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Moritz Kindelmann, © +*2° Olivier Guillon, ©°° Joachim Mayer
and Norbert H. Menzler ©°

Solid oxide cells (SOCs) represent a key technology for sustainable energy conversion due to their high
efficiency and the ability to integrate them into energy intensive industrial processes. Designing solid
oxide stack systems that exhibit long-term durability is challenging, due to the harsh operating
conditions for all applied materials, particularly at the air electrode side. In this study, we investigate the
degradation mechanisms at the Lag sgSrg4Cog.2Feq O3 s (LSCF) air electrode of a solid oxide fuel cell
(SOFC) short stack, which was operated for 93 000 hours in fuel cell mode at 700 °C under a constant
current density of 0.5 A cm™2,

apply atomic-resolution scanning transmission electron microscopy and spectroscopy to analyze

with 40% fuel utilization and hydrogen and oxygen as feed gases. We

changes in structure and chemistry across the electrode and its interface with the Gd-doped ceria (GDC)
diffusion barrier. While the bulk of the LSCF electrode mostly retained structural integrity with only minor
local changes, significant degradation occurred at the LSCF-GDC interface. Heavy Sr leaching induced
by chromium poisoning led to the formation of micron-sized SrCrO,4 crystallites. Simultaneously, Cr-
containing decomposition products reacted with GDC to form substituted CeO,-based nanoparticles,
triggering gradual delamination of the electrode. These nanoscale interactions disrupted the contact
between the air electrode and barrier, significantly contributing to cell failure. Our findings provide
critical insights into long-term degradation in SOCs and emphasize the need for improved material

rsc.li/materials-a

Introduction

The transition to sustainable energy systems necessitates the
development of novel energy conversion devices that rely on
CO,-free resources. Among these, solid oxide cells (SOCs) are
particularly promising due to their high energy conversion
efficiencies at elevated temperatures and their potential for
integration into energy-intensive industrial processes as both
fuel cells and electrolysis systems.” Under the harsh opera-
tional environments of SOCs - characterized by temperatures
between 600 and 900 °C, constant electrical bias, and exposure
to corrosive atmospheres - all applied materials in the stack
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combinations to ensure stable operation over extended lifetimes.

system must withstand a multitude of degradation mechanisms
to enable long term applicability of the system.?

The degradation of air electrodes and the associated loss of
conversion efficiency is a critical challenge for SOC stack
performance and longevity. Materials for air electrodes applied
in SOCs are mostly based on ferrite (e.g. Lag ¢Sro.4C0¢ 2Fe( 5055,
LSCF), cobaltite (Lag¢Sro4Cos_5, LSC) or manganite (e.g
Lag.65Sr0.303_5, LSM) perovskite ceramics, all of which are
composed of a mixture of La and Sr on the A-site.** Due to
increased performance compared to LSM, state of the art cell
concepts mostly use electrodes using different LSC(F) perov-
skites.> Under application conditions, LSC(F) electrodes show
two primary mechanisms of degradation: Firstly, Sr segregation
to the surface: this effect occurs after short-term application
and is caused by cation size mismatch and charge interaction®”
leading to deteriorated surface chemistry and a decrease in
oxygen exchange kinetics.® Secondly, Cr poisoning of the LSC(F)
electrode: this mechanism emerges during prolonged operation
under full stack conditions, due to the evaporation of Cr-rich
species from corrosion resistant steel interconnects.'®** Chro-
mium poisoning leads to a multitude of effects, including phase
decomposition'*** and surface chemistry changes,'*"” which
after prolonged exposure lead to a decrease in the electrode

This journal is © The Royal Society of Chemistry 2025
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performance.*®**® Both mechanisms strongly compromise elec-
trode functionality and significantly impact device durability.

