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Understanding the onset of degradation in the air electrode within solid oxide electrolysis cells (SOECs), and the
subsequent impact on cell performance, is a critical step in mitigating the performance losses and stability issues of SOECs. In an
effort to identify early onset degradation phenomena, SOECs were characterized as fabricated and after testing potentiostatically at
1.3 V for 1000 h at 750 °C. SOEC air electrodes composed of a 1:1 composite of Laj4Sry,Cog,FensO5_s (6428-LSCF) and
Gd,1Ce(0,.05 (GDC) were studied using synchrotron X-ray diffraction (XRD), scanning transmission electron microscopy coupled
with energy dispersive X-ray spectroscopy (STEM-EDS), and X-ray absorption near-edge spectroscopy (XANES) to evaluate the
changes in the air electrode structurally and chemically. These techniques show the migration of Sr species from the air electrode
through pores in the GDC barrier layer, progressing to the electrolyte boundary, where it accumulates and reacts with
(Zro34Y0.16)03—s (YSZ) to form SrZrO;. Microscopy results are paired with atomistic simulations to better understand the
relationship between the thermodynamic instability of 6428-LSCF and cell fabrication/testing conditions. First-principles
calculations reveal that LSCF-6428 is not stable during cell manufacturing and testing conditions, which supports the experimental
identification of secondary phases in both as-fabricated and tested cells. Together, these results demonstrate that the challenging
environments encountered by SOECs during cell manufacturing and operation lead to instabilities of the target 6428-LSCF anode
material and underscore the need for more durable, high-performing SOEC components.

solid oxide electrolysis, LSCF, electrode degradation, microscopy, phase stability modeling

limit the functional lifetimes of SOECs. Gaining an in-depth

High-temperature electrolysis (HTE) is a promising technol-
ogy for the hydrogen production industry. Solid oxide
electrolysis cells (SOECs) operate at significantly higher
temperatures than their lower-temperature counterparts,
polymer or alkaline electrolysis cells, producing higher
thermodynamic efliciencies without requiring precious metal
catalysts.' > SOECs can be paired with excess heat and energy
sources (e.g, solar, nuclear plants, engine exhaust gas, biomass
incinerators, or geothermal), making the process versatile for
integration with existing industries.”” Process system analysis
has demonstrated that integrating HTE with excess heat
sources can reduce the energetic and financial cost of clean
hydrogen production, approaching the DOE Hydrogen
Earthshot goals of $1/ kg.8 However, challenges with durability
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understanding of the relationship between material degrada-
tion and cell performance loss is crucial to modifying materials,
processes, and operating conditions to improve the long-term
durability of SOECs needed for widespread industry adoption.

One well-known durability issue is the degradation of the air
electrode under high-temperature sintering and operating
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conditions, including secondary phase formation, segregation,
and delamination.””" The air electrode requires a material
with both sufficiently high electronic and ionic conductivities
in order to facilitate the oxygen evolution reaction.”'~**
Lag ¢Sro4Coq,Feq30;_5 (6428-LSCF) is a commonly used air
electrode material that has been extensively studied due to its
high ionic and electronic conductivities. >*° Based on the
perovskite LaFeQO;, Sr and Co are substituted on the A and B
sites, respectively, to optimally tune conductivity. Sr**
substitution on the La** A site causes oxygen vacancies to
form within LSCF, promoting oxygen ion conductivity. The
presence of oxygen vacancies and the imbalance of A and B site
substitution in 6428-LSCF cause some Fe and Co to oxidize to
a 4+ state, in turn increasing electronic conductivity.’®
Although 6428-LSCF has demonstrated high performance, it
suffers from durability issues that inhibit lifetime hydrogen
production capacity.'**"*7 %"

While the chosen 6428-LSCF structure and composition is
stoichiometrically stable at room temperature, it begins to
show the formation of secondary phases accompanied by a
subsequent decrease in electronic and ionic conductivity when
temperatures exceed 600 °C."'>** The instability of 6428-LSCF
near 600 °C proves problematic as sintering temperatures
often exceed 900 °C and operating temperatures are near 750
°C for potentially >50,000 h. Previously, Tai et al."* observed
that 6428-LSCF decreases in electrical conductivity above 550
°C, which they correlated to changes in oxygen vacancy
concentration, B-site oxidation state, and thermal expansion.
No significant secondary phases were observed by using X-ray
diffraction (XRD), although phases could have been present
below the detection threshold of the instrument. Tai et al. also
observed that reducing Sr concentrations to a mole fraction
less than 0.1 in LSCF (e.g., 9128-LSCF) showed no decreases
in conductivity up to 1000 °C. Early data on LSCF, therefore,
may have demonstrated that different LSCF stoichiometries
have different ranges of thermodynamic stability, even if they
were not detectable with XRD at the time.

