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Unveiling the high-temperature degradation mechanism
of solid oxide electrolysis cells through direct imaging of
nanoscale interfacial phenomena

Solid oxide electrolysis cell (SOEC) technology is the

most efficient method for clean hydrogen production, but
electrode delamination remains a critical issue. Our recent
research, using advanced electron microscopy and density
functional theory, has uncovered the nanometer-scale
interfacial degradation that triggers delamination. Oxygen
ions accumulate and alter the unit cell structure, causing
strain and forming nanopores that lead to cracks and
delamination. These findings challenge the old belief of gas
pressure build-up and offer new directions for improving
SOEC technology.
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Solid oxide electrolysis cell (SOEC) technology potentially offers the most efficient means of clean
H, production. Currently, the most critical issue is the delamination of the air electrode, but its
fundamental cause has long been elusive. Using cutting-edge transmission electron microscopy
techniques and density functional theory calculations, we reveal nanometer-scale interfacial degradation
phenomena occurring in the early stages, clarifying the entire process of delamination and the origin
thereof. During SOEC operation, oxygen ions accumulate at specific locations where they cannot be
released as a gas. The annihilation of oxygen vacancies modifies the unit cell structure, causing

Received 27th February 2024, anisotropic lattice strain; further injection of excess oxygen ions creates dislocations and segmented
Accepted 13th May 2024 subgrains. Subsequently, these ions initiate the formation of nanopores, which eventually develop into
DOI: 10.1039/d4ee00896k cracks and delaminate the electrode. These previously undiscovered structural alterations contradict

the long-held but unsubstantiated notion of gas pressure build-up, providing novel guidance for future
rsc.li/ees development.

Broader context

Although carbon-free hydrogen production by water electrolysis represents an ideal approach to achieve net-zero emissions, the associated cost is
substantially higher than that of conventional fossil fuel-based processes. Among various electrolyzer types, the solid oxide electrolysis cell (SOEC), which
operates at high temperatures typically in excess of 700 °C, offers the strongest potential for cost reduction owing to its unrivaled efficiency. Currently, the
major challenge hindering its commercialization is rapid performance degradation, particularly owing to the delamination of the air electrode. Although
significant research efforts have been devoted to understanding the fundamental cause of this degradation, they have been unsuccessful owing to the
difficulty of characterizing nano-scale interfacial phenomena. In this study, we adopted novel analytical techniques including precession electron
diffraction in transmission electron microscopy to elucidate the origin and evolution of interfacial degradation. Specifically, we visualized the entire
delamination process involving the local accumulation of oxygen ions, change in anisotropic lattice strain, generation of dislocation and subgrain
boundaries, and formation of aligned nanopores. The resulting comprehensive understanding of SOEC degradation phenomena establishes a basis for
rational development strategies, and the associated detailed knowledge of atomic/nanoscale interfacial phenomena represents a valuable asset for the
entire energy community.
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Introduction

Hydrogen is expected to play a critical role in decarbonizing the
global energy system and realizing net-zero greenhouse gas emis-
sions. At present, hydrogen is mostly produced by fossil-fuel-
based processes, which are economical but impose heavy envir-
onmental burdens. Water electrolysis powered by renewable
energy sources represents an ideal alternative for producing clean
hydrogen, but its practical use has been hindered by high costs.
Among various electrolysis technologies, solid oxide electrolysis
cells (SOECs), which operate at high temperatures, typically over
700 °C, offer the highest energy conversion efficiency and have
exhibited strong potential to compete economically with conven-
tional fossil-fuel-based technologies.' Particularly, the electrical
energy demand for electrolysis, which accounts for the largest
share of the overall hydrogen production cost, decreases with
increasing temperature. Overpotentials are also reduced at high
temperatures owing to fast reaction and transport kinetics, which
enables hydrogen production with minimal energy consumption.
Owing to such unique advantages associated with high operating
temperature, producing hydrogen using an SOEC system is pre-
dicted to cost as little as $1-2 per kg H,,* which would achieve cost
parity with natural gas reforming.>”” Furthermore, SOECs can
efficiently electrolyze both H,O and CO,, enabling the production
of various fuels and chemicals besides hydrogen. Consequently,
SOECs have emerged as the most promising solution for clean
fuel and chemical production and have recently experienced a
dramatic expansion in R&D activities.

