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Solid oxide cells (SOCs) have attracted a growing attention thanks
to their high efficiency and ability to operate in both electrolysis
(SOEC) and fuel cell (SOFC) modes. Despite its great potential,
the current SOC technology faces significant cell degradation
during long-term operation. The degradation phenomena are still
not well understood as they involve complex and intricate
processes arising at different length scales. Additionally, it has
been shown that the degradation rate under SOEC operation is
generally higher than in SOFC mode. To address this issue,
durability tests were performed in SOEC mode at 750, 800 and 850
°C for 2000 h at -1 A cm™ in 10/90 vol.% H./H,O and dry air. The
electrochemical performance of the cells was assessed using
electrochemical impedance spectroscopy. In addition, advanced
characterization techniques with nanometer and atomic resolution
have been used to study material degradation after long-term
testing.

Introduction

The growing interest in the transition towards a fossil-free energy system has accelerated
research and development on hydrogen-based energy conversion technologies. In this
context, solid oxide cells (SOCs) have attracted attention as they can be operated in both
fuel cell (SOFC) and electrolysis (SOEC) modes providing a clean and sustainable way
of producing both green hydrogen and electricity at high efficiency. Despite their great
potential, the current SOC technology faces some challenges due to significant cell
degradation upon operation. The SOC degradation is strongly dependent on the operating
temperature (1), the current density (2-4) and the humidity content in the air (5-8).
Besides, the degradation in SOEC mode is substantially higher than in SOFC operation
for electrode supported cells (9, 10). The performance loss has been attributed to several
factors, such as microstructural evolution in the electrodes (11-13), active site poisoning
(14-16), inter-diffusion of elements between the cell layers and formation of secondary
phases (e.g. SrZrOs3) associated to material decomposition and reactivity at the interfaces
(9, 17-20).



In this work, the durability of a hydrogen electrode supported cell made of the
standard materials has been investigated under electrolysis operation. Following the long-
term operations, post-test characterizations were performed at various length scales to
understand the degradation phenomena in the different cell layers and assess their impact
on the performance. Herein, the effect of temperature on the cell degradation has been
studied. To this end, three cells were aged at 750, 800 and 850 °C for 2000 h in SOEC
mode at -1 A-cm™ using dry air as sweep gas at the oxygen electrode side. The
electrochemical behavior of the cells has been characterized using electrochemical
impedance spectroscopy (EIS) and polarization curves acquired at a reference
temperature (750 °C). The advanced post-test characterizations include techniques such
as 3D focused ion beam-scanning electron microscope (3D FIB-SEM), high-resolution
secondary ion mass spectroscopy (SIMS) imaging, synchrotron-radiation-based X-ray
diffraction (nano-XRD) and X-ray fluorescence (nano-XRF), scanning transmission
electron microscopy (STEM) coupled with energy-dispersive X-ray spectroscopy (EDS),
and atom probe tomography (APT).

Materials and methods

Cell description. The tested hydrogen electrode supported cells are composed of a
Lag 6Sro.4C0p2Fep 8035 (LSCF) current collecting layer (CCL) and an LSCF-Ce(gGdo20,-
s (LSCF-GDC) composite functional layer (FL) for the oxygen electrode, GDC for the
barrier layer (BL), Yo0.16Zr0s40192 (8YSZ) for the electrolyte and Ni-YSZ for the
hydrogen electrode. The cells have a circular shape and an active area of 9.08 cm?® The
CCL and FL are both ~ 20 um, the BL is ~ 3 um, the electrolyte is 8 um. The cermet is
composed of a thick Ni-3YSZ substrate (= 280 pm) and a thin Ni-8YSZ functional layer
(= 25 pm). In the following, the as-received cell is referred to as the reference and the
cells that have been operated at high-temperatures and under current for a long period of
time are referred to as aged samples and their corresponding temperature.

