occurring during the ageing is analysed and discussed based on X-ray diffraction and FIB-SEM analysis.

Experimental

Powder preparation

Five compositions of La2-xPrxNiO4+δ, with x = 0.0 (LNO), 0.5 (LP5NO), 1.0 (LP10NO), 1.5 (LP15NO), or 2.0 (PNO) were synthesized using the citrate-nitrate route (modified Pechini method) [40]. The corresponding precursors were Pr6O11 (Aldrich chem, 99.9%), La2O3 (Strem Chemical, 99.99%) and Ni(NO3)2•6H2O (Acros Organics, 99%). The final annealing was performed at 1200 °C for 12 h under air, leading to single and well-crystallized phases for all compositions. The resulting powders were attrited using zirconia balls and ethanol for 4 h to reach an average particle size of about 0.6 µm. More details about the powder preparation are given in ref. [START_REF] Vibhu | [END_REF].

2.2.Cell manufacturing

Symmetrical half-cells (LPNO electrode//GDCBL//8YSZ) were shaped for the electrochemical studies. Terpineol-based inks were prepared for the different LPNO phases and the 20 at.% gadolinium doped ceria barrier layer (GDCBL). First, GDCBL layers (thickness ≈ 3 µm) were symmetrically screen printed on both sides of dense 8YSZ pellets (diameter ≈ 18 mm and thickness ≈ 1.2 mm), then sintered at 1300 °C, for 1 h, in air. The nickelate layers (thickness ≈ 10-15 µm,  ~ 15 mm) were afterwards symmetrically screen printed and sintered at 1150 °C, for 1 h, under N2 atmosphere (pO2 ≈ 10 -4 atm), then re-oxidized under air at 800 °C in the set-up. These sintering temperatures were previously optimized to obtain a controlled homogeneous porous electrode microstructure corresponding to the lowest polarization resistance Rp values recorded for these materials [START_REF] Vibhu | [END_REF]41].

2.3.Electrochemical characterization

Electrochemical measurements, as well as ageing experiments, were performed using symmetrical half-cells as described in Fig. 1. Two geometries were considered:

(i) a symmetric two electrodes system for experiments without polarization; in that case, only the potential Utotal is measured to obtain the impedance diagrams.

(ii) a so-called "three-electrode" system for the ageing under polarization (idc = 300 mA•cm -2 ): a reference electrode is needed in that case, which is a painted ring of platinum set all around the edge of the thick 8YSZ electrolyte ceramic, in a region of stable potential [42][43][44]. Under a given polarization, the electrodes differently behave depending on the current flow going through them:

then, one electrode works in SOFC mode characterized by USOFC, the second one works in SOEC mode characterized by USOEC, the whole cell being characterized using Utotal. Current collectors were made of gold grids (1024 meshes per cm 2 ). All the EIS measurements, either on as-prepared or aged cells, were always carried out in air, in the temperature range 500-800 °C. The impedance diagrams were recorded at steady state (idc = 0 mA•cm -2 ), under potentiostatic control with 50 mV ac amplitude, from 10 6 Hz down to 10 -1 Hz, using a frequency response analyzer Autolab FRA2, coupled with a potentiostat/galvanostat PGSTAT 302N. For the ageing study under polarization, EIS measurements were performed every few hours; the dc current was stopped and the cell stabilized for 10 min, prior to the EIS measurements. The complex impedance diagrams were fitted using Zview2 ® (Scribner associates, inc.). The polarization resistance Rp was calculated from the difference between the low (LF) and the high frequencies (HF) diagram intercepts with the Z′-axis of the Nyquist representation, and the Rs (series resistance) values were obtained by taking the high-frequency intercept on Z′-axis.