However, SOECs have not been extensively deployed or
commercialized thus far, primarily owing to degradation issues.
Various high-temperature degradation phenomena have been
reported in cells and stacks, including the Cr poisoning of air
electrode,® the chemical reaction between air electrode and
electrolyte,” ™" the Ni depletion of fuel electrode,'” and the oxide
scale growth of metallic interconnect.”® Among them, the delami-
nation of the air electrode is considered the most fatal as it can
cause the entire SOEC system to catastrophically fail."'*™® The
delamination of air electrode was first reported in 1990’s,"”” and
since then, significant research has attempted to resolve this issue.
Nevertheless, the mechanisms underlying delamination have not
been clarified to date.'®

During SOEC operation, oxygen ions (O*>~) migrate from the
fuel electrode to the air electrode across the electrolyte and are
released as oxygen gas (O,). Because the most intuitive feature
of the SOEC air electrode is the evolution of O, gas, many
previous studies have explained that delamination could be
caused by the build-up of gas pressure when the gas transport
through the porous electrode is not sufficiently facile.'®'**°
The presence of an interfacial insulating phase, which is formed by
undesired chemical reaction between air electrode and electrolyte,
was also suggested as the main cause of delamination.® An
externally applied electric field that causes cation migration from
air electrode to electrolyte was reported as another possible cause of
interfacial degradation.” Interfacial adhesion can also be wea-
kened by the disintegrate of air electrode materials into nano-
particles at the interfacial region.”® Most of these mechanisms,
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however, were hypothesized without solid evidence because of the
limitations of conventional analytical techniques. Consequently,
valid solutions have not been established, and delamination
remains a critical obstacle to the commercialization of SOEC
technology.

Herein, we report previously undiscovered physical and
chemical changes at the electrode-electrolyte interface at the
beginning of delamination. Cutting-edge transmission electron
microscopy (TEM) techniques provide details on the crystal
structure, chemical composition, defect structure, and strain
distribution in the interfacial region, and these experimental
observations are theoretically interpreted by density functional
theory (DFT) calculations. The resulting comprehensive under-
standing will inform future research on optimizing the inter-
facial properties.

Methods

To simulate electrode-electrolyte interfacial degradation in a
well-controlled manner, we performed model studies using sym-
metric cells, which can be tested in a single chamber without
requiring complicated sealing, as schematically illustrated in
Fig. S1(a) in the ESL{ The symmetric cell is composed of identical
air electrodes deposited on both sides of the electrolyte substrate;
we can induce fuel cell and electrolysis reactions on each electrode
by applying an electric current in a certain direction. Originally,
SOECs were derived from solid oxide fuel cells (SOFCs), which
convert the chemical energy of H, into electric power. Notably,
SOEC and SOFC reactions are reverse in direction. When an
electric current is applied to the symmetric cell, one electrode is
cathodically polarized, leading to the reduction of oxygen (eqn (1))
and incorporation of O*  into the electrolyte; this reaction
corresponds to fuel cell mode operation.

1
J03(g) + 2 — O (1)

On the opposite side, the air electrode is anodically polarized
and electrons are released from the O®~, causing O, to evolve
(eqn (2)); this reaction represents electrolysis mode operation.

0" — J0s(g) + 2¢ ®)

We focused on the physical and chemical changes occurring
at the electrolysis side of symmetric cells. As an air electrode for
our model study, we selected lanthanum strontium manganite
(LSM; (Lao.gSro.2)0.0sMn0O3), which is a standard material with
well-known properties. The porous electrode was uniformly
deposited on a dense substrate, and its thickness and porosity
were estimated to be ~12 pm and ~30%, respectively
(Fig. S1(b) in the ESIY).

Cell fabrication

To fabricate symmetric cells, yttria-stabilized zirconia (YSZ)
discs were prepared by die pressing 8 mol% YSZ powder
(TZ-8Y, Tosoh Corp.) and sintering at 1500 °C for 5 h. The
diameter and thickness of the discs were ~8 and ~3 mm,

Energy Environ. Sci., 2024,17, 5410-5420 | 5411


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee00896k

Open Access Article. Published on 22 May 2024. Downloaded on 6/14/2026 10:31:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

respectively. Next, LSM ink was prepared by mixing commercial
LSM powder ((Lag gSro.2)0.0sMnO3, Fuelcellmaterials) with sol-
vent, binder, and dispersant in the desired ratio. The LSM air
electrodes were screen-printed on both sides of the YSZ disc
and sintered at 1150 °C for 3 h.