Long-term tests and electrochemical characterizations

Experimental setup. An in-house test bench was used for the long-term operation of
the cell. The circular cell was placed in a metallic housing inside a furnace. The gas
tightness of the fuel compartment was ensured by a glass ceramic sealant (Schott G018-
311) deposited at the cell periphery (20, 21). Afterwards, the furnace was heated up to
860 °C with a heating rate of 1 °C-min™ and maintained at this temperature for 90 min to
complete the glass sealing formation. During this step, 0.5 NI'‘h™ of N, and 0.5 NI'h™ of
dry compressed air, compliant with class [1:1:1] according to I1SO 8573-1, were supplied
at the hydrogen and oxygen electrodes, respectively. Subsequently, the flows at the two
electrodes were then increased to 4 NI-h™ and the temperature was decreased to 800 °C to
perform the reduction of Ni-YSZ cermet. The N, was progressively substituted with H,
during the reduction protocol. When the N, was completely substituted with H,, the cell
was maintained under these conditions for a minimum of 16 h. Thereafter, initial
electrochemical characterizations were carried out before starting the long-term tests. At
the end of the tests, the cells were cooled down to room temperature at a rate of 1 °C-min
! During the cooling, a mixture of nitrogen and hydrogen was supplied to the hydrogen
electrode to maintain the cermet in its reduced state and to avoid possible re-oxidation.




Long-term tests. In this study, the long-term tests were performed for 2000 h in
galvanostatic mode at a fixed current density of -1 A-cm™ in SOEC mode, 64% steam
conversion (SC). In order to assess the effect of temperature on the cell durability, three
long-term tests were performed at 750, 800 and 850 °C. During these experiments, 36
NmL-min*cm™ of dry compressed air was supplied to the oxygen electrode side. The
inlet flow at the hydrogen electrode was set to 12 NmL-min™*-cm™ with a composition of
10/90 H,/H,0.

Electrochemical measurements. Before and after the long-term tests, electrochemical
impedance spectroscopy (EIS) was performed at a reference condition (i.e. 750 °C and
10/90 Hy/H,0 at the fuel side). This protocol was set in order to assess the degradation in
a reference condition for comparing the ageing tests carried out at different temperatures
(750, 800, 850°C). The EIS were acquired using a potentiostat/galvanostat (Autolab
PGSTAT-302N) equipped with a frequency response analyzer module (FRA) and a 20 A
current booster. The EIS measurements were performed at open circuit voltage (OCV) by
imposing a sinusoidal current with an amplitude of 100 mA in the frequency range of 107
to 10 Hz. The raw impedance spectra were collected using the NOVA ver. 1.11
software.

Post-test characterizations

3D FIB-SEM. 3D FIB-SEM data were acquired on a Zeiss Crossbeam 550. For each
sample, a volume of a few tenths of microns was imaged in the three dimensions with a
pixel size of 10 nm and an inter-slice distance of 10 nm, resulting in a cubic voxel of
10x10x10 nm?®. The FIB milling was performed at 30 kV with a current of 3 nA, and the
electron column was operated at 1.5 kV and 1 nA. Images from InLens and SE2 detectors
were acquired simultaneously. Image processing prior to segmentation included slice-to-
slice alignment, contrast/brightness homogenization in all three directions, curtain effect
correction and resampling in the z-direction to correct for non-homogeneous inter-slice
distances during milling and imaging. These steps were done using home-made Python
scripts based on common image processing Python libraries (e.g. numpy, scikit-image,
etc.). The segmentation was performed using machine learning based a on random forest
classifier with llastik software (20, 22) using the ‘pixel classification” workflow. The
annotation and training phase were done on sub-volumes of 100-300 pixels in each
direction.

SIMS imaging. The elemental composition distribution of the reference and aged
samples was investigated using high-resolution secondary ion mass spectrometry imaging
analysis apparatus (SIMS, NanoSIMS 50L, Ametek CAMECA). The samples were
infiltrated with a high-vacuum-compatible resin, and the cross-section surfaces were
subsequently polished using diamond slurry. During the measurements, a Cs* primary ion
beam with a beam diameter of ~ 100 nm and beam current of ~ 23 nA was used to scan
the cross section. For both electrodes, the analyzed region of interests (ROIs) include the
functional layer and a part of the electrolyte (raster areas: 20 um x 20 pm and 10 um x 10
um). Representative secondary ion mass species for the cell elements were detected
simultaneously via a multicollection system. The image processing was done using
WinImage ver. 4.6 software (Ametek, Cameca).