Tracking the spatial distribution of unintended secondary
phases as they form and potentially migrate across the cell (the
cell composition schematic is shown in Figure 1) is crucial to
understanding cell performance loss. As noted earlier, 6428-
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Figure 1. Schematic illustrating the composition and design of the
SOEC samples analyzed.

LSCEF is known to exsolve Sr at temperatures above 600 °C,
leading to mobile Sr throughout the cell.'”*>*°7** Besides
effects on the active Sr-deficient LSCF material, Sr secondarily
becomes problematic as it can react with (Zryg4Yo16)Os-s
(YSZ), creating SrZrO; which can inhibit ionic conductiv-
ity.'”>>*> Previous button cell testing results have found a
reaction between Sr and Zr at the YSZ interface to form
SrZrO; despite the presence of a GDC barrier layer. StZrO;
can lead to mechanical delamination and therefore SOEC
performance degradation.'”'>'**>3*%  Gadolinium-doped
ceria (GDC) barrier layers are used between the electrode
and electrolyte in an attempt to miti;ate cation migration and
reduce secondary phase formation.”* *® Additionally, GDC
needs to be mixed into the LSCF to minimize thermal
expansion stresses with the YSZ, hence the commonly used
electrode composite LSCF/GDC 1:1.103974 However, the
GDC layer itself presents additional complications as it
introduces an additional possibility for reaction with
degradation byproducts during sintering and cell testing,'"*”**
Even considering these concerns, 6428-LSCF has been found
to outperform other popular electrode materials.”>**** Thus, it
is an ideal model system to focus on for developing a robust
understanding of the underlying degradation mechanisms
currently impeding the long-term stability of LSCF-based
anodes.

In this study, we characterized structural and compositional
changes in SOEC air electrodes to discriminate degradation
between cell fabrication steps and early stages (1000 h) of
operation. Synchrotron XRD, electron microscopy (EM), and
X-ray absorption near-edge spectroscopy (XANES) were used
to observe multiscale structural changes to the air electrode,
which are associated with degradation in cell performance. A
combined EM-X-ray characterization approach was used to
derive hierarchical changes to the crystal structure, micro-
structure, and elemental compositions. Atomistic modeling was
performed to complement the experimental analyses and to
understand thermodynamic stability ranges. This work
provides an understanding of how LSCF degradation
progresses, which informs mitigation strategies.

The two electrolyte-supported button cells characterized in this study
were from the same fabrication batch. The cell (Figure 1) is 3 cm in
diameter and comprised of: a 10—20 pum air electrode consisting of a
6428-LSCF and GDC composite at a 1:1 ratio, a 5—8 um GDC
barrier layer, a S—8 um YSZ electrolyte, a 15—25 ym Ni-8YSZ (8 mol
% Y,05) fuel electrode functional layer, and a 400—500 ym Ni-3YSZ
(3 mol % Y,0;) support layer. During fabrication, the YSZ electrolyte,
Ni-YSZ fuel electrode, and Ni-YSZ support layer are cofired at 1350
°C. The GDC barrier layer is then screen printed onto the cell, which
is sintered at 1230 °C before the LSCF/GDC composite is added and
sintered at 1000 °C. Cells were contacted with Ag mesh and paste on
the LSCF/GDC layer and with Ni paste and Pt wires on the Ni-YSZ
support. Glass seals were used to secure the cell on an alumina
support tube for testing. The cells prepared for testing were exposed
to a Ni reduction process at 750 °C for 2 h in a 5% H,, 95% N,
atmosphere, before increasing the H, concentration to 100%. Cell
open circuit voltage (OCV) was monitored to ensure that NiO was
fully reduced to Ni. After reduction, humidity was introduced to the
hydrogen stream through a heated bubbler held at 78 °C to achieve a
gas composition of 50% H, and 50% H,O (corrected for the elevation
of the testing lab). The cells chosen for characterization include: an
as-fabricated cell not yet sealed or contacted with current collectors
and a cell tested for 1000 h at 750 °C, 1.3 V, and 50/50 H,O/H,
ratio.
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Electrochemical testing was performed with a Solartron Analytical
CellTest system consisting of a 1470E potentiostat with 1455A Series
frequency response analyzers. Cells were tested potentiostatically at
1.3 V. Every 50 h, the potentiostatic hold was interrupted to measure
the OCV for 1 min and collect an electrochemical impedance
spectrum (EIS). EIS was performed with a DC offset of 1.3 V and an
AC amplitude of 10 mV in the frequency range of 10 kHz to 0.1 Hz.