A broad body of work is available that has theoretically
investigated the thermodynamics™**** and experimentally
validated the kinetics of the Cr-poisoning reaction with
lanthanum ferrites and manganites.'*'>'>71%2* In particular,
ferrites containing less stable tetravalent cations (Fe** and Co*")
tend to form SrCrO, as a reaction product during degradation in
contact with volatile CrO; species that form from ferritic steels
in application environments.

Due to the substantial economic and temporal investments
required for long-term testing under real-world stack conditions,
most studies focus on short-term investigations or utilize
simplified model architectures to assess the degradation
mechanisms.'>***” These efforts have helped to understand the
basic mechanisms that govern microstructure and phase changes
under CrO, exposure and constant polarization, leading to the
formation of SrCrO, at the contact layer as well as inside the
porous air electrode.”* In contrast, only a limited number of
publications explore the effects of long-term testing (>20 000 h)
under realistic stack conditions, with Forschungszentrum Jiilich
conducting some of the most notable studies in this area.'®**?%-%>

Among them, a short stack consisting of two anode-supported
cells (ASCs) was tested for an unprecedented 93 000 h in fuel cell
mode under a constant current density of 0.5 A cm 2, with 40%
fuel utilization and hydrogen and oxygen as feed gases. This
represents the longest SOFC stack test conducted to date and the
first detailed investigation into the end-of-life performance and
failure mechanisms of high-temperature oxide fuel cells.>* Here,
we utilize atomic-resolution scanning transmission electron
microscopy to study the nanoscale degradation and failure
mechanisms at the air electrode side after long-term operation
under real application environments.

Alongside the oxidation of metallic components, the degra-
dation of the SOC stack was driven by the disintegration of the
interface between the Gd-doped ceria (GDC) diffusion barrier
and the Lay.5gS1¢.4C0¢.,F€.03_5 (LSCF) electrode. This failure
mechanism is activated by the specific local oxygen partial
pressure, which facilitates the deposition of evaporated Cr
species and the subsequent formation of secondary phases
directly at the GDC interface.”**** The Cr deposition led to
severe Sr leaching from the LSCF, resulting in the formation of
micrometer-sized SrCrO, crystals decorating the interface. This
phenomenon has been observed previously at lower resolution
but could not be completely resolved.**** Concurrently, the GDC
diffusion barrier reacted with the decomposition products of
Cr-poisoned LSCF, forming highly substituted CeO, solid
solution nanoparticles. This overlooked interaction caused
progressive damage to the interface, reducing the contact area
between the electrode and the oxygen ion-conducting electro-
lyte. The continuing loss of contact area contributed to the
continuous performance loss during operation, ultimately
leading to cell failure at the end of life.

This study provides novel high resolution insights into the
nanoscale mechanisms that drive long-term degradation in
SOFCs, highlighting the importance of developing materials,
protection layers and material combinations that are capable of
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withstanding the challenging environments during prolonged
operation.

Results and discussion
Stability of LSCF air electrodes

Fig. 1 provides an overview of the cell design used in this study
(a), a schematic graph of the performance loss during operation
(b), the microstructure of the cell (c) and the GDC-LSCF inter-
face after long-term operation (d and e). Both cells tested in the
short stack show a non-linear degradation behavior, separated
into three zones: zones I and II describe the slightly non-linear
performance degradation with a voltage drop of 1%/kh during
the first 40 000 h, which is assumed to be connected to the
corrosion of interconnects and Cr poisoning of the air electrode.

Afterwards, the degradation rate in zone III dropped drasti-
cally to around 0.1%/kh and remained stable until the end of
life. Connecting the global degradation behavior to micro-
structural features at the end of life of an SOFC system is
challenging, therefore we focus on the complex changes that
occur at the interface between the LSCF electrode and GDC
diffusion barrier. The STEM image and the EDS mapping in
Fig. 1d and e highlight several important degradation features,
which have led to cell degradation and failure: (1) large grains of
a Sr- and Cr-rich secondary oxide phase, (2) nanoscale particle
formation directly at the interface. Both of these features can be
observed using SEM based techniques and have been reported
previously using low magnification techniques.'***** The
structure, chemistry and possible formation mechanisms will
be discussed in detail in the following paragraphs.