Electrochemical testing

The symmetric cells were electrochemically tested in an alu-
mina tube reactor using a Solartron 1260/1287 potentiostat and
frequency response analyzer. The two LSM electrodes served as
working and counter electrodes, and two pieces of Pt mesh were
used as current collectors. The assembly was equipped with a
reference electrode in a ring-type geometry by wrapping the Pt
wire around the outer rim of the electrolyte disc midway between
the working and counter electrodes. Dry air was supplied, and a
constant current was applied between the working and counter
electrodes at 700 °C. The voltage responses of the working and
counter electrodes were individually monitored using the refer-
ence electrode. Impedance spectra were collected before and
after constant current operation with an AC perturbation of
20 mV in the 0.1-10° Hz frequency range.

Structural and chemical analysis

The microstructure was analyzed using scanning electron
microscopy (SEM; Regulus 8230, Hitachi and Inspect F50,
ThermoFisher). The chemical compositions were quantitatively
characterized using an electron probe micro-analyzer (EPMA;
JXA-8500F, JEOL) under an electron beam at an accelerating
voltage of 20 kV and a current of 20 nA. To minimize the
electron interaction volume during EPMA analysis, we prepared
a specimen with a thickness of ~10 pm using a focused ion
beam (FIB; Ethos NX5000, Hitachi) (Fig. S2(a) in the ESIY).
High-resolution analysis was performed using a TEM (Talos
F200X, ThermoFisher) equipped with an extreme brightness
field emission gun and energy-dispersive X-ray spectrometer
(EDS; Super-X, Bruker). The maps of crystal orientation and
strain were obtained using the TEM precession electron diffrac-
tion (PED) method. Both scanning and precession were enabled
through a DigiSTAR system (NanoMEGAS) installed in a TEM
(Tecnai F20 G2, ThermoFisher) operated at 200 keV, and data
were acquired and processed using the ASTAR and Topspin
software. The precession angle of the electron beam was 1.4°,
and the scanning step size was set to 5 nm with 10 precessions
per frame. The diffraction pattern at each step was recorded by
an external high-speed camera and indexed automatically to
the calculated diffraction pattern for a cubic YSZ structure
of CaF, type, with space group Fm3m (a = 5.142 A).>*** PED
is a specialized technique for collecting electron diffraction
patterns in a TEM by rotating a tilted incident electron beam
around the microscope’s central axis. As it has minimal
dynamic scattering, PED is widely used to determine crystal
structures®® by precisely mapping grain orientation and phase
as well as measuring strain.”’”2° The analysis processes are
briefly illustrated in Fig. S3 in the ESI.} A thin lamella for cross-
sectional TEM analysis was prepared using the same FIB
equipped with an Ar ion gun for fine milling at the final step.
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Electron diffraction patterns were simulated using the free,
open-source, multipurpose crystallographic software ReciPro°
and obtained using kinematic scattering approximation with
the specimen thickness set to 50 nm.

Computational details

The DFT calculations were performed using the Vienna Ab initio
Simulation Package®'** within the projector augmented wave
scheme considering the spin polarization. The valence config-
urations of each atom were treated as 4s4p®4d? (Y), 4s”4p®ad*
(Zr), and 2s*2p” (O). The Perdew-Burke-Ernzerhof generalized
gradient approximation®® was used for the exchange-correla-
tion functionals. The plane-wave cutoff energy was set to
550 eV, and the I'-only k-point mesh** of the Brillouin zone was
applied for all bulk YSZ models (Y-doped 32ZrO,). The adopted
convergence criteria of the electronic and ionic energies were 10™°
eV and 0.01 eV A™*, respectively. The stoichiometric YSZ model
was constructed according to the following rules:*>® (i) the Y-O-
Y pair is stably located in the YSZ lattice, (ii) the Y atom is located
in the next-nearest-neighbor sites to the oxygen vacancy (Vo), and
(iii) Vo and interstitial oxygen are uniformly distributed in the
supercell to maximize the distance between V. In addition, non-
stoichiometric models were constructed by adding oxygen atoms
to the lattice oxygen sites and interstitial sites in the stoichio-
metric YSZ model. To elucidate the trends in the lattice strain
according to the oxygen composition, three YSZ models—Y,-
Zr55067, Y4Z155064, and Y,Zr,gOgo—were respectively selected to
implement the following cases: 8 mol% YSZ, YSZ with no V,, and
YSZ with excess oxygen, even at interstitial sites. The lattice
distances and unit cell volumes were extracted from X-ray diffrac-
tion (XRD) simulations (see Supplementary Notes 1 and 2 in the
ESIt for more details).

