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Long-Term Tests and Advanced Post-Test Characterizations of the Oxygen Electrode in Solid Oxide Electrolysis Cells

Solid oxide electrolysis cells (SOEC) are a promising energy conversion technology for the production of green hydrogen via steam electrolysis. However, performance loss remains a bottleneck for large-scale commercialization. Here, we investigate the different types of degradation occurring in a state-of-the-art cell composed of La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 -Ce 0.8 Gd 0.2 O 2 (LSCF-GDC) composite for the oxygen electrode, GDC for the barrier layer, Y 0.16 Zr 0.84 O 1.92 (8YSZ) for the electrolyte and Ni-YSZ for the fuel electrode. Electrochemical impedance spectra measured before and after operation at 750 °C for 2000 hours at -1 A cm -2 in SOEC mode revealed no significant evolution for the oxygen electrode contribution. To investigate potential degradation of this electrode, we performed multi-modal chemical imaging based on synchrotron X-ray diffraction (µ-XRD) with a resolution at the micrometerscale. In addition, we monitored the evolution of the chemical composition and chemical environment before and after ageing using laboratory X-ray photoelectron spectroscopy (XPS). All these analyses revealed a slight evolution of the crystal lattice parameter in the oxygen electrode and the inter-diffusion layer. It was also found that Sr segregation accelerates with ageing. However, more severe ageing conditions and/or longer ageing durations are required in order to observe an effect on the performance.

Introduction

With significant advantages over alternative power-to-gas technologies, solid oxide electrolysis cell (SOEC) technology has started to attract a lot of attention, particularly for its high efficiency in green hydrogen production. Over the years, significant improvements have been made in materials selection and cell manufacturing processes, both of which have a major impact on initial performance and durability. Despite the rapid development and improved performance of SOECs in recent years, their durability is still far from satisfactory. In most of the reported long-term tests, the fuel electrode is the primary source of degradation (1,2). Several articles reported that Ni particles migrates away from the electrolyte to the hydrogen electrode supporting layer during electrolysis operation (3,4). This leads to the disruption of the percolating Ni network and results in an irreversible electrochemical performance loss.

In addition to the hydrogen electrode, the oxygen electrode and the barrier layer are another source of degradation. They are also subject to complex set of phenomena, which, if left unaddressed, can also lead to rapid performance degradation. In this context, elemental intermixing between oxygen electrode (LSCF), barrier layer (GDC) and electrolyte (YSZ) is often observed (5,6). For instance, Sr segregation towards the LSCF surface is a commonly observed phenomenon that could be driven by electrostatic and strain energy minimization (7). It leads to the formation of a passivating layer (SrO, SrCO 3 , Sr(OH 2 ) etc.) which can hinder the oxygen exchange reactions on the surface and reduce the performance of the electrode (8). Interacting with the humidity in the air, the SrO can evaporate as Sr(OH) 2 molecules which can react with Zr of the YSZ electrolyte to form SrZrO 3 (SZO) in the porosity of the barrier layer (9). The solid state diffusion of Zr and Sr through the barrier layer can also lead to the formation of a dense and continuous SZO phase at the interfaces that can be detrimental to the performance, as its ionic conductivity is orders of magnitude lower than both GDC and YSZ at 800 °C ( ) (10,11).

Previous reports studied the influence of the sintering temperature of the GDC barrier layer, the operating temperature and the operating modes (electrolysis vs. fuel cell modes) on the SZO formation and its long-term behavior (12,13). They revealed that SZO readily forms during low-temperature GDC sintering and is exacerbated in electrolysis mode compared to fuel cell mode and at higher operating temperatures. A few other reports obtained dense GDC layers with low-temperature deposition techniques, such as pulsed laser deposition (14,15). SZO formation was still observed in both studies except when the post-deposition sintering was performed at high temperatures (15). Hence, microstructure alone cannot explain the inhibition of SZO formation. Some studies reported that the chemical element interdiffusion between GDC and YSZ happens already during ceramic manufacture at high sintering temperatures (> 1000 °C) (13,16). The intermixing at the interface results in a dense inter-diffusion layer (IDL), which is a solid solution between GDC and YSZ (17,18). A substantial reduction in the ionic conductivity of the IDL is reported, which results in an increase in its resistance and thus in the cell ohmic resistance (19). However, some studies suggested that IDL formation helps to lower or even to prevent SZO formation by inhibiting extensive Zr diffusion towards the LSCF/GDC interface (12,20,21).