Firstly, we investigated the stability of the LSCF electrode at
positions with different distances from the GDC interface.
Therefore, two positions were selected: (I) close to the GDC
interface but not in contact (roughly 500 nm from the interface),
(II) away from the interface (approximately 7 pm from the
interface). Both positions are of interest, as during fuel cell
operation the oxygen and chromium partial pressures differ
across the thickness of the air electrode,’ opening the possi-
bility for different electrode material stabilities. The stability of
LSCF during long-term electrochemical application has been
under discussion since its introduction as an air electrode in
SOC cell assemblies. Especially, Sr surface segregation can be
detrimental for the oxygen exchange reaction (OER) perfor-
mance of LSCF. Therefore, high resolution imaging and spec-
troscopy were used to investigate the integrity of LSCF at both
selected positions. Fig. 2 shows an overview image of the porous
electrode structure (a) and high resolution high-angle annular
dark field (HAADF) images of the atomic structure in the bulk
(b) and at the surface of LSCF (c), roughly 500 nm from the GDC
interface. The LSCF particle in Fig. 2(a) is aligned down the [111]
direction of the cubic perovskite crystal, enabling atomic reso-
lution imaging, which makes it possible to assess crystallo-
graphic defects or phase changes. Despite the long-term
exposure to application conditions, both images highlight the
pristine nature of the perovskite phase, which shows that no
crystalline defects or secondary phases have formed after long-
term application.
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Fig.1 Overview of the LSCF microstructure after 100 000 hours of fuel cell operation. (a) Schematic representation of the anode supported fuel
cell architecture. (b) Schematic graph showing the performance of the SOFC short stack over 93000 h. Details on the electrochemical
performance can be found elsewhere.*° (c) Overview SEM image of the cross section of the full cell after operation. (d) HAADF STEM overview
image of the interface between the GDC diffusion barrier and the LSCF air electrode. (e) Overview EDS mapping of the degraded GDC-LSCF
interface. The corresponding area is highlighted in (d). In the following the focus is on the LSCF air electrode and its interface to the GDC diffusion
barrier.
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Fig. 2 High resolution structural imaging of LSCF located close to the interface (500 nm). (a) Overview HAADF image of a LSCF grain oriented
along the [111] direction. The bright feature at the top of the image is a Pt protection layer that was applied for sample preparation reasons. (b) and
(c) High resolution HAADF images of the atomic structure of LSCF in the bulk and at the surface of the particle imaged in (a). The locations where

the images were taken are highlighted in (a).

Comparable observations could be made for LSCF located
several microns (ca. 7 pm) away from the GDC interface. Fig. 3
provides an overview image (a) as well as atomic resolution images
and elemental spectroscopy (b and c) from one LSCF grain. For
high resolution imaging, the grain is oriented along the [110]
direction. This crystallographic orientation allows to image the A-
and B-plane separately, making high resolution energy dispersive
X-ray spectroscopy (EDS) mapping of the atomic structure possible

Planar
defects

7 uym from
GDC

(c). Even though locations further away from the GDC interface
display a different local pO, and p(CrO;) environment, these
changes do not seem to strongly influence the stability of LSCF.
Both the bulk and surface of the investigated perovskite grain
show a pristine perovskite crystal structure (Fig. 3b and c). A fast
Fourier transform (FFT) analysis of both high resolution images
confirms the cubic crystal structure of LSCF (Pm3m, Nr. 221, ICSD
246266). High resolution EDS mapping of the atomic structure of

Surface
[110]

To

Fig.3 High resolution structural and spectroscopic imaging of LSCF far from the interface. (a) Overview HAADF image of a LSCF grain 7 um away
from the interface. The overview image shows planar defects (additional high-resolution images in Fig. 4) and a slight contrast change central in
the grain, which can be associated with Co-rich secondary phases (additional EDS mapping in Fig. 4). (b) and (c) High resolution HAADF images of
LSCF oriented along the [110] direction showing the atomic structure in the bulk and at the surface. (c) Atomic resolution EDS mapping at the bulk
position. An overlay shows a model of the crystal structure of LSCF (Lag gSro.4C0og 2Feq.803).