Results and discussion
Electrochemical degradation upon SOEC operation

For the electrochemical tests, we applied a constant electric current
of 1.5 A ecm™? at 700 °C and measured the cell voltage over time
(Fig. 1(a)). The voltage gradually increased for the first ~100 h and
then irregularly surged in a stepwise manner as operation contin-
ued. We stopped passing current before complete failure at
~220 h. The impedance of the cell was measured before and
after testing (Fig. 1(b)). In the Nyquist plot of impedance spectra,
the high-frequency intercept represents the Ohmic resistance,
and the width of the arc corresponds to the electrode polariza-
tion resistance. After operation, the Ohmic and polarization
resistances increased from 21.8 to 32.9 Ohm cm” and from 2.1 to
10.9 Ohm cm?, respectively. These simultaneous increases indicate
that both the current passage and electrode reaction were signifi-
cantly interrupted during SOEC operation. Fig. 1(c) shows a cross-
sectional secondary electron (SE) image of the air electrode
recorded after testing using SEM. Although the electrochemical
performance substantially degraded, no noticeable changes
appeared in the electrode at this scale. Through TEM analysis
(Fig. 1(d)(f)), however, we detected small-scale local changes

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Electrochemical tests of symmetric cells. (a) Cell voltage as a function of time measured at a constant current density of 1.5 A cm~2 at 700 °C. (b)
Nyquist plot of the symmetric cell impedance spectra measured before and after long-term testing. (c) SEM image of the air electrode after the SOEC
test. (d) HAADF-STEM image of the interfacial region. (e) and (f) Magnified HAAFD-STEM images showing nanopores at the () LSM-YSZ interface (blue
square, Fig. 1(d)) and (f) grain boundary within the YSZ electrolyte (red square, Fig. 1(d)).

occurring in the initial stages of delamination. In the high-angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM) image (Fig. 1(d)), the porous LSM air electrode is
shown deposited on the dense YSZ electrolyte, and the LSM particle
size is estimated to be 0.5-1 pm. The elemental map (Fig. $4 in the
ESIt) recorded using an EDS confirms that the constitutional
elements of LSM and YSZ were homogeneously distributed without
significant chemical interactions or interdiffusion at the electrode-
electrolyte interface. Although no macroscale delamination appears
in Fig. 1(d), the higher magnification images (Fig. 1(e) and (f))
reveal nanometer-scale defects at two different locations. In
Fig. 1(e), multiple nanopores with sizes of tens of nanometers are
closely aligned along the two-phase boundary between LSM and YSZ
(blue square, Fig. 1(d)). In Fig. 1(f), similar nanopores are observed
along the grain boundaries within the YSZ electrolyte near the
interface (red square, Fig. 1(d)), implying that the aligned nanopores
at the boundary between grains I and II formed the ¢rans-granular
microcracks in grain III. Cracks have been commonly observed at
these two locations in delaminated cells,'®'*"**3%% but their
fundamental cause has not been understood. The predominant
hypothesis thus far has been gas pressure build-up resulting from
0, generation, which is the most intuitive explanation considering
SOEC operating principles, but such pressure-driven fracture would
occur instantaneously. In contrast, our TEM analysis in Fig. 1(d) and
(f) indicates that delamination is a gradual process associated with
the formation of multiple nanopores.

Crystal structure changes caused by the annihilation of oxygen
vacancies

To understand the fundamental cause of nanopore formation,
we first examined the local elemental compositions in the YSZ

This journal is © The Royal Society of Chemistry 2024

electrolyte near the electrode interface through a point-by-point
analysis using an EPMA. In the SE image of the analyzed region
(Fig. 2(a)), the linear composition profiles of Y, Zr, and O were
obtained along the dots within ~10 pm of the interface. To
ensure the reliability of our data, we performed line scan along
five distinct lines, as shown in Fig. S2 in the ESL{ The
experimentally quantified compositions and corresponding
chemical formulas are summarized in Table 1. The composi-
tion in the bulk was estimated to be Y 165Zr¢.53501.063, Which
is close to the theoretical composition of 8 mol% YSZ
(Yo.13Zro.8801.04), verifying the quantitative reliability of the
EPMA. On the one hand, in the concentration line profile, the
oxygen content was constant in the bulk area but abruptly
increased within ~3 um of the interface, as clearly shown in
the concentration ratio plot as well. On the other hand, the
cation ratio (Y/(Y + Zr)) did not significantly change over the
measured depth. These results suggest that 0>~ can accumu-
late in the interfacial region when the influx of O°~ is faster
than O, evolution. The composition at the interface was mea-
sured to be Yy 157Zr0.84205.592, indicating that the oxygen con-
tent exceeded that of stoichiometric ZrO,.