XRD measurements were obtained at the Stanford Synchrotron
Radiation Lightsource (SSRL), beamline 2-1, using an incident energy
of 17 keV (0.729 A). Angle-dispersive 2D diffraction data were
acquired stepwise using a Pilatus 100K hybrid photon counting
detector. The 2D images were subsequently normalized to the
incident beam, stitched, and integrated using a Python script written
specifically for SSRL beamline 2-1. Measurements were performed in
a flat plate geometry with the air electrode facing upward, wherein the
angle incident to the sample was controlled to attenuate the signal
from buried SOEC layers. All data were obtained up to tth = 95° (g ~
12.7 A"). XRD data used to analyze crystalline structural changes
were acquired with a 5° incident angle.

SOEC cells were mechanically fractured to expose the layers in the
cross-section for characterization. Samples were mounted with the cell
cross-section perpendicular to the path of the beam, with the surface
of the cell cross-section mechanically polished to ensure uniformity of
the sample. XANES measurements were obtained at SSRL beamline
2-3 using variable incident energies in fluorescence mode. The Fe K-
edge was measured over a range of 6.882—7.227 keV by using an ~§
X § um?* X-ray spot. The pre-edge region (6.882—7.092 keV) used an
energy step size of 10 eV; the edge region (7.092—7.142 keV) used an
energy step size of 0.35 eV; and the postedge region (7.142—7.227
keV) used an energy step of 0.66 eV. A Fe-foil reference was collected
simultaneously. Spectra were collected in triplicate consecutively, and
then averaged, background-subtracted, energy aligned via the Fe-foil
reference, and normalized in Sixpack.*> Corroborative u-XRF
elemental mapping was performed at an incident energy of 18.1
keV using an ~1 X 1 um* X-ray spot, a 1 um step size, and a 50 ms
dwell time. Data processing of the y-XRF maps was performed in
SMAK.*

The fractured portion of the cell was polished in cross-section using
SiC grinding paper to prepare the surface for electron microscopy.
SEM comparison of all cell components of regions with and without
polishing confirms that this method of sample preparation does not
alter the cell or cause artificial changes in the results. SEM-EDS on
regions were collected using a TESCAN S$8252G SEM/FIB to
observe the cell structure in cross-section. SEM and EDS are useful in
confirming that the trends found in TEM are representative of the
bulk sample and also in locating areas of interest for TEM
investigations.

Focused ion beam (FIB, FEI Co. Helios 600i) was used to prepare
TEM specimens by using standard preparation methods. FIB allows
TEM specimens to be specifically prepared from the relevant
electrodes and interfaces. An example of these locations in the cell
can be seen in Figure SI1. STEM analyses were conducted on an FEI
Co. Talos 200FX operated at 200 keV. EDS spectral images were
collected on the same instrument and analyzed using Bruker Esprit
v.2.9. STEM EDS maps were quantified using the Cliff—Lorimer
techniques in ESPRIT Quantax software implementation (Bruker
Nano Analytics, Berlin,Germany).

Atomistic modeling was used to predict the thermodynamic stability
of LSCE. We considered a collection of relevant phases, including a
range of LSCF compositions in the ABO; perovskite and A,BO,
Ruddlesden—Popper (RP) structures, Co—Fe spinels (Co;0,, Fe;0,,
and CoFe,0,), La,0; SrO, and pure elements. To model the
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chemical disorder in LSCF phases, special quasirandom structures
(SQSs) were generated using the Alloy Theoretic Automated Toolkit
(ATAT).* =" SQSs of 80 atoms (16 formula units) and 56 atoms (8
formula units) were used for the ABO; and A,BO, structures,
respectively.

Total energies were calculated from density functional theory using
the Vienna Ab initio Simulation Package (VASP).SZ*53 Projector
augmented-wave (PAW) pseudopotentials’®~>* were used, with the O
2s% 2p*, La 5s* 5p® 5d! 6%, Sr 4s® 4p° 5s% Co 3d” 4s%, and Fe 3d° 45
states treated as valence states. A plane-wave energy cutoff of 520 eV
was used. Brillouin zones were sampled with I"-centered Monkhorst—
Pack® k-point meshes of density 30 A along each reciprocal lattice
vector. The PBE exchange-correlation functional®® was used along
with Hubbard U corrections for Co and Fe applied using the
approach of Dudarev.”" U values of 3.4 and 4.0 eV were applied to the
d electrons of Co and Fe, respectively, based on established
calibrations to experimental formation enthalpies.”> All calculations
were spin-polarized, with magnetic moments initialized ferromagneti-
cally except in the case of the Co—Fe spinels, where various
nonferromagnetic orderings were considered. The atomic positions,
cell shape, and volume of structures were fully relaxed prior to
performing a final static calculation, except in the case of the LSCF
SQS where only the volume and positions were relaxed. For the LSCF
SQS structures, the Co charge and spin states were found to be highly
sensitive to the initial volume, making it difficult to determine the
equilibrium volume and energy. To address this, we performed a set
of relaxations for each SQS structure using various initial magnetic
moments for all Co ions (ranging from 0.6 s to 5.0 yi5) and selected
the lowest resulting energy to represent each structure.