In this work, we conducted a long-term ageing study at 750 °C for 2000 hours at -1 A cm -2 in SOEC mode. Then, we studied the local crystal lattice evolution due to interdiffusion in different layers before and after operation using micrometer resolution synchrotron X-ray diffraction (µ-XRD) at the Paul Scherrer Institute (PSI, microXAS). In addition, we monitored the evolution of the chemical composition and chemical environment before and after ageing using laboratory X-ray photoelectron spectroscopy (XPS).

Experimental

Materials and methods

Cell description. The standard hydrogen electrode supported cells are composed of a La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF) current collecting layer (CCL) and an LSCF-Ce 0.8 Gd 0.2 O 2-δ (LSCF-GDC) composite functional layer (FL) for the oxygen electrode, GDC for the barrier layer (BL), Y 0.16 Zr 0.84 O 1.92 for the electrolyte and Ni-YSZ for the hydrogen electrode. The cells have a circular shape and an active area of 9.08 cm 2 . The CCL and FL are both ~20 µm, the BL is ~3 µm, the electrolyte is 8 µm and the fuel electrode is ~25 µm thick for the functional layer and ~280 µm for the support layer. In the following, the as-received sample is referred to as reference and the sample operated at high-temperature and under current for a long period of time is referred to as aged sample.

Electrochemical impedance spectroscopy. After the cell mounting in the experimental setup, the furnace is heated up to 860 °C with a heating rate of 1 °C•min -1 for 90 min to complete the glass sealing procedure. During this procedure, 0.5 Nl•h -1 of N 2 and 0.5 Nl•h -1 of dry compressed air (class [1:1:1] according to ISO 8573-1) are supplied at the hydrogen and oxygen electrodes, respectively. Subsequently, the temperature is decreased to 800 °C to reduce the NiO-YSZ cermet. The flows at the two electrodes are increased to 4 Nl•h -1 . The N 2 is progressively substituted with H 2 and maintained at the fuel electrode for a minimum of 16 h. Thereafter, initial electrochemical characterizations, i.e., impedance spectra at the open circuit voltage (OCV) and I-V curves, were carried out. Long-term tests were performed at 750 °C for 2000 h in the SOEC mode. The inlet flow at the hydrogen electrode was 12 NmL•min -1 •cm -2 with a composition of 10/90 H 2 /H 2 O whereas, 36 NmL•min -1 •cm -2 of dry compressed air was supplied to the air electrode. Finally, the operating current density was fixed at -1 A•cm -2 . The electrochemical impedance spectra (EIS) were acquired at the OCV using a potentiostat/galvanostat (Autolab PGSTAT-302N) equipped with a Frequency Response Analyzer module (FRA) and a 20 A current booster. The spectra were acquired in Galvanostatic mode by imposing a sinusoidal current with an amplitude of 100 mA in the frequency range of 10 -2 to 10 4 Hz. The raw impedance spectra were collected using NOVA software (version 1.11).