Synchrotron characterizations. The lamellae for the synchrotron nano-XRD and nano-
XRF were prepared using a Xe® plasma-Focused Ion Beam (pFIB) Vion (FEI™),
following a similar protocol as detailed in references (20, 23). Pieces of reference and
aged cells were positioned in the vacuum chamber of the PFIB machine to prepare the
lamellae with dimensions equal to approximately 60 x 60 x 2 pm?® for the horizontal
dimension (X), the vertical dimension (Y) and the depth (Z), respectively. A 10 um Pt
protective layer was deposited on top of the electrode, then the lamellae were fixed on an
aluminum pin. The XRF and XRD analyses were performed at the ID16B beamline in the
European Synchrotron Radiation Facility (ESRF) (24). The beamline provides a high flux
(10*? ph/s) focused X-ray beam, with a spot size of 60x60 nm?. An energy of 29.6 keV
was selected for this study in order to analyze all the cell elements. A ROl of 7x8 pum?
was defined at the LSCF-GDC/GDC/YSZ interfaces to focus on the elemental inter-
diffusion. Both XRF and XRD 2D maps were acquired with a step of 50 nm and an
exposure time of 1000 ms per point. PyMca software (25) was used to fit the XRF data
and the diffraction data were treated with XRDUA software (26). The line profile for
each XRF elemental maps were extracted by averaging the line on the horizontal scale.

STEM-EDS. STEM/EDS analyses were performed using a FEI-Themis microscope
equipped with a probe aberration corrector and a super-X detection system. The samples
were prepared by embedding in an epoxy resin. Thin lamellae were then extracted by FIB
in the LSCF-GDC/GDC/YSZ area. Using the Esprit Bruker Software, semi-quantitative
analyses were done on the line profiles using the Cliff-Lorimer method applied on the Y
and K lines, and Ce, Zr and Gd L lines. The analyses were carried out on the reference
sample and the sample aged at 800 °C.

APT. Atom probe tomography was performed on a CAMECA LEAP 6000XR atom
probe. Atom probe specimens were prepared from the interface of the LSCF-
GDC/GDC/YSZ on a Helios 660 FIB-SEM using standard top down liftout methodology
(27). Data was acquired using a pulsed laser operated at 30 pJ and 100 kHz, a detection
rate of 1%, and temperature of 30K. Data was analyzed by CAMECA’s AP Suite 6.3
Analysis software. The analyses were carried out on the reference sample and the sample
aged at 800 °C.

Results and discussion

Durability test and electrochemical characterizations

The electrochemical characterizations were carried out at 750, 800 and 850 °C in
SOEC mode at -1 A-cm™, 64 % SC, 10/90 vol.% H,/H,0 composition. The evolution of
the impedance spectra is shown in Figure 1. The measurements at OCV were conducted
before and after the end of the experiment at 750 °C as a reference temperature. The
Nyquist plots indicate three arcs in high-frequency (HF, >1 kHz), mid-frequency (MF, 1
Hz - 1 kHz) and low-frequency (LF, <1 Hz) regions. A physic-based multi-scale model
was used to identify each contribution. The arcs at HF, MF and LF were mainly
attributed to the hydrogen electrode, oxygen electrode, and gas conversion, respectively
(28). The evolution of the EIS diagrams after ageing is more pronounced in the high
frequency region for all cells, whereas the mid- and low-frequency regions remain almost
unchanged. This suggests that the majority of the deterioration is likely to be associated



to the hydrogen electrode. It is worth noting that the evolution of the polarization
resistance in the high-frequency region was accompanied by a significant increase in the
ohmic resistance. The increase of both resistances is commonly ascribed to both Ni
agglomeration and Ni migration away from the electrolyte interface (29, 30). On the
contrary, the fact that the MF contribution does not change with time suggests that the
oxygen electrode degradation remains limited at all operating temperatures.