The energy of the O, molecule and the PBE+U energies of Co/Fe-
containing oxide phases were adjusted based on well-established
empirical corrections for oxide formation enthalpies.®”®® In
determining phase stability among the various structures, we assume
that the system is open to oxygen at a chemical potential set by that of
O, gas at temperature T and partial pressure Po given by

/’loz(Tl Poz) = EO2 + AﬂOZ(T, POZ)

O.

7]
p (1)

2
o

Btg, (T p,,) = HE,(T) = TS3(T) + kBTln[

where Eq_ is the calculated energy of an O, molecule at 0 K and HSZ

and S5, are the enthalpy (relative to T = 0 K) and entropy,

respectively, at p, = p° = 0.1 MPa, obtained from tabulated
2

values.®* Since the corrections employed for the DFT energies were

calibrated to experimental reaction enthalpies at standard conditions,
we also subtracted HJ (T° = 298.15 K) from the adjusted O, energy
to obtain E, . After choosing a particular value of Ho,) We construct
the grand potential phase diagram® by finding the convex hull of
equilibrium phases (with respect to the oxygen grand potential) and

projecting its facets into the subspace of valid ABO; perovskite LSCF
compositions (defined by having an A:B ratio of 1).

The electrochemical performance of the 1000 h SOEC test is
shown in Figure S2. The data show an initial activation period,
with increasing current density over the first 35 h, which
peaked at 1.22 Acm™>. After the initial activation, the cell
shows steady degradation, decreasing to 0.64 A cm™ over the
1000 h test. Figure S3 shows the impedance spectra at 1.3 V
every 50 h throughout the test. The initial activation can be
seen as a decrease in the polarization resistance and total area-
specific resistance over the first S0 h. Afterward, both the
ohmic and polarization resistance increase throughout the test,
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Figure 2. SEM imaging (top) and Sr Ka SEM-EDS spectral imaging (bottom) of the as fabricated cell (left) and 1000 h cell (right). The air

electrode/GDC barrier layer interface is marked with a dashed line.

with the increase in polarization resistance contributing more
to the overall degradation.

SEM on both as-fabricated and 1000 h SOECs indicates no
mechanical delamination or large void formation occurred
during cell fabrication, preparation, or testing. EDS mapping
reveals Sr clustering and transport across much of the cell, as
seen in Figure 2. Changes in Sr distribution are not clearly
evident in the as-fabricated cell, whereas SEM-EDS of the 1000
h sample reveals Sr diffusion from within the LSCF/GDC air
electrode to both the Ag boundary and the GDC boundary,
indicating transport is not initially restricted to the direction of
gas or current flow. This results in Sr clusters at the air
electrode/barrier layer interface and migration through the
barrier layer as the SOEC is operated for 1000 h. While the
SEM-EDS results demonstrate the larger scale changes to the
SOECs (10s-100s of micron scale), combined analyses from
STEM-EDS, XRD, and XANES depict early onset LSCF
decomposition and cation migration at smaller length scales
(e.g, nano- to micrometers).

Elemental mapping by y-XRF was performed to complement
SEM-EDS, particularly for higher Z elements where y-XRF has
enhanced sensitivity relative to SEM-EDS. Tricolor maps
showing Zr, Ce, and Sr distributions across cross-sections of
the as-fabricated and 1000 h aged samples are displayed in
Figure 3a. With a pixel size of 1 ym and a measurement area of
~300 X S0 um?, this technique does not identify any regions of
Sr migration through the barrier layer, confirming no Sr
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Figure 3. (a) u-XRF tricolor map comparison of Zr, Ce, and Sr
distribution, (b) Fe u-XRF signal scaled from 0.0 to 1.0 with white
circles added to show XANES measurement areas, and (c) Fe K-edge
XANES spectra for the as fabricated and 1000 h samples.

secondary phases have formed that are larger than micron
scale. This corroborates the SEM-EDS of both samples shown

https://doi.org/10.1021/acsphyschemau.4c00095
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Figure 4. STEM-EDS maps overlaying (top) Fe, Co, and Ce and (bottom) Sr and La signals of the LSCF-GDC interface marked with dashed line.

in Figure 2, where Sr clusters within the barrier layer are well
below the micron scale.