XRD analyses

All the X-ray diffraction analyses for the LPNOs raw powders and the thermally aged powders were performed using a PAN-analytical X'pert MPD diffractometer with Cu-Kα (λ = 0.15418 nm) incident radiation. The ageing of the powders was conducted as follows: three green pellets (about 60% density) were first prepared and then left in air, for one month, at 800 °C (the EIS measurement temperature) and at 700 °C and 600 °C , before being crushed into powders prior to the XRD characterization.

The top surfaces of the LNPO electrodes screen-printed on GDCBL//8YSZ were also analyzed, after the ageing processes at 700 °C under idc = 300 mA•cm -2 .

FIB-SEM analyses

Cross sections of aged cells were prepared by focused ion beam milling; subsequent SEM images and elemental microanalyses were recorded using a Dual Beam SEM / FIB FEI Helios 600i equipped with an EDX Oxford Instruments analyser Aztec Advanced equipped with a SDD detector.

Results

Before studying the ageing of the materials as electrode on GDCBL//8YSZ, it was necessary to determine their chemical stability as raw powder.

Chemical stability of LNO, PNO and LPNOs for one month at T = 600 °C, 700 °C or 800 °C

The short-term chemical stability of LNO (x = 0) and PNO (x = 1) has been previously reported by our group [45]. In the current study, we verified that LNO is chemically stable up to one month, whatever the temperature. PNO decomposes at 600 °C into Pr6O11 and PrNiO3-, and at 700 °C and 800 °C with additional Pr4Ni3O10+. This behaviour agrees with another of our recent article [46] reporting that PrNiO3- decomposes into Pr4Ni3O10+ at T ≥ 700 °C in air. The XRD results recorded for LP5NO, LP10NO and LP15NO are reported in Fig. 2. The compounds with high contents of praseodymium (LP10NO and LP15NO) are chemically unstable and undergo the same decomposition behaviour than PNO. The compound with the highest content of lanthanum (LP5NO) is chemically stable, as its parent phase LNO.

Electrochemical stability of LNO, PNO and LPNOs

Electrochemical stability for one month at 700 °C without polarization (idc

= 0 mA•cm - 2 )
The polarization resistances Rp of LNO, PNO and LPNOs electrodes supported on GDCBL//8YSZ electrolyte were measured after one month ageing at 700 °C, without polarization (idc = 0 mA•cm - 2 ). The results reported in Fig. 3 show that the polarization resistances of the parent phases LNO and PNO slightly increase, it is even much more pronounced for LNO. This result is surprising concerning LNO since the material is chemically stable in these conditions; a progressive reactivity at its interface with the GDCBL//YSZ electrolyte might explain this degradation [47]. For the LPNO compounds, no clear variation can be observed, LP10NO exhibiting even better performances after one month.

Electrochemical behaviour of LNO, PNO and LP5NO for one month at 700 °C under polarization

The electrochemical impedance spectroscopy data of PNO, LNO, and La1.5Pr0.5NiO4+δ (LP5NO)

were recorded over two-and-a-half months (i.e. 1800 hrs) at 700 °C, under polarization (idc = 300 mA•cm -2 ). LP5NO was selected with regard to its good long-term chemical stability (cf. Fig. 2b).

The results for PNO are reported in Fig. 4, the electrode operating either in SOEC or SOFC conditions. In SOEC mode, inductive loops clearly appear; they are well-known measurement artifacts when using three-electrode setup [42-44, 48, 49]. Such inductive loops can be accurately fitted using a negative R//CPE. The way of fitting of the artifact is described in Fig. 5, from impedance data obtained with PNO after 1200 h of ageing at 700 °C as an example. First, the artifact is fitted based on the inductive tail, here on the SOEC impedance diagram, using a negative R//CPE (Fig. 5a). The fit is completed using a series resistance, a R//CPE for the oxide oxidation reaction (OOR) at the SOEC electrode, and a finite length Warburg for the gas diffusion [50]. The values obtained for the artifact and the gas diffusion are kept for fitting the SOFC impedance diagram (Fig. 5b). An additional R//CPE arc is added to complete the fit, which represents the oxygen reduction reaction (ORR) at the SOFC electrode. The results of the fitted impedance data are summarized in Table 1.