We confirmed the increase in oxygen content and consistent
cation concentration ratio in a narrower interfacial region of
the ~3.5 pm range using STEM-EDS with a higher spatial
resolution (Fig. S5 in the ESIt). The accumulation of oxygen
ions caused by electrolysis operation was further confirmed by
EPMA analysis of the un-operated cell in Fig. S6 in the ESL¥
Specifically, the oxygen content does not vary within the
electrolyte for the un-operated cell, indicating that oxygen
accumulates during the electrolysis operation. In addition,
the cathodically polarized electrode, where oxygen reduction

Energy Environ. Sci., 2024, 17, 5410-5420 | 5413
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Fig. 2 Compositional and structural changes in YSZ at the electrode—electrolyte interface. (a) SE image of YSZ electrolyte at the interfacial region
showing the EPMA analysis points from bulk region “B” to interface “I.” The profiles beneath present the concentration ratios obtained by EPMA and the
ratios of oxygen or yttrium relative to the sum of cations. (b) BF TEM image of the interface and corresponding strain maps obtained along the horizontal
((200)) and vertical ((022)) directions. (c) BF TEM image used for selected area diffraction analysis and SADPs obtained from the unstrained bulk region

marked “U” and the highly strained interface region marked "S".

Table 1 Chemical formulas and concentrations of YSZ electrolyte at points “B” and “I" in Fig. 2(c). The experimental values were quantified by EPMA
analysis. The theoretical values were obtained for 8 mol% YSZ with a chemical composition of 0.08 (Y,03)-0.92(ZrO,)

Theoretical

Experimental

8 mol% YSZ (0.08(Y,05) 0.92(Zr0,))

Bulk (B) Near the interface (I)

Formula Yo.148ZT0.85201.926
Composition (at%) Y 5.06

Zr 29.12

o 65.82

reaction occurred, was free of defects (Fig. S7 in the ESIY),
confirming that the interfacial defects were caused by the anodic
polarization in electrolysis reaction. Then, we performed a TEM-
PED analysis to investigate the effect of the increased oxygen
content on the crystal structure of YSZ after electrolysis opera-
tion. The bright-field (BF) TEM image (Fig. 2(b)) shows the strain
distribution map obtained using the PED method. The TEM
sample was tilted to align the (011) plane of the YSZ grain
perpendicular to the electron beam direction, and the strain
distribution was mapped along the (200) and (022) directions.
The inset diffraction patterns at the bottom left of the strain
maps show the strain directions. The unit cell information taken
from the bulk region was used as a reference to calculate the
strain, and the strain map was constructed by comparing
individual strained diffraction patterns at each pixel with the

5414 | Energy Environ. Sci., 2024, 17, 5410-5420

Yo.165Z10.83501.968 Yo0.157Z%0.84202.5902

5.55 4.39
28.16 23.45
66.28 72.16

reference. Near the interface, a large compressive (blue) strain of
1.1% was measured along the (200) direction, while strain was
negligible along the (022) direction, indicating anisotropic lat-
tice contraction. Such anisotropic lattice strain is related to
changes in the crystal structure, as evidenced by the selected
area diffraction patterns (SADPs; Fig. 2(c)). The SADPs of the
[011] axis obtained from the intrinsic crystal structure of 8 mol%
YSZ (Fig. S8 in the ESIt) and unstrained region in the bulk
area (marked “U” in Fig. 2(c)) exhibit lattice ordering on the
(100) and (011) planes. Specifically, the little extra spots are
observed between the transmitted beam and the main diffrac-
tion spots in “U”, and their regular, repeating arrangement
indicates ordered crystal structure.** In contrast, these ordered
spots disappear in the highly strained region near the interface
(marked “S” in Fig. 2(c)), manifesting the change of crystal

This journal is © The Royal Society of Chemistry 2024
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structure. Considering that positions U and S are in a single
grain, it is clear that within an extremely narrow range near the
interface, the strain caused by excess oxygen is correlated with
the order-disorder transition of the YSZ crystal structure. In
addition, the ordered structure was consistently observed in the
interfacial region for the pristine cell (Fig. S8 in the ESIY),
confirming that SOEC operation causes the order-disorder
transition.