Fe-specific 4-XRF maps are displayed in Figure 3b, which
also show little difference at the micron scale. Fe K-edge
XANES spectra were obtained on ~5 pm spots, which are
highlighted in the XRF maps of both the as-fabricated and
1000 h aged samples (Figure 3b,c). Comparison of the two
XANES spectra shows a clear negative shift between the as-
fabricated and 1000 h samples, indicating that a degree of net
reduction of Fe has occurred. This is confirmed by estimating
edge step energy values (E;) from the maximum value of the
first derivative; the 1000 h sample has an E; of 7126.3 eV, 1.8
eV lower than that of the as-fabricated sample (Figure S4).
This value of shift is somewhat larger in magnitude compared
to a comparison of SrFeQ; (Fe*") and LaFeO, (Fe*) from the
literature, in which a 1.0 eV shift in E, was measured for
reduction from Fe*" to Fe*', and much smaller than the 3.5—4
eV shift from an Fe** to an Fe?* state.”® Within the expected
6428-LSCF structure, a net charge of +3.4 must be distributed
across the B-site cations to satisfy charge neutrality when the
oxygen vacancy concentration is very low. Locally, this can
result in the presence of some Fe*" and Co*". However, the
presence of oxygen vacancies also affects the charge balance
within the structure, complicating any attempt to estimate the
exact expected Fe oxidation state.'>*® A net reduction of Fe
from the as-fabricated to 1000 h aged sample is consistent with
either exsolution of Fe from 6428-LSCF as secondary phases
with a lower net Fe oxidation statse (possible species include

211

Fe,0;, Fe;0,, or various ternary Fe, Co spinel structures) are
formed, or a decrease in the amount of the 6428-LSCF
composition, as other stoichiometries with less Sr** content
may require a lower average charge on the B-site. The
magnitude of shift relative to the literature measurement of
standards suggests the presence of some Fe®" within the 1000
h sample; however, the complex nature of possible changes in
Fe state within various LSCF stoichiometries and degrees of
oxygen nonstoichiometry, and the possibility of the formation
of secondary phases containing Fe>*/Fe®* prevent a conclusive
identification of Fe-containing species from this analysis alone.

STEM-EDS spectral imaging of the as-fabricated sample
reveals phase decomposition occurring in the LSCF during
cell fabrication. With the intended 6428-LSCF composition, a
stronger signal from Fe than Co is expected to appear purple in
the EDS maps illustrated in Figure 4. Regions where Fe and
Co are approximately equal or Co-dominated indicate phases
that deviate from the intended composition, appearing as pink
and orange, respectively, in Figure 4. STEM-EDS mapping of
the as-fabricated sample primarily consists of LSCF with a
stronger Fe signal (purple) and GDC (green), as is expected
for 6428-LSCF. Additionally, regions of Co-rich and
approximately equimolar Fe—Co are present. In the 1000 h
cell, similar regions to those in the as-fabricated sample are
indicative of secondary phase formation. La and Sr EDS maps
are shown in Figure 4. Sr exsolution is apparent in both the as-
fabricated and 1000 h cells, with an increase in the presence
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As Fabricated

1000 Hours

Figure S. Dark field STEM with the air electrode/barrier layer interface marked with blue boxes.

As Fabricated
GDC

1000 Hours
chlogd YSZ

Figure 6. STEM-EDS mapping of the barrier layer/electrolyte interface, with Sr, Y, and Zr overlaid (top) and separately the Ce, Gd, and Zr signal

overlaid (bottom).

and migration of secondary Sr-rich phases evident in the 1000
h cell. This can be observed in Figure 4 as Sr accumulates at
the LSCF/GDC interface and migrates into the barrier layer.

Sr-rich phases accumulate at the air electrode/barrier layer
interface, resulting in pore filling and densification at this
interface, as seen in the dark field TEM images (Figure ).
Observing the interfaces from each sample, it is found that
there is a notable increase in densification in the 1000 h cell in
comparison to the as-fabricated baseline. It should be noted
that while small amounts of air electrode degradation may lead
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to a small increase in density in the as-fabricated air electrode/
barrier layer interface, the densification observed in the 1000 h
cell is continuous at this interface in comparison. Electrode
densification may slow gas transport and can also introduce
thermo-mechanical strain to the system, leading to cracking
and delamination.

STEM-EDS mapping of the GDC barrier layer and its
interface with the YSZ electrolyte (Figure 6) in the as-
fabricated sample indicates that a small amount of Sr is present
in the barrier layer in the form of a pore-filling Sr phase in

https://doi.org/10.1021/acsphyschemau.4c00095
ACS Phys. Chem Au 2025, 5, 207-218


https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00095?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00095?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00095?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00095?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00095?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00095?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00095?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00095?fig=fig6&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.4c00095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

some of the open porosity. In this sample, the mobile Sr has
not yet progressed to the barrier layer/electrolyte interface. In
the 1000 h sample, the Sr found in the GDC barrier layer
agglomerates to form particles from hundreds of nanometers to
micrometer scale near the barrier layer/electrolyte interface to
a much larger extent than in the as-fabricated cell. Sr-rich
phases in the barrier layer fill the open porosity in the GDC
and migrate through the barrier to the YSZ electrolyte. Sr
migration to the YSZ interface in the 1000 h sample indicates a
Sr—YSZ interaction, where clusters of Sr are seen infiltrating
into the YSZ interface; this likely indicates the formation of
SrZrO;, which is further investigated with XRD. SrZrOj; is
potentially problematic as it exhibits reduced ionic con-
ductivity relative to YSZ and GDC.” Additionally, thin
continuous Gd and Ce layers are observed at the GDC/YSZ
boundary (Figure 6). This feature is present in the as-
fabricated sample and remains consistent after 1000 h of
testing, so it is unlikely to be contributing to performance
losses observed herein.