Post-Test Characterizations

SEM. The microstructure of the films was studied by a field-emission gun scanning electron microscopy (FEG-SEM Zeiss Merlin, Germany) operating at an accelerating voltage of 3 kV and ∼8-10 mm working distance. The samples were impregnated in polymer resin (Epofix, Denmark) to fill the pores and then polished using a diamond spray at 0.25 mm. A thin carbon coating was applied on the polished cross-section to avoid charging. XPS. The surface chemistry was characterized using a PHI VersaProbe I XPS system operating under ultrahigh vacuum conditions (p <10 -7 Pa) at ambient temperature. The system incorporates an Al Kα X-ray source (1486.6 eV) and generates a 4 mA emission current with an X-ray beam diameter of 200 μm. Pass energies of 200, and 20 eV were used for the survey and the core-level spectra. The quantitative analyses were performed using CasaXPS software (22). The relative sensitivity factors (RSF) were exported from the MultiPak library to take into account the transmission function of the spectrometer.

Synchrotron µXRD. The sample preparation and the setup of the microXAS beamline at the Swiss Light Source (SLS) was detailed in our previous work (13). The lamellae were extracted from the cells using plasma-focused ion beam (pFIB) Vion (FEI TM ) instrument coupled with a Xe + ion source. The lamella was then fixed on a pin made of aluminum. The lamellae dimensions are ~80 µm in width, ~50 µm in height and ~20 µm in thickness. The experiment at the SLS was performed at 17.995 keV. A spot size of 1 µm was used along the horizontal scans, and 0.5 µm along the vertical scans. 2D powder diffraction rings were processed by azimuthal integration using pyFAI, a Python library, to obtain the 1D diffractograms (23). A total of ~60 and ~130 scans were taken along the horizontal and vertical axes, respectively. Then, all horizontal scans on the same axis were integrated to obtain a set of 1D diffractograms. Phase analysis was performed using Le Bail fitting method [START_REF] Bail | Proceedings of the International Conference[END_REF] in the FullProf software [START_REF] Rodríguez-Carvajal | [END_REF].

Results and Discussion

The electrochemical characterizations were carried out at 750 °C, in SOEC mode at -1 A•cm -2 , 64 % steam conversion (SC), 10/90 H 2 /H 2 O. The acquisitions for the EIS at the OCV (i.e. DC current equal to zero, with an amplitude for the imposed AC current equal to 100 mA) were taken at the beginning and at the end of the test (Figure 1a). Three main arcs were discerned in the Nyquist plots, in the high-frequency (>1 kHz), mid-frequency (1 Hz -1 kHz) and low-frequency (<1 Hz) ranges. These three arcs in the plots were ascribed to the fuel electrode, air electrode and gas conversion contributions respectively, using a physics-based multi-scale model (26). In particular, a significant evolution was observed in the high frequency region of the spectrum in the aged cell. However, the mid-and low-frequency regions did not show any particular evolution. Therefore, the majority of the degradation is expected to be hydrogen electrode related. It is worth noting that the increase of the polarization resistance at the high-frequency region was also concomitant with a shift in the ohmic resistance (Figure 1a). The increase in both resistances is usually attributed to microstructural evolutions of the hydrogen electrode as a result of the Ni migration and Ni agglomeration (2,27). The cell voltage durability as a function of time in Figure 1b shows that the degradation rate was higher and more variable in the first 800 h. It then stabilized at around 2.8%/kh until the end of the test. Figure 2 shows the cross-sectional SEM images of the reference and the aged cell. The images focus on the interface between the FL, BL and the electrolyte. The microstructure of the FL appears to remain fairly stable after ageing. Additionally, a dense layer of ~1 µm is visible in the GDC/YSZ interface for both samples, in agreement with the previously-reported IDL observations (12,18). The thickness of the IDL does not seem to increase with ageing. However, some differences, such as higher pore formation is observed in YSZ, especially in the aged sample. Similar observations were made previously, which was attributed to higher oxygen equilibrium pressure inside the electrolyte, adjacent to the air electrode (28)(29)(30). On the other hand, others attributed these pores to elemental diffusion between adjacent layers and interpreted them as Kirkendall voids (31,32). Related to this, it is also possible to see that the grain boundaries in the electrolyte show a darker color contrast (see arrows in Figure 2b), which is indicative of elemental diffusion. For instance, Mn was found in the grain boundaries of YSZ with lanthanum strontium manganite based air electrode (28,33). In the following, the chemical composition and the chemical environments (or oxidation states) of elements of interest in the reference and aged samples are compared. For this purpose, the top surface of the oxygen electrode was analyzed by XPS for both cells. Figure 3 shows the Sr 3d, C 1s and O 1s core-level photoelectron spectra of the samples. The relative percentage of each elements are given in Table I and Table II for the reference and the aged cell, respectively.