The evolution of the cell voltage over time, as seen in Figure 1la, indicates that the
rate of degradation for all cells is higher during the first 800 hours. After this initial
period, the degradation rate slows down to reach an asymptotic value around 2.8, 1.1 and
0.6 %/kh for the cells aged at 750, 800 and 850 °C, respectively. Therefore, the
‘apparent’” degradation rate measured on the durability curve decreases as the temperature
increases. However, the EIS spectra measured at the same temperature before and after
the test reveal that the highest ‘intrinsic’ degradation in terms of both series and
polarization resistances is obtained at the highest operating temperature (850 °C). As
discussed in (20, 31), this result implies that the material degradation is enhanced by the
temperature, which is an aggravating factor. It can be noticed that the lower ‘apparent’
degradation rate measured at higher temperature can be explained by the electrode
activation overpotentials, which are strongly thermally activated. In this condition, the
contribution of the activation losses in the whole cell resistance becomes less and less
pronounced with increasing the temperature, in such a way that the impact of electrode
degradation is less visible in the durability curve (recorded during ageing at the operating
temperature). Therefore, it is essential to assess the degradation in a reference condition
before and after the test.
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Figure 1. a) Experimental durability curves showing the cell voltage degradation for the
cells aged at the three operating temperatures (750°C, 800°C and 850°C) for 2000 h in
SOEC mode at -1 A-cm™, 64% SC, 10/90 vol.% H,/H,0. Impedance spectra measured at
b) 750 °C, ¢) 800 °C and d) 850°C before and after 2000 h ageing. The maximum
frequency of the impedance spectra remains constant around ~ 2 Hz and are indicated by
the black circles in the figures.

Post-mortem characterizations

Figure 2 shows typical images acquired using high-resolution SIMS analyses,
depicting the Ni distribution in the vicinity of the YSZ/Ni-YSZ interfaces of the reference
and aged samples. It can be noticed that Ni particles migrate away from the interface
towards the bulk of the Ni-YSZ electrode with ageing. Ni particles gradually agglomerate
into larger particles with increasing temperature. Moreover, the Ni depletion is clearly
enhanced with increasing temperature. This observation suggests that increasing the
temperature from 750°C to 850°C facilitates Ni migration. This behavior could be
explained by a higher Ni surface diffusion coefficient (32). In agreement with the
electrochemical characterizations, the post-test characterizations showed that most of the



degradation in SOEC mode was related to a strong Ni depletion in the hydrogen electrode
near the YSZ interface. Therefore, the Ni depletion explains the increase of both the
ohmic resistance and high-frequency arc resistance in the impedance spectra.

Microstructural characterizations were performed by 3D FIB-SEM reconstructions
(not shown here). The 3D volumes have also confirmed the strong Ni migration which is
enhanced by the temperature. This microstructural evolution induces a loss of the active
triple phase boundary length (TPBI) density. Indeed, the TPBI was calculated as 2.85,
2.57, 1.72 and 1.31 um for the reference and the samples aged at 750, 800 and 850 °C,
respectively. Besides, Ni particle size has also been found to increase with increasing
operating temperature. The Ni particle diameter was calculated to be 0.57, 0.67, 0.76 and
0.79 um for the reference and the samples aged at 750, 800 and 850 °C, respectively.

Reference

Figure 2. Ni agglomeration and Ni migration detected in the hydrogen electrode by SIMS
performed on the reference sample and the samples aged at 750, 800 and 850 °C.

The oxygen electrode and the barrier layer were also thoroughly analyzed using
nanoscale synchrotron techniques. 1D elemental line profiles extracted from the nano-
XRF maps are displayed in Figure 3. The scanned zones include LSCF-GDC/GDC/YSZ
interfaces. A few key points emerge from the figures. Firstly, for all samples, the La, Sr,
Co and Fe signals from the oxygen electrode begin to decrease in the BL, but then tend to
increase near the YSZ layer. This trend is particularly pronounced for Sr and Co. While
the Sr profile shows a smooth increase only around the GDC/YSZ interface, some spikes
in the intensity profile are observed for Co at the BL and GDC/Y SZ interface, suggesting
individual Co oxide particles. Secondly, a Gd-rich layer can be identified near the
GDC/YSZ interface for all samples. Lastly, Y and Zr signals from the YSZ layer also
demonstrate diffusion in the opposite direction towards the BL. This zone (around the
zero in Figure 3) can be identified as the inter-diffusion layer (IDL). There was no
apparent evolution detected in the IDL following a 2000-hour aging period at the three
operating temperatures. As observed in the reference sample, elemental migration already