The artifact does not appear on the total impedance diagram (Fig. 5c), which can be fitted using the ORR from the SOFC side, the OOR from the SOEC side and the gas diffusion. Only the OOR and the ORR are considered for calculating the polarization resistance.

Upon treatment of the artifact, the polarization resistance of PNO is found stable in SOEC mode after 1800 h at 700 °C (close to 0% degradation, Fig. 4a). Only the inductive loop increases with the ageing time. On the other hand, RP significantly increases in SOFC mode (+ 3350% after 1800 h, Fig. 4b). The results for LNO are reported in Fig. 6. Distortions of the impedance diagrams appear after 700 h, but their effects are negligible on the ORR/OOR impedance arcs (cf. detail in Fig. 6a). In SOFC mode, the electrochemical polarization resistance of LNO drastically increases from Rp = 0.18 Ω•cm 2 initially up to roughly 2 Ω•cm 2 after 1800 h (+1110 %). In SOEC mode, the increase is less pronounced, Rp reaching 0.33 Ω•cm 2 after 1800 h (+180 %).

Finally, the results for LP5NO are given in Fig. 7. An inductive loop again appears in SOEC mode, but to a lesser extent than for PNO. The oxygen electrode deteriorates more significantly in SOFC mode (+350%) than in SOEC mode (close to 0%). The time dependence of the additional polarization resistance RP = RPgt -RPini (RPini and RPgt being the polarization resistances at t = 0 and at a given time, respectively) is summed up for the three electrodes in Fig. 8, in both SOEC and SOFC modes. In SOEC mode, the polarization resistances of PNO and LP5NO are stable, while that of LNO slightly increases. In SOFC mode, the sample suffering the highest degradation is LNO, then PNO and LP5NO. These degradations are far higher than those observed in SOEC mode. In addition, the variation of series resistance (Rs) were also investigated for all three cells under both SOFC and SOEC mode and depicted in supplementary information Fig. S1. Slight difference in Rs for SOFC and SOEC mode may be due to some difference between the interfaces i.e.

electrode//GDCBL and GDCBL//YSZ on both sides of the half-cell (also might be due to the slight differences in area of GDC or electrode, non-symmetrical electrode, or non-perfect polishing of the surface for instance). A continuous increase in Rs is observed in SOFC mode but remarkably it is stable under SOEC mode for all three cells. However the extent of increase in Rs in SOFC mode is different for all three cells. LNO cell shows the largest increase in Rs (0.4 Ω•cm 2 after 1800 h) then the PNO (0.17 Ω•cm 2 after 1800 h) and LP5NO (0.06 Ω•cm 2 after 1800 h).

In the last part, the origin of these degradations is discussed.

3.3.Origin of the degradations of LNO, PNO and LP5NO electrochemical performances during

ageing under polarization

Post-mortem X-ray diffraction analyses

After the ageing experiments, the top surface of the electrodes was analyzed using X-ray diffraction.

PNO totally decomposes into Pr6O11, in addition with Pr4Ni3O10+δ and NiO on the SOFC side, or PrNiO3-δ on the SOEC side. Slight decomposition of LNO and LPNO into Ln4Ni3O10δ and La2O3

occurs, but the extent of the decomposition is comparable in SOEC and SOFC modes and cannot account for the differences in electrochemical performances. The lanthanide nickelate electrodes, GDCBL and 8YSZ electrolytes are excellent SOFC/SOEC materials on their own; then, issues with their electrochemical performances most probably come from reactivity at their interfaces when stacked and exposed to high temperature [24,47,51].