The Sr 3d core-level spectra consist of a doublet with 3d 5/2 at the lower BE (~131.9 eV) corresponding to the lattice-bound Sr and 3d 3/2 at the higher BE (~133.3 eV) corresponding to the surface-bound Sr (34). It is highly likely that the surfaces contain a mixture of SrO, Sr(OH) 2 and SrCO 3 species (35,36). In terms of quantitative evolution, the ratio of surface-bound Sr to the total amount of Sr species has increased from 35% in the reference sample to 55% in the aged sample. In agreement with the previous reports, this observation indicates a significant Sr segregation towards the surface after ageing (7).

The C 1s core level spectra exhibit four components at approximately 285, 286.3, 288.4, 289.6 eV. The last one is related to the carboxyl and/or carbonate groups (O-C=O, CO 3

2-

). The carbon contamination on the surface of both cells remain similar. Therefore, it can be assumed that the quantity of expected strontium carbonates (SrCO 3 ) remain constant before and after ageing.

The O 1s core-level spectra show more than one component; the sharp peak at the lower binding energy (BE) at ~528.5 eV (O-M1) is attributed to the lattice oxygen in the bulk of LSCF and the smaller peak at ~529.5 eV (O-M2) to the surface oxygen of LSCF (37). A rather dominant peak is observed at ~531.3 eV, which is usually attributed to the carbonates, hydroxides and oxides (37). This peak has significantly decreased from ~60% in the reference sample to 40% in the aged sample. This evolution could be ascribed to a decrease in Sr(OH) 2 concentration during operation. Indeed, strontium hydroxides might be evaporated in our experimental condition under sweeping dry air. Moreover, the formation of additional Sr(OH) 2 species in operation is expected to be limited. Therefore, the Sr segregation is highly likely to be related to an increase in SrO content. It is also consistent with the fact that SrO species contains two times lower oxygen content than Sr(OH) 2 . The evolution of the phases observed along the sample thickness was investigated using a selected number of µ-XRD diffraction patterns. The data were selected from regions around the center of CCL, CCL/FL interface, FL, FL/BL interface, BL and BL/electrolyte interface (only BL/electrolyte interface are shown below). In general, the diffractograms contained only LSCF, GDC, YSZ, Al and NiO (only for the reference cell) phases. However, a small amount of an apparent cross-contamination between layers was observed; for example, GDC was detected along with LSCF in CCL, although the CCL should contain only LSCF. Nevertheless, this is probably due to experimental artifacts during the µXRD measurements which could be related to a slight tilting of the lamellae or a misalignment in the horizontal direction for the line scan. It is also likely that the pFIB milling for the lamellae preparation could introduce some element redeposition along the cell layer, which could also explain the presence of NiO in the oxygen electrode.