occurs during the cell manufacturing. All these observations are in agreement with
previous works (18, 33). For instance, similar to our work, Villanova et al. (18) studied
the elemental migrations in hydrogen electrode supported cells consisting of
LSCF/GDC/YSZ/Ni-YSZ, before and after 6100 h of test in electrolysis mode. They
found that Sr diffused through the BL and formed a dense layer of =~ 0.7 pum at the
GDC/YSZ interface, whereas La was found to be homogeneously distributed throughout
the BL. Similar to our results, Co was found to exist in the BL in the form of individual
particles. The authors did not find an evident evolution before and after aging tests. It is
important to note that the signal intensity is highly dependent on the lamella thickness.
Therefore, the results can only be qualitatively compared. It is worth noting that all these
results are also consistent with the electrochemical characterizations, which have shown
that the oxygen electrode response is not significantly impacted by the long-term
operation.
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Figure 3. Elemental line profiles measured by nano-XRF across the LSCF-
GDC/GDC/YSZ interfaces for the a) reference sample and the samples aged in SOEC
mode at b) 750 °C, c) 800 °C and d) 850 °C. The scans were done on a 7x8 um? area with
50 nm spot size. The highest Gd intensity was chosen as the zero coordinate.

The crystallographic information from the same area was obtained by nano-XRD
measurements. The XRD patterns are shown in Figure 4. In general, the diffractograms
contain only LSCF, GDC and YSZ phases. The LSCF phase was accurately matched



with a rhombohedral phase having the R3c space group (no. 167). GDC and YSZ were
well-matched with a cubic phase having the Fm3m space group (no. 225). In between
GDC and YSZ phases, intermediate peaks were observed that were attributed to the IDL
(34, 35). It is important to note that SrZrOs; phase formation was not identified. In
addition, it should be noted that the SrO identification is hindered due to the fact that its
lattice parameter value (i.e. 5.16 A) lies in between those of YSZ (5.14 A) and GDC
(5.42 A). Moreover, this zone also contains the phases related to the IDL (36).
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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 color-
coded phase identification is indicated with vertical lines.

To obtain further information on the elemental inter-diffusion and the composition of
the IDL, STEM-EDS elemental mapping was performed near the GDC/YSZ interface of
the reference sample and the sample aged at 800 °C (Figure 5). Ce, Gd, Zr and Y maps
are shown. It is important to note that Sr signal was not detected. The HAADF images
show that the IDL consists of a dense zone indicated by dashed lines. The reference
sample in Figure 5a shows one layer of 600 nm-thick grains, whereas the aged sample in
Figure 5b shows two layers of 1 um-thick grains. It is not yet clear whether this is a
general trend along the entire cell, as the lamellae for the measurements represent a small,
localized zone. Therefore, further studies are needed to confirm these results. Line
profiles were extracted from the EDS elemental maps, and then a semi-quantitative
analyses were performed using the Cliff-Lorimer method in order to show the evolution
of the Zr, Y, Ce and Gd (in at.%). Both cells show a gradual decrease in Ce, whereas Gd
IS maintained constant in the IDL. It can also be seen that Zr and Y diffuse from YSZ into
the IDL. In agreement with nano-XRF measurements, the IDL seems to have formed in
the reference sample during the cell manufacturing. Similarly, SrZrO; phase was not
detected in these observations.
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Figure 5. STEM-EDS elemental maps (Ce, Gd, Zr) focused on the GDC/YSZ interface:
a) reference sample, b) the sample aged at 800 °C. The STEM-EDS line profiles (in at.%)
below show the evolution of the different elements across the GDC/Y SZ interface.