Post-mortem FIB-SEM analysis

FIB-SEM micrographs of the three electrodes after the ageing experiments were performed on both SOEC and SOFC sides. The results for LNO are presented in Fig. 9. To corroborate these results and assumption, EDX line-scan analyses of the electrodes have been tentatively carried out from the electrode toward the electrolyte. Unfortunately, the results are inconclusive, which likely means that the differences are subtle; more studies would be required to be distinguished.

Comparison of the LPNO electrodes with classical perovskite materials

Many ageing studies about SOEC/SOFC complete cells containing perovskite electrodes as for instance LSM [52][53][54] or LSCF [55] have been published. All of them conclude that the main degradation occurs at the oxygen electrode concerned with the perovskite materials. In SOEC mode, the degradations are related to an over-concentration of oxygen species at the oxygen electrode//electrolyte interface, which progressively forms bubbles, ultimately leading to delamination. The migration of cations from the oxygen electrode//electrolyte interface toward the hydrogen electrode//electrolyte could also explain the delamination [56]. In SOFC mode, no clear microstructural features explain the degradations, which are usually attributed to Sr enrichment at the electrode//electrolyte interface.

It is noteworthy that we observed the opposite trend for the lanthanide nickelate, the oxygen electrode working in SOEC being highly stable, while the SOFC one delaminates. The delamination at the SOFC side may occur due to insufficient oxygen supply at the electrode //electrolyte interface: indeed, the EIS setup does not allow forcing a gas flow inside the porosity of the electrode. Hence, the degradation on the SOFC side could be lessened, or even removed using an optimized setup.

On the other hand, the higher stability of the lanthanide nickelates with respect to the perovskite materials in SOEC is likely due to a significant difference in the ionic conductivity mechanism. For the lanthanide nickelates, it results from their oxygen over-stoichiometry (i.e. additional oxide ions in the network), while it arises from oxygen vacancies for the perovskites.

In the SOEC conditions, a large inflow of oxide ions takes place from the electrolyte toward the electrode, which decreases the under-stoichiometry of the perovskite inducing a decrease of their electrochemical performances. It is the contrary for the lanthanide nickelates that are able to insert additional oxide ions. This might explain the over-concentration of oxygen species occurring at the perovskite electrode//electrolyte interface working in SOEC, leading to delamination, while no such issues are observed in the current study for the lanthanide nickelates.

The next step will be to confirm the performances and ageing capability of the lanthanide nickelate in a real SOEC setup.

Conclusions

This study reported the ageing behaviour of electrodes of La2NiO4+δ, Pr2NiO4+δ, and their mixed products La2-xPrxNiO4+δ, with x = 0.5, 1 and 1.5, with or without polarization, at 700 °C. These materials were screen printed on dense ceramics of 8YSZ coated with a thin barrier layer of GDC.

First, the chemical stability of the raw powders was studied at 600 °C, 700 °C, and 800 °C. LNO was quite stable whatever the temperature, while PNO decomposed into a mixture of Pr6O11, PrNiO3-δ, Pr4Ni3O10+δ and NiO as previously reported. Among the LPNO materials, the x = 0.5 composition (LP5NO) was chemically as stable as LNO, the ones with x = 1 or 1.5 (LP10NO or LP15NO) decomposing as their parent phase PNO.

The electrochemical stability of all these materials as oxygen electrode was rather good without polarization over one month. A comparatively large increase in the polarization resistance of LNO and PNO occurred, while all the LPNO compounds were stable.

However, under polarization (idc = 300 mA•cm -2 ), PNO, LNO and LP5NO significantly damaged when working in SOFC conditions, i.e. in oxygen reduction reaction, in the RP order LNO > PNO > LP5NO. Delamination occurred at the interface between LNO or PNO and GDCBL, which was believed to come from a poor supply of oxygen inside the porosity of the electrode, toward the active sites for the oxygen reduction reaction. This delamination accounted for the increase of the polarization resistance of both electrodes. No delamination was observed for LP5NO, which may explain its better final performances than LNO or PNO. In that case, the degradations may come from a progressive reactivity at the interfaces between LP5NO and GDC, but no proof could be provided by XRD or FIB-SEM analyses.