Theoretical interpretation of crystal structure changes by DFT

We performed DFT calculations to elucidate the intrinsic
relationship between the excess O*” and crystal structure
changes. First, an atomic model of YSZ was developed based
on the TEM analysis of the crystal structure. In general, 8 mol%
YSZ is known to have a fluorite structure with a space group of
Fm3m,***>* and the order-disorder transition of YSZ observed
in Fig. 2(c) can be attributed to a structural transition from
pyrochlore to fluorite.**™® The primary difference between
these two crystal structures is the arrangement of V,, which
displaces cations. However, the SADP obtained from the unde-
formed YSZ (Fig. 2(c)) did not match with either the fluorite or
pyrochlore structure.®® Thus, we developed a structure for
Y,Zr,506,, which we expanded to a 2 x 2 x 2 supercell structure
(Fig. 3(a)), to simulate the composition closest to 8 mol% YSZ,
which was theoretically expected and also experimentally con-
firmed (Table 1). The ‘“Computational details” section in the
Methods describes the rules employed for the atomic positions
in the DFT calculations. The Y-O-Y pairs in the cubic cell have
(111) ordering and were placed as far apart from each other as
possible under periodic boundary conditions. For charge neu-
trality, a single Vo was intrinsically applied per two yttrium
atoms in stoichiometric YSZ; the Vo were placed at the second-
nearest-neighbor sites rather than the first-nearest sites. In the
YSZ models, the oxygen composition was varied from 1.938
(stoichiometric) to 2.0 (non-stoichiometric) (Fig. 3(b)). The
lowest value was set at 1.938 based on the EPMA composition
analysis results (Table 1), whereas the highest value was limited
to 2.0 because the DFT calculations found the oxygen inter-
stitial in the YSZ lattice to be unfeasible, as explained in detail
in Fig. S9 and Supplementary Notes 1 and 2 in the ESL.{ The low
and high values represent pristine 8 mol% YSZ and YSZ with
fully occupied Vo, respectively. The simulated electron diffrac-
tion patterns of the atomic models shown (Fig. 3(c)) matched
well with the experimental results (Fig. 2(c)), validating that our
atomic models successfully represented the experimentally
identified YSZ structures in both the bulk and interfacial
regions.

The lattice distances and unit cell volumes, extracted from
the XRD simulations, are summarized in Fig. S9(b) in the ESL.¥
The calculation results indicate that the occupation of V, in the
YSZ lattice decreases the unit cell distance in a certain direction
(Fig. 3(b)). Specifically, lattice strain in the [100] direction is
dominant at —0.017, whereas it is negligible in the other two
directions at only —0.002, which is consistent with the aniso-
tropic lattice deformation discovered by the PED analysis
(Fig. 2(b)). A lattice strain as much as 0.017 above the yield

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 DFT calculations based on the simulated YSZ model. (a) Sublattice
components of the supercell model of simulated YSZ unit cells. (b)
Simulated YSZ models and unit-cell parameters along (100) calculated
by DFT: (left) stoichiometric 8 mol% YSZ and (right) YSZ with completely
filled oxygen vacancies. (c) Simulated electron diffraction patterns of
YSZ models.

stress of YSZ***® can readily cause plastic deformation, as
evidenced by dislocations and discussed in the following
section.