In complementarity with the STEM-EDS characterization, the APT technique was
used to visualize how the diffusing elements are distributed in the barrier layer in 3D at
the atomic scale resolution. Figure 6 displays two GDC grains and the grain boundary
between them. For both cells, Fe, Co and Sr diffuse mainly through the grain boundaries.
On the other hand, La diffusion occurs both in the bulk of the grains and along the GDC
grain boundaries. It is important to note that the positions at which the specimens were
extracted from both cells do not represent the same zone. For instance, two GDC grains
in the reference sample were extracted from the BL closer to the YSZ interface, whereas
they were closer to the oxygen electrode in the aged sample. Therefore, a quantitative
comparison is avoided in this study.
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Figure 6. Atomic-map of two GDC grains and 1D line profile orthogonal to the grain
boundary obtained from APT analyses on a) the reference sample and b) the sample aged
at 800 °C for 2000 h.

Overall, all of the advanced characterization techniques presented in this work have
demonstrated inter-diffusion of elements from the oxygen electrode side to the electrolyte
and from the electrolyte to the barrier layer. Nevertheless, an extensive formation of an
insulating phase such as SrZrO; was not detected. Previous works suggest that
manufacturing conditions, in particular the sintering temperature, play a role in the
formation and thickness of the IDL, which in turn affects the SrZrO3; formation (17, 37,
38). The most distinct phase formations were found near the GDC/YSZ interface, which
was referred to as inter-diffusion layer (IDL). Although the function of the IDL is not yet
fully understood, it has been speculated to inhibit or mitigate the SrZrO3 formation during
operation (17). The elemental inter-diffusion after manufacturing does not significantly
increase after long-term operation. This statement is in good agreement with the good
stability of the oxygen electrode polarization resistance upon operation. Considering all
these results, it appears that the cell performance degradation is mostly due to the
microstructural changes in the hydrogen electrode.



Conclusions

In this work, the influence of operating temperature on the cell durability was
investigated in SOEC mode. The study includes electrochemical tests at 750, 800, 850 °C
for 2000 h in SOEC mode at -1 A cm, 10/90 vol.% H,/H,O and using dry air as sweep
gas at the oxygen electrode side. The degradation was assessed by impedance spectra
recorded in the same conditions before and after the test for all experiments. The analyses
have revealed that the ‘intrinsic’ degradation is enhanced with increasing operating
temperatures. Besides, the evolution of both the ohmic losses and the HF arc related to
the hydrogen electrode are the main consequences of the ageing on the EIS. Conversely,
the MF contribution attributed to the oxygen electrode is not affected by the long-term
operation. Advanced post-test characterizations following the durability tests revealed a
strong evolution of the hydrogen electrode microstructure, which was the primary cause
of the degradation. It has been highlighted that the Ni migration away from the
electrolyte was accelerated from 750°C to 850°C. Regarding the oxygen electrode,
synchrotron-based nano-XRF measurements revealed the diffusion of Sr and Co elements
towards the YSZ electrolyte in the pristine cell. This Sr and Co migration does not seem
to evolve significantly upon operation. Further investigations near the barrier layer and
the electrolyte revealed an IDL containing mainly Gd, Ce and Zr for both the reference
and the aged samples. The IDL formation in all the samples was also confirmed by
synchrotron-based nano-XRD measurements.

STEM-EDS characterizations have also highlighted the elemental intermixing in the
IDL. The chemical analyses have shown that the IDL was a solid solution composed
mainly of Gd, Ce and Zr. Finally, APT technique was performed to obtain a 3D
distribution of elements near the barrier layer. APT has unveiled that the oxygen
electrode elements (La, Sr, Co and Fe) diffused through the grain boundaries of the GDC
towards the YSZ electrolyte. All these advanced techniques confirmed that the elemental
intermixing and the formation of IDL already occurred during the cell manufacturing.
However, the formation of the insulating phases such as SrZrO3 has not been detected in
all the samples. These results are consistent with the good stability of the oxygen
electrode response measured before and after the test. This behavior could be correlated
to the IDL already present in the as-received (reference) cell, which could limit further
inter-diffusion of elements during long-term operation.
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