The behaviour of these electrodes in SOEC conditions, i.e. for the oxide ion oxidation reaction, was remarkable. If a slight increase of the polarization resistance was measured for LNO (+ 0.14 Ω•cm 2 after 1800 h), the polarization resistances of PNO and LP5NO were stable at respectively 0.03 Ω•cm 2 and 0.09 Ω•cm 2 at 700 °C for 1800 h. In addition, no delamination was observed in contrast with previous reports on LSC or LSCF. These results are very promising for the development of an efficient and durable solid oxide electrolysis cell.

Fig. 1 .

 1 Fig. 1. EIS setup describing the three electrodes measurement configuration.

Fig. 2 .

 2 Fig. 2. X-ray diffractograms of La2-xPrxNiO4+δ for x = (a) 0 (LNO), (b) 0.5 (LP5NO), (c) 1 (LP10NO), and (d) 1.5 (LP15NO) and (e) 2 (PNO) after ageing one month at T = 600 °C, 700 °C and 800 °C.

Fig. 3 .

 3 Fig. 3. Composition dependence of the polarization resistance Rp of LPNO compounds asprepared and after one month at 700 °C without polarization.

Fig. 4 .

 4 Fig. 4. Nyquist plots of PNO aged under idc = 300 mA•cm -2 at 700 °C up to 1800 h in (a) SOEC mode and (b) SOFC mode.

Fig. 5 .

 5 Fig. 5. Impedance diagrams of PNO recorded after 1200 h of ageing at 700 °C as an example: (a) SOEC side; (b) SOFC side; (c) whole cell. The artifact is identified as an inductive loop at the SOEC side (a), together with the OORSOEC arc; (b) at the SOFC side, the ORRSOFC arc is calculated taking into account this artifact. (c) Combination of the OORSOEC and ORRSOFC arcs results in the whole cell impedance.

Fig. 6 .

 6 Fig. 6. Nyquist plots of LNO aged at 700 °C, up to 1800 h under idc = 300 mA•cm -2 in (a) SOEC mode, and (b) SOFC mode.

Fig. 7 .

 7 Fig. 7. Nyquist plots of LP5NO aged at 700 °C, up to 1800 h, under idc = 300 mA•cm -2 in (a) SOEC mode and (b) SOFC mode.

2 Fig. 8 .

 28 Fig. 8. Additional polarization resistance RP for PNO, LNO and LP5NO vs. time during ageing at 700 °C, idc = 300 mA•cm -2 , in SOFC or SOEC mode.

Fig. 9 .

 9 Fig. 9. FIB-SEM micrographs of LNO//GDCBL//8YSZ after 1800 h of ageing at 700 °C. (a) SOEC side, (b) SOFC side.

Fig. 10 . 20 in

 1020 Fig. 10. FIB-SEM micrographs of PNO//GDCBL//8YSZ after 1800 h of ageing at 700 °C. (a) SOEC side, (b) SOFC side.

Fig. 11 .

 11 Fig. 11. FIB-SEM micrographs of LP5NO//GDCBL//8YSZ after 1800 h of ageing at 700 °C. (a) SOEC side, (b) SOFC side.

  

Table 1 .

 1 Fitting results of impedance data analysis for PNO symmetrical half-cell.

		RS		ORR/OER			Artifact		Gas diffusion Warburg short (Ws)
		(Ω•cm²)	R (Ω•cm²)	CPE (F)	n	R (Ω•cm²)	CPE (F)	n	Ws (R) (Ω•cm²)	Ws (CPE) (F)	Ws (n)
	SOFC	1.84	0.215	0.24	0.9	0.117	0.42	1	0.028	1.7E-2	0.5
	SOEC	1.535	0.025	9.2E-4	0.99	0.117	-0.42	1	0.028	7.7E-3	0.44
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