XRD results (Figure 7) of the as-fabricated and 1000 h samples
are complex, indicating multiple phases present. If the air
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Figure 7. X-ray diffraction from the (a) before reduction and (b)
1000 h-aged samples. The expected phases are LSCF (R3c) (red),
GDC (blue), YSZ (green), Ni/NiO (orange), and the Ag (ICSD
22434) contact (gray). Secondary phases observed are Co,_,Fe2+,0,
(magenta), LSCF (Pnma) (cyan), LSCF (Pm-3m) (lavender), LSCF
(14/mmm) (black), SrZrO; (light blue), and SrO (yellow).

electrode contained only the intended 6428-LSCF and GDC,
XRD should find only two distinct phases: rhombohedral
LSCF (r-LSCF) (ICSD 186173) and fluorite-structured GDC
(ICSD 259969). As cation composition varies in LSCF,
structural changes occur, and multiple LSCF phases should be
considered when analyzing XRD data. Rhombohedral LSCF
occurs for La-/Fe-rich compositions, which include the
targeted 6428-LSCF. As compositions shift to La-/Co- rich
LSCF, a phase transformation to orthorhombic LSCF (o-
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LSCF) takes place. When Sr-/Fe- rich, LSCF adopts a cubic
structure (ICSD 158799). Minute quantities of c-LSCF and o-
LSCF are observed in the as-fabricated cell XRD results
(Figure 7a) confirming compositional changes in the 6428-
LSCF occur before the SOEC is mounted on the test stack,
indicating degradation in the air electrode occurs during cell
fabrication.

The predominant phases identified in Figure 7 are r-LSCF
and fluorite GDC phases intended in the SOEC (6428-LSCF
and GDC), as well as the expected YSZ and NiO (ICSD
75316, ICSD 8688) phases (as-fabricated only). Further
analysis of the XRD data also uncovered the presence of
secondary phase formation, most notably including a range of
cobalt ferrite spinel (AB,O,) structures (where A is Co**/Fe>")
(examples of this range include Fe;O,: ICSD 183969,
CogsFe; 350,4: ICSD 29894, CoFe,O,: ICSD 230939,
Co,45:Fe03404: ICSD 12814, and Co;0,: ICSD 32839),
indicating that a portion of the initial 6428-LSCF is present in
a Co/Fe-deficient state. Most cobalt ferrite spinels (normal,
inverse, and mixed) are composed of 2*/3* oxidation states,
which reinforces the Fe K-edge XANES data shown in Figure 2
and alludes to a mechanism of phase segregation shown in
Figure 4. While there are various ways LSCF can phase
segregate, the most plausible explanation for the as-fabricated
sample is equimolar loss of Sr and Co/Fe from the ABO;
LSCF perovskite, given the uncorrelated Sr migration from
STEM-EDS and cobalt ferrite spinel from XRD. Any
unbalanced segregation of cations from the A or B sites of
LSCF would cause a structural transformation to a series of off-
stoichiometric phases where A # B, which were not identified
in XRD from the as-fabricated sample. Although no SrO is
detected, the domain sizes may be too small and limit
coherence, making it challenging, if not impossible, to detect
with synchrotron XRD despite the substantial signal-to-noise
ratio and resolution.

Additionally, the shouldering of the observed 6428-LSCF
peaks (e.g,, (2—10) and (—114) reflections combined at 15.2°)
indicates that a small amount of 0-LSCF is present. Despite the
structural similarity between the two structures, the symmetry
differences of r-LSCF and o-LSCF induce additional Bragg
reflections (e.g, 210, 031, and 212) for o-LSCF that can be
differentiated from r-LSCF and ¢-LSCF. Subsequent XRD
measurements with a high-resolution Si analyzer crystal later
confirmed that the observed shouldering of r-LSCF peaks was
sample-induced rather than an instrumental contribution.