LSCF detected in the diffractograms was fitted well with a cubic phase with Pm m space group (no. 221). GDC and YSZ were fitted well with a cubic phase with Fm m space group (no. 225). The XRD patterns and the structural refinement of the reference and the aged cell near the GDC/YSZ interface are shown in Figure 4. The vertical lines under the diagram indicate the position of LSCF, GDC and YSZ. A shoulder peak and a long peak tailing with different intensities are visible between GDC and YSZ peaks. These peaks are related to solid-solution phases between GDC and YSZ, which are identified as IDL (16,38). It should be noted that the local spectra do not indicate the presence of SrZrO 3 phase formation even after ageing. It is important to remind that the cells are composed of 20% Gd-doped ceria in both the FL and the BL. The lattice parameter of GDC in the FL was refined to 5.425(0) Å, and that of YSZ was refined to 5.138(4) Å, both of which agree well with previously reported values (11). However, the lattice parameter of GDC was found to decrease to 5.407(9) Å near the GDC/YSZ interface, which is smaller than the expected value. It appears that a solid-state reaction and inter-diffusion phenomena occurred between GDC and YSZ already in the reference sample. The IDL was fitted well with four different cubic phases with lattice parameters of ~5.38, 5.34, 5.28 and 5.20 Å in the reference sample. However, only three cubic phases were fitted well with lattice parameters of ~5.38, 5.32, 5.20 Å in the aged sample. Therefore, the inter-diffusion appears to continue during cell operation, as the IDL peaks designated as IDL2 and IDL3 (Figure 4) with lattice parameters of 5.34, 5.28 Å in the reference sample merge into one peak with lattice parameter of ~5.32 Å (IDL2) in the aged sample. It is worth noting that an evolution in the IDL can contribute to the increase in the series resistance of the cell.

Figure 5 demonstrates the evolution of LSCF lattice parameter as a function of the position in the electrode thickness for both the reference and the aged cells. A 0.32% decrease in the cell volume of LSCF was observed from the CCL to the FL in the reference sample. This is in accordance with previous reports that observed a lower lattice parameter for LSCF in the LSCF-GDC composite films (39). Similar to our work, Celikbilek et al. reported a 0.30% decrease in the cell volume of LSCF in the 60/40 vol.% LSCF-GDC composite film in comparison to reference LSCF (39). On the other hand, the lattice parameter of LSCF in the FL shows a slight increase in the aged cell compared to the reference one. In previous studies, Sr and Co loss from the LSCF lattice were attributed to the lattice expansion in the LSCF (40,41). Overall, µXRD results indicate that the aged cell shows a slight evolution due to intermixing of cations at the interfaces associated with the LSCF destabilization in the FL. 

Conclusions

In this work, the degradation of SOECs was addressed performing long-term test and post-test characterizations. After assessing the global degradation in the performance with electrochemical characterizations, post-test analyses were carried out focusing on the oxygen electrode and the LSCF-GDC/GDC/YSZ interfaces. Post-test characterizations using synchrotron μ-XRD technique showed that an inter-diffusion layer formed between the GDC and YSZ layers already during cell fabrication. A slight evolution in the IDL from the µ-XRD patterns was detected after ageing, but SrZrO 3 formation was not found. In addition, a slight increase in the LSCF unit cell volume was observed after ageing that could be ascribed to the destabilization of LSCF. On the other hand, XPS results put in evidence that the aged cell surface was covered with a higher amount of surface-bound Sr species, probably related to SrO. Nevertheless, according to the impedance spectra and the post-test analyses, the ageing of the air electrode at 750 °C for 2000 h and under current (-1 A.cm -2 ) seems to have a limited impact on the cell performance loss in these operating conditions. From this study, it appears that long-term tests under more aggravated conditions and/or longer duration are required to better observe and analyze the oxygen electrode degradation.
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 1 Figure 1. a) Impedance spectra measured at OCV and 750 °C, before and after 2000 h of ageing in SOEC mode at -1 A•cm -2 , 64% SC, 10/90 H 2 /H 2 O, and b) the cell voltage durability.

Figure 2 .

 2 Figure 2. Cross-section view SEM micrographs showing the LSCF-GDC/GDC/YSZ interface of a) reference and b) aged samples. The scale is the same for both samples. The inter-diffusion layer is shown with dashed lines at the interface of GDC/YSZ.

Figure 3 .

 3 Figure 3. Sr 3d, C 1s and O 1s core-level spectra of the top surface of the CCL in a) reference and b) sample aged at 750 °C for 2000 h in SOEC mode. The axes are set to same scale.

Figure 4 .