Defect formation caused by the injection of excess oxygen ions

According to the EPMA analysis (Fig. 2(a)), the oxygen content
of YSZ at the electrode-electrolyte interface far exceeded that of
stoichiometric ZrO,. Energetically, however, interstitial oxygen
is unlikely to form in the YSZ lattice (Fig. S9 and Supplementary
Notes 1 and 2 in the ESIY), suggesting that further structural
changes are needed to accommodate excess O*~ at defects.
Indeed, the BF TEM image in Fig. 4(a) shows that dislocations
formed in the strained interfacial area. Clear images of dis-
locations were acquired by tilting slightly away from the zone
axis, corresponding to a diffraction condition with maximum
contrast. These dislocations indicate that local plastic deforma-
tion occurred because of the lattice strain induced by excess
O at the interface. Thus, the dislocation distribution profile
directly suggests where the O~ predominantly accumulated.
In Fig. 4(a), dislocations are densely populated mostly at the
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YSZ free surface and YSZ-LSM adjoining boundaries in YSZ
side, forming into semicircular region, whereas dislocations are
nearly absent at the triple-phase boundary (TPB) points. During
SOEC operation, O>~ migrate toward the air electrode over the
entire electrolyte area and are released in the form of O, at the
TPBs, where 0”7, electrons, and gas can simultaneously contact
each other (Fig. 4(b)). If the O*" influx is faster than the O,
evolution, O®~ selectively accumulate in regions where oxygen
cannot be released, thereby creating bottlenecks near the TPBs.
At the LSM-YSZ boundaries, oxygen ions accumulate at the YSZ
side because LSM cannot accommodate the large amount of
extra oxygen ions into the lattice. Specifically, LSM is a pre-
dominantly electronic conductor with negligible oxygen ion
conductivity, and exhibits the minimal variation of oxygen
stoichiometry in a wide pO, range.”*> Therefore, during the
SOEC operation, the large amount of oxygen ions migrates
towards LSM air electrode, and the fraction of oxygen ions
incorporated into LSM lattice is considered to be insignificant.
Instead, the large portion of oxygen ions accumulate within YSZ
electrolyte at the interface, causing the alteration of crystal
structure and the creation of defects. Because the incorporation

f

Fig. 4

View Article Online
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of excess oxygen ions in the bulk lattice of cubic YSZ is
limited,”®>” the influx of the large amount of oxygen ions
would form dislocations and grain boundaries that can act as
the sink or source of charged point defects.>®

The semicircular dislocation distribution in Fig. 4(a) reveals
interfacial regions that are especially vulnerable to delamina-
tion. In addition, dislocations in the electrolyte may be a major
source of performance degradation because positively charged
dislocations could trap negatively charged O*~ and impede
their transport.>™**

Another distinct feature caused by the injection of O~ is
that the YSZ grains segment into nanometer-scale subgrains. In
the BF TEM image in Fig. 4(c), a fine-grained polycrystalline
structure is observed near the interface. The original grain size
of the YSZ electrolyte was estimated to be ~8 pm, but it
collapsed into small, misoriented subgrains with a size of
~100 nm. To spatially visualize the degree of polygonization,
we constructed a grain orientation map using PED (Fig. 4(d)),
the process for which is shown in Fig. S3(b) in the ESL.¥ The YSZ
grain was tilted to align the (011) plane normal to the precessed
electron beam. In the orientation map, the color varies only in

—O— Line 2

0123465673891
Misorientation (°)

Interfacial defects formed by the injection of excess oxygen ions. (a) BF TEM image showing the dislocation profile in the interfacial region. (b)

Schematic illustration of the air electrode reaction and oxygen accumulation at the electrode—electrolyte interface. (c) BF TEM image of fine-grained
polycrystalline structure. (d) PED crystal orientation from the red dashed box in the BF TEM image above; the color triangle (inset) presents the crystal
orientation, and the (011) plane of the YSZ grain is aligned normal to the electron beam direction. (e) Line profiles of misorientation angles from the bulk

toward the interface along lines 1 and 2 in (d).
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the interfacial region, indicating changes in the crystalline
orientation. The grain refinement mostly appears in the highly
strained regions, which coincides with the dislocation profile in
Fig. 4(a). Fig. 4(e) shows the misorientation angles, which were
quantitatively measured along lines 1 and 2 in Fig. 4(d). The
total misorientation angles crossing a few grains from the bulk
region to the interface were only 8.5° and 4° at most. These
small misorientation angles and indistinct boundaries suggest
that subgrain boundaries were formed through dislocation
build-up and re-alignment, ie., polygonization®>®* (see addi-
tional TEM results in Fig. S10 in the ESIt). Such polygonization
in YSZ has been also been observed to be caused by irradiation
damage.®>®® To the best of our knowledge, however, we are the
first to report the formation and rearrangement of the subgrain
structure in the YSZ electrolyte during SOEC operation, which
is attributed to oxygen-accumulation-induced strain.