In agreement with STEM-EDS, XRD of the 1000 h sample
indicates that structural changes to the LSCF progress with cell
operation. Similar to the as-fabricated XRD data, the 1000 h
XRD showed both expected phases from fabrication as well as
new secondary phases resulting from cell operation. While the
secondary phases are qualitatively identified, their relative
weight percentages are too small to be reliably included in
quantitative phase analyses derived from Rietveld refinements
(see Figure SS). These new secondary phases comprise
tetragonal, RP LSCF (A,BO,, A,B;0,y), a Sr-deficient
rhombohedral LSCF, a Sr-rich cubic LSCF, and cubic
SrZrO;. The diffraction patterns from these structures, in
addition to a few unidentified structures, are displayed in
Figure 7b. The 1000 h sample definitively confirms the
presence of SrO and SrZrOj; validating the STEM-EDS results
indicating that exsolved Sr migrated to the YSZ and
subsequently reacted with the zirconate present at the interface
and within the YSZ.
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Figure 8. (a) Oxygen chemical potential (vs O, at 0 K, plotted as a negative) as a function of the temperature and partial pressure. Solid contours
indicate chemical potential values used in (b) and dotted lines indicate 750 °C and 0.21 atm O,. (b) Phase stability maps of perovskite LSCF at
different values of the oxygen chemical potential. Light gray regions indicate stability of perovskite LSCF and colored/numbered regions indicate
formation of secondary phases (described in the text and detailed in Figure S8).

Combined results from electron microscopy and X-ray thermodynamic and environmental conditions described via
characterization are self-consistent and elucidate the structural oxygen chemical potential Ho,: Following eq 1, Ho, depends on
and compositional changes to 6428-LSCF during SOEC
preparation and HTE operation. The results indicate
equimolar loss of Sr and Co/Fe with subsequent migration

temperature and O, partial pressure p_, with higher T and
2

lower p resulting in lower 41, (Figure 8a). This could in turn
2 2

and cobalt ferrite spinel formation, resulting in unintended promote the formation of less oxygen-rich oxide phases (e.g.,
LSCF compositions. Secondary and off-stoichiometry LSCF spinel) from perovskite LSCF.
phases are present in the as-fabricated cell and are increased in Figure 8b shows predicted stability maps of LSCF with

the cell tested for 1000 h, indicating LSCF initial degradation varying p, . Light gray regions indicate that perovskite LSCF
occurs during cell processing (likely at the high-temperature g
sintering steps) and proceeds with cell testing. The identified
secondary phases have reduced conductivity relative to LSCF,
and cation migration to the air electrode/barrier layer interface L (blue): Co;0, spinel and Sr-rich RP phase

results in densification at that interface, which will likely have II. (orange): Co;0, spinel, Sr-rich RP phase, and La,O,

implications for the mechanical integrity of the cell. 1L (brown): Co;0, spinel and La,O,

remains stable, while the colored regions indicate partial
decomposition into the following phases:

(see Figure S8 for the specific phases predicted in each
case). The secondary phases begin to appear at higher Sr/Co
concentrations, before spreading to lower ones with decreasing
Ho, while perovskite LSCF remains stable in the La-/Fe-rich

Thermodynamic modeling based on density functional theory
calculations was performed to examine the stability of the
LSCF and explain the cause of structural and compositional
changes observed with electron microscopy and X-ray

characterization techniques discussed previously. Although corner, at least for the values of Ho, shown in Figure 8b. The

kinetic effects likely play an important role, thermodynamics trend of decreasing stability with increasing Sr/Co content is
provides a starting point for studying possible mechanisms of consistent with findings from previous CALPHAD work.*®
LSCF decomposition. We note that the stability of LSCF has Note that we have modeled each phase here as a line
previously been investigated using the CALPHAD ap- compound, even though the true LSCF phases (perovskite and
proach,”*7% which is typically informed by experimental RP) likely behave as solid solutions. Thus, the predicted
measurements. However, this method can exhibit reduced regions of coexistence between different LSCF phases (e.g., the
accuracy when extrapolating data to higher-order multi- gray triangular facets in Figure 8b) may be better understood
component systems. Furthermore, a fundamental under- as proxies for solid solution regions. The exception would be a
standing of LSCF thermodynamics from first-principles scenario in which the coexistence of two perovskite LSCF
calculations has yet to be established. r-LSCF was the primary phases with different structures (e.g, rhombohedral and
focus of the atomistic modeling, as it is the predominant orthorhombic) at different compositions is preferred over a
structure observed experimentally in this study. As shown in single LSCF solid solution phase. This type of scenario is
Figure S6, r-LSCF becomes inherently less stable (with respect consistent with our observation of multiple perovskite LSCF
to the pure elements) with increasing Sr and Co content. A phases (Sr-deficient rhombohedral and Sr-rich cubic) in the
similar trend is seen for LSCF in the tetragonal A,BO, RP 1000 h sample.
structure (Figure S7). To predict secondary phase formation, Focusing on the intended 6428-LSCF composition, we can
we consider the relative stability of perovskite LSCF versus track the extent of secondary phase formation across
other polymorphs and compositions as a function of conditions. Figure 9a shows the predicted mole fractions of
214 https://doi.org/10.1021/acsphyschemau.4c00095
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Figure 9. Predicted mole fractions of different phases (grouped by
crystal structure) vs temperature at 0.21 atm O, and an overall
composition of (a) 6428-LSCF and (b) 9128-LSCF. Insets show the
predicted phase diagram at 750 °C and 0.21 atm O,, with the overall
composition marked by a star. Dotted lines indicate this temperature.
The upper panels in panels a and (b) track the Sr content x and the
Co content y of the remaining ABO; LSCF.