 4 Figure 4. X-ray diffractograms of a) reference cell, b) aged cell at 750 °C for 2000 h under electrolysis mode, near the GDC/YSZ interface focusing on the IDL. The colorcoded phase identification is indicated with vertical lines. The peak indicated by # is related to the instrument.

Figure 5 .

 5 Figure 5. Evolution of the lattice parameter of LSCF as a function of layer thickness for the reference and the aged cell. Vertical lines at 0 and 26.5 µm indicate the GDC/YSZ and CCL/FL interfaces respectively.

Table 1 :

 1 XPS fitting results of the reference sample including % concentration.

	Name	BE (eV)	FWHM (eV)	Area	Conc (at.%)	Corrected RSF
	O 1s -Lattice (O-M1)	528.49	1.06	176.56	16.05	16.223
	O 1s -Surface ( O-M2)	529.32	1.06	55.21	5.02	16.223
	O 1s -Surface carbonates, hydroxides	531.37	2.98	367.43	33.41	16.223
	O 1s -O-C=O, Organic species	-	-	-	-	16.223
	Sr 3d 5/2 -Lattice	131.92	1.16	72.36	2.23	47.847
	Sr 3d 3/2 -Lattice	133.72	1.63	47.75	1.47	47.847
	Sr 3d 5/2 -Surface	133.54	1.12	39.35	1.21	47.847
	Sr 3d 3/2 -Surface	135.34	1.90	25.96	0.80	47.847
	C 1s -C-C,C-H	285.00	1.49	45.10	9.88	6.737
	C 1s -C-O/OH	286.53	1.49	8.63	1.89	6.737
	C 1s -C=O	288.89	1.49	7.03	1.54	6.737
	C 1s -O-C=O, CO 3 2-	289.89	1.49	7.71	1.69	6.737
	La 3d 5/2	833.51	6.62	955.29	7.30	193.092
	Co 2p	780.51	1.94	516.09	10.52	72.403
	Fe 2p	709.91	3.59	413.92	6.99	87.349

Table 2 :

 2 XPS fitting results of the aged sample including % concentration.

	Name	BE (eV)	FWHM (eV)	Area	Conc (at.%)	Corrected RSF
	O 1s -Lattice (O-M1)	528.60	1.12	271.97	20.48	16.223
	O 1s -Surface ( O-M2)	529.55	1.12	113.45	8.54	16.223
	O 1s -Surface carbonates, hydroxides	531.40	2.38	275.37	20.73	16.223
	O 1s -O-C=O, Organic species	533.95	1.50	9.25	0.70	16.223
	Sr 3d 5/2 -Lattice	131.97	1.09	90.08	2.30	47.847
	Sr 3d 3/2 -Lattice	133.77	1.13	59.44	1.52	47.847
	Sr 3d 5/2 -Surface	133.69	2.07	113.55	2.90	47.847
	Sr 3d 3/2 -Surface	135.25	2.14	74.93	1.91	47.847
	C 1s -C-C,C-H	285.00	1.35	66.30	12.00	6.737
	C 1s -C-O/OH	286.32	1.35	11.48	2.08	6.737
	C 1s -C=O	288.48	1.35	8.11	1.47	6.737
	C 1s -O-C=O, CO 3 2-	289.70	1.35	11.15	2.02	6.737
	La 3d 5/2	833.40	6.76	1264.80	8.00	193.092
	Co 2p	780.10	4.49	417.12	5.83	87.349
	Fe 2p	710.30	3.35	563.78	9.51	72.403

Acknowledgments

This project has received funding from the Fuel Cells and hydrogen 2 Joint Undertaking (JU) under grand agreement n°874577 (NewSOC project). The work has also been supported by Genvia, the projects CELCER-EHT from the National Research Agency (grant agreement ANR-PEHY-008, France 2030) and CASSIOPEE from Carnot Energie du Futur. The µ-XRD experiments (proposal ID 20210398) were carried out at the micro-XAS beamline at the Swiss Light Source (SLS) Paul Scherrer Institut, Villigen, Switzerland.