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 34306-34315 | 34309
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Fig.4 High resolution structural and spectroscopic imaging of LSCF far from the interface. (a) Overview HAADF image of a LSCF grain 7 um away
from the interface. (b) EDS mapping of the image shown in (a). (c) Atomic resolution HAADF image of a Non-Ruddlesden—Popper (NPR) type
stacking fault. (d) Intensity profile across the stacking fault showing the strong B-site depletion on one atomic plane.

LSCF additionally highlights the stability of the majority of the The local variations visible in the HAADF image (Fig. 3a) can
electrode material (excluding planar defects) after long-term be associated with planar defects that formed due to inhomo-
application until the end of life. geneities in perovskite stoichiometry and Co-rich secondary

]

-

Fig. 5 Structure and chemistry of the strontium chromate phase at the LSCF-GDC interface. (a) Overview HAADF image showing a large
secondary particle that is embedded in the porous LSCF microstructure at the interface. (b) Atomic resolution HAADF image of the SrCrO,4 grain
in (a). An FFT of the image is embedded in the top. (c) EDS mapping of the overview area revealing a large amount of Cr-poisoning. (d) Overlay of
the crystallographic structure (SrCrOy, P2;/c Nr. 14, ICSD 160793) onto the atomic structure image. Orange and purple spheres represent Sr and
Cr atoms.
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phases. Fig. 4 gives additional details on the Co-rich secondary
phases (b) and the atomic structure of planar defects (c and d).
The EDS mapping helps to reveal the local chemistry of the La
and Co-rich secondary phase, which is visible as a bright area
inside the LSCF grain. Further Co-rich particles are visible on
the right hand side of the investigated area. These secondary
phases might be induced by the intended off-stoichiometry
used in the starting material or due to Sr leaching triggered
by Cr-poisoning. However, reference measurements of the
microstructure of a pristine LSCF electrode in a similar cell
architecture show similar Co-rich inclusions (SI Fig. S1 and S2),
proving that these secondary phases have been present during
the whole test, and seem to play a minor role during perfor-
mance degradation of the SOFC stack.

Furthermore, high resolution imaging of the planar defect
(Fig. 4c and d) reveals the atomic structure of these stacking
fault type defects. A line profile of the image intensity across the

View Article Online

Journal of Materials Chemistry A

atomically sharp defect shows that strong B-site depletion can
be observed, fitting a similar observation that Jennings et al.
have recently made in the perovskite-type proton conducting
ceramic BaZr, 3Y,,05_s (BZY), when an off-stoichiometry in the
A/B ratio is forcefully induced.** These observations show that
long-term exposure to Cr poisoning under application condi-
tions has led to stoichiometry changes in the LSCF electrode,
which are compensated for by the formation of stacking faults
(which could not be observed in reference electrodes). However,
what influence these very local structural changes have on the
overall performance of the LSCF electrode is not clear. A
significantly higher density of stacking faults in BZY had only
a minor impact on the bulk electrochemical performance,**
implying a similar behavior in LSCF.

Despite the long-term application of the LSCF electrode
under load at 700 °C, only minor microstructural and local
crystallographic changes in the bulk and at the surface could be