each phase (grouped by structure) versus temperature at 0.21
atm of O,, the partial pressure of O, in air. The onset of 6428-
LSCF decomposition in this case occurs around 650 °C with
the formation of tetragonal (RP A,BO,) LSCF and Co;0,
spinel, and the fractions of these phases grow with increasing
temperature. The remaining perovskite LSCF becomes
increasingly Co- and Sr-deficient, as shown in the top panel
of Figure 9a. In contrast, La- and Fe-rich compositions remain
stable at much higher temperatures. For example, Figure 9b
shows that 9128-LSCF is not predicted to decompose in air
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until around 1000 °C. While this is well above the temperature
of typical SOEC operation, it is common for sintering
temperatures that LSCF may experience during fabrication
or processing steps such as sealing or contacting to reach or
exceed 1000 °C (recall the sintering temperatures used in
fabricating the current SOECs is 1000 °C). Figure 9 suggests,
however, that 6428-LSCF will display significantly greater
decomposition in this temperature regime.

Varying O, partial pressure has the opposite effect of varying
temperature on stability (Figure S9). Thus, if lower Po,

conditions are encountered during SOEC processing or
operation (especially locally), the onset of decomposition
would shift to lower temperatures. Truly quantitative
predictions of LSCF degradation will rely on precise
knowledge of local temperature and pressure conditions at
the air electrode, as well as further refinements to our
thermodynamic model, such as accounting for configurational
entropy and oxygen nonstoichiometry of the solid phases.
These refinements, as well as kinetic effects, may explain
discrepancies between our predictions and experimental
observations, such as the formation of mixed Co—Fe spinels,
and will be detailed in future computational studies.

Decomposition of the air electrode and secondary phase
formation in SOECs impact cell performance. Understanding
the onset of material decomposition, including the underlying
causes, is critical to developing mitigation strategies. Avoiding/
diminishing early onset degradation may slow performance loss
or prevent catastrophic failure later in cell life after tens of
thousands of hours of operation.

In the present study, we used a multifaceted characterization
approach to evaluate a cell as fabricated and a cell that had
been tested for 1000 h, each with the commonly used 6428-
LSCEF as the mixed ionic/electronic conducting phase in the air
electrode. 6428-LSCF degraded into unintended LSCF phases
during fabrication, likely due to sintering at 1000 °C, and
continued during testing at 750 °C, in alignment with
thermodynamic modeling results demonstrating that 6428-
LSCF is not stable under these conditions. Decomposition of
6428-LSCF progresses during testing, resulting in increased
secondary phase formation and migration of Sr into and
through the GDC barrier layer, forming a dense layer at the
electrode/barrier layer interface and SrZrO; at the barrier
layer/electrolyte interface. These results are concerning as
unintended LSCF phases lack the conductivity of 6428,
SrZrO; is a known ionic insulator. Furthermore, secondary
phase accumulation at interfaces may increase resistance, and
densification may alter the mechanical integrity of the cell,
increasing the risk of eventual cracking and delamination.

Modeling suggests that LSCF-6428 might be stable if it does
not exceed 650 °C, but that is not currently compatible with
common manufacturing processes and cell materials (sealants
and contacts) and may result in insufficient sintering and thus
inadequate mechanical properties. Modeling efforts identify
9128-LSCF as a more stable alternative LSCF composition
with a decomposition onset temperature predicted above 950
°C. While literature demonstrates that 9128-LSCF is ~5X less
conductive (total conductivity) than 6428-LSCF," it is unclear
if the difference in initial SOEC performance that may result
from this conductivity difference will outweigh the potential
benefit to lifetime hydrogen production possible if the LSCF
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decomposition process is avoided/slowed. This work suggests
that further investigation, including experimental, atomistic
modeling, and cell/system modeling, is needed to evaluate the
holistic impact of using other stoichiometries of LSCF that
avoid such early onset cell degradation as observed in this
study.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00095.

SEM of the location of TEM lamella to capture all active
layers, electrochemical testing results of tested cell, first
derivative of Fe K-edge XANES spectra, Rietveld
refinement figures used in XRD, calculated formation
energies (vs pure elements) of ABO; and A,BO, LSCF,
and additional computational details including phase
stability maps at varying oxygen chemical potential,
predicted secondary phase fractions vs temperature and
oxygen partial pressure at an overall composition of
6428-LSCF (PDF)
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