Fig. 6 Structure and chemistry of the decomposition phase at the GDC side of the LSCF-GDC interface. (a) HAADF image and corresponding
EDS mapping of a nanoparticle that formed after long-term testing. (b) High resolution image of the particle along the [100] direction. A FTT of
the image is embedded in the top right. (c) Overlay of the crystallographic structure (Ceg gGdg 015 Fm3m Nr. 225, ICSD 182976) onto the
atomic structure image. Blue, turquoise and purple spheres represent O, Ce and Gd atoms, respectively.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Summary of the nanoscale degradation mechanism of the LSCF-GDC interface after long-term fuel cell operation. The deposition of
CrOs at the interface leads to a strong decomposition of LSCF through Sr leaching and the formation of SrCrO4. Residuals of this decomposition
interact with the diffusion barrier and form highly substituted Ce; ,AO, nanoparticles that lead to a continuous delamination of the air

electrode.

observed. At both investigated positions, the perovskite crystal
structure was mostly intact, and we expect that only a small
portion of the performance degradation can be attributed to the
disintegration in the bulk of the electrode, and most of the
damage was induced at the LSCF-GDC interface.

Degradation of the LSCF-GDC interface

The interface between the LSCF air electrode and the GDC
diffusion barrier is of specific interest due to the deposition of
large amounts of SrCrO, and the associated deterioration that
was observed after stack testing.'***** Therefore, we investi-
gated the phases present at the interface in detail to derive
a deeper understanding of the degradation at the interface.
Fig. 5 provides an overview of the microstructure and the atomic
structure of the Sr and Cr-rich phase that has formed predom-
inantly close to the GDC layer.

In the investigated areas, several large, micron-sized Sr and
Cr-rich particles formed (Fig. 5a and c, additional imaging and
EDS mapping from the degraded LSCF-GDC interface are pre-
sented in SI Fig. S3 and S4), highlighting the severity of Sr
leaching from LSCF. Atomic resolution imaging (Fig. 5b) of the
large crystallite in Fig. 5a enables the determination of the
crystal structure of the secondary phase (SrCrO,, P2,/c Nr. 14,
ICSD 160793). The included FFT in Fig. 5b matches the crystal
structure when compared to a theoretical diffraction pattern. To
further visualize this, a model of the crystal structure is overlaid
onto the HAADF image in Fig. 5d. Contrary to thermodynamic
calculations which predicted the formation of other stoichi-
ometries of the strontium chromite phase (SrCrOs;),"* we now
only observed the monoclinic SrCrO, phase, which is also
regularly reported as a decomposition product.

The predominant formation of the SrCrO, at the interface
furthermore induces secondary phase nanoparticles that deco-
rate the interface and lead to a continuous detachment of the
air electrode. Fig. 6 summarizes the chemical composition and

34312 | J Mater. Chem. A, 2025, 13, 34306-34315

atomic structure of a representative nanoparticle that formed
after long-term application. The EDS mapping reveals the
complex composition of the nanoparticle, which consists
primarily of Ce and Gd but also hosts residuals of the decom-
posed LSCF. A standardless quantification showed concentra-
tions of roughly 7-8 at% La, 2-3 at% of Fe and 1.5 at% of Co in
this specific nanoparticle (details can be found in SI Fig. S5).
Adjacent to the investigated particle, Co and Fe-rich oxides can
be found, which is proof of the high elemental heterogeneity at
the interface after degradation. High resolution imaging along
the [100] direction of the same particle in Fig. 6b and ¢ shows
that the crystal structure of GDC (Cey sGd,0;.g, Fm3m Nr. 225,
ICSD 182976) is maintained despite the additional elemental
substitution that happened during degradation. An analysis of
the included FFT image additionally shows a good match with
the described crystal structure.

The major problem which is induced by the formation of
a reaction product between the GDC layer and the residual of
the decomposition of the LSCF due to Cr-poisoning is the
effective separation of the air electrode from the oxygen ion
conducting electrolyte. This degradation mechanism is visual-
ized schematically in Fig. 7. The continuous delamination
process, which is described here, might be one of the major
factors inducing performance losses alongside the oxidation
process and degradation at the contact layer. This effect could
be specifically active in the stable degradation zone III (Fig. 1b)
and therefore be one of the major contributors to the failure of
the SOC stack after long-term application.

Conclusions

In this study, we investigated the degradation mechanisms in
the air electrode layer of a solid oxide fuel cell short stack, which
was operated at Forschungszentrum Jiilich under load for 93
000 hours under realistic fuel cell conditions. We used atomic

This journal is © The Royal Society of Chemistry 2025
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resolution transmission electron microscopy and spectroscopy
to analyze the nanoscale degradation mechanisms of the LSCF
air electrode, and specifically its interface with the GDC diffu-
sion barrier. After nearly 100 000 hours of continuous opera-
tion, the LSCF air electrode exhibited surprising structural and
chemical stability considering the long-term exposure to harsh
operating conditions. Atomic-resolution imaging confirmed the
durability of the perovskite structure, with only minor planar
defects (stacking faults) and secondary phases forming, sug-
gesting that bulk electrode decomposition plays a limited role
in the long-term performance loss during application.

The primary degradation on the air side occurred at the
LSCF-GDC interface. Chromium evaporation from steel inter-
connects led to severe Sr leaching from LSCF and the subse-
quent formation of large SrCrO, crystals especially at the
interface, a process that has previously only been characterized
at low spatial resolution. In addition to the formation of large
SrCrO, crystals, the interaction between the GDC diffusion
barrier and Cr-contaminated LSCF decomposition products
resulted in the formation of an interlayer of highly substituted
CeO,-based nanoparticles. These new phases forming at the
interface detached the air electrode from the electrolyte and
disrupted the electrochemical integrity of the interface. The
progressive accumulation of secondary phases and the chem-
ical degradation of the GDC-LSCF interface led to the observed
delamination between the air electrode and the electrolyte. This
delamination process is likely a major contributor to the
gradual performance loss observed in the later stages of stack
operation (here called zone III, Fig. 1b). The presented findings
highlight the importance of material compatibly and interface
design, specifically in systems that undergo the degradation
phenomenon during long-term application. Future stack
designs must focus on applying improved, high-quality Cr
evaporation barrier coatings (with high density for optimal Cr-
retention) that provide both good electronic contact and mini-
mize Cr-poisoning of the functional layers. Improved protection
layers could be combined with air electrode materials that show
an increased Cr-resistance to further minimize the degradation
during fuel and electrolyser applications at temperatures above
600 °C.

Experimental methods
Stack processing and long-term testing

Samples for the post-test characterization were taken from
a disassembled two-layer short stack built from anode sup-
ported cells (ASC). The cells had an active area of 80 cm?, and
consisted of a 10 pm thick 8YSZ electrolyte layer, an Lagsg-
Sro.4C0goFey 3035 (LSCF) air electrode and a screen-printed
GDC diffusion barrier. The cells were glass-ceramic sealed
into ITM (Plansee SE, Austria) interconnector plates, which were
coated on the air side with a MnO, protective coating against Cr-
evaporation. The long-term stationary testing in fuel cell mode
was conducted under a constant current density of 0.5 A cm™> at
a furnace temperature of 700 °C, with a fuel utilization of 40%
using H, and 40% O, utilization with compressed air. Details of

This journal is © The Royal Society of Chemistry 2025
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the processing of cells, stack assembly and detailed electro-
chemical characterization can be found elsewhere.?¢**

Transmission electron microscopy characterization

Samples for scanning transmission electron microscopy (STEM)
were prepared using scanning electron microscopy/focused ion
beam preparation (SEM-FIB, FEI Helios NanoLab 460F1, USA).
The samples were taken at the GDC-LSCF interface from
a metallographically polished cross-section of the tested cell,
and a reference cell using a focused Ga" ion beam, with a final
polishing energy of 2 kV. High resolution STEM imaging and
spectroscopy were conducted using a probe corrected Spectra
300 microscope (Thermo Fischer Scientific, USA) at 200 keV
using a probe current of 200 pA. The microscope was equipped
with a Super-X EDS detector and the data analysis of the EDS
results was done using the Velox software (Thermo Fischer
Scientific, USA).
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