Mechanism of interfacial degradation during SOEC operation

The microstructural changes at the electrode-electrolyte interface
in the early stages of delamination unveil critical information for
understanding not only the origin but the entire process of
delamination. Fig. 5 illustrates the sequence of degradation steps
at the interface. During SOEC operation, O>  accumulate at
specific locations where O, cannot evolve when the influx of
0> is faster than the O° consumption at the TPBs. This
accumulation causes various alterations in the physical and
chemical properties that degrade electrochemical performance,
even before complete delamination. The annihilation of oxygen
vacancies leads to an order-disorder transition in the YSZ unit cell
structure, which results in anisotropic lattice strain. As compres-
sive strain at the interface decreases the interfacial ionic
conduction,**”7° more 0> are necessarily injected, thereby
generating interfacial defects, such as dislocations and segmented
subgrains, to accommodate the excess O°~. Based on the SADP
analysis in Fig. S11 and Supplementary Note 3 in the ESIf the
change of the lattice parameter of LSM is negligible after SOEC
operation, indicating that the majority of oxygen ions accumulate
within YSZ electrolyte rather than being incorporated in LSM
lattice. Dislocations and subgrain boundaries with higher con-
centrations of O®~ serve as initiation sites for further nanopore
formation, which interferes with O~ transport and the electrode
reaction. Eventually, these pores connect, leading to cracks and
delamination. The evolution of multiple nanopores into cracks is
further supported by the TEM analysis of the cell operated at
higher current density. When the cell was operated at a higher
current density of 3.6 A cm™?, the voltage rapidly increased within
25 min (Fig. S12 in the ESIt), and TEM analysis in Fig. S13 in the
ESIT revealed the lateral cracks and delamination resulting from
the connection of multiple nanopores. Our experimental and
theoretical investigations thus clarify the fundamental cause of
two major types of cracks—one at the electrode-electrolyte inter-
face and the other at the grain boundaries within the electro-
lyte—which have been frequently observed but not clearly
explained. In particular, the interfacial accumulation of O*~ was
identified as the fundamental cause of delamination; thus, the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic illustration of degradation process at the electrode—
electrolyte interface; formation of nanopores and local lattice strain
inducing dislocation and subgrain defects.

balance between the influx of 0>~ and the evolution of O, is the
key to preventing interfacial degradation.

Our findings provide novel perspectives on the delamination
phenomena. In previous studies, degradation was frequently
attributed to the gas pressure build-up resulting from the low
releasing rate of oxygen gas.'®'”"'*?° Such hypothesis was made
simply based on the fact that oxygen gas is generated at the air
electrode, and no solid evidence has been provided yet. In this
research, we obtained the direct evidences of oxygen accumula-
tion, crystal structure change, dislocation formation and
grain segmentation at the interface that eventually causes
crack formation. The presence of an interfacial insulating
phase, La,Zr,0,, which is formed by the chemical reaction
between LSM and YSZ, was also suggested as the main cause of
delamination.>! The degree of La,Zr,0, formation depends on
processing conditions, and it was absent in our cells, as seen
in TEM-EDS analysis in Fig. S4 in the ESLt Therefore, the
formation of insulating phase is not a direct cause of delamina-
tion, although its presence can accelerate delamination by
impeding oxygen transport. The disintegration of LSM into
nanoparticles at the interface was also suggested as delamina-
tion mechanism.>> We observed the formation of nanopores
along the interface between LSM and YSZ in Fig. 1(e), and a
further progress of nanopore formation would lead to the
complete delamination with LSM nanoparticles remaining on
the surface. Therefore, the disintegration of LSM observed in
the previous studies is considered as one of the results of defect
generation reported in this paper rather than the cause of
delamination. These findings suggest that the key to resolve
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the delamination is to prevent the accumulation of oxygen ions
at the interface. One of the potential solutions could be to use
electrode materials that can accommodate larger amount of
oxygen ions. To validate this hypothesis, we replaced LSM with
the Ruddlesden-Popper material, La,NiO,.s, which has a high
capacity for interstitial oxygen ions. We constructed full cells
using a Ni-YSZ fuel electrode, YSZ electrolyte, and either LSM
or La,NiO,,; as the air electrode. We used the processing
techniques reported in our previous work for the fabrication
of the cell with La,NiO,, s as the air electrode.”* As illustrated in
Fig. S14 (ESIY), the cell with the LSM air electrode failed in 40 h
at a current density of 0.5 A cm™>, whereas the cell with the
La,NiO,,; air electrode operated stably up to 1.1 A cm ™2 with
the cell voltage up to 1.6 V. This finding serves as preliminary
experimental evidence supporting our hypothesis, and we will
report more systematic experiments and detailed analyses on
cells with various air electrodes, assessing different oxygen
accommodation capacities, in our upcoming paper.

Currently, mixed ionic- and electronic-conducting (MIEC)
electrode materials, such as (La,Sr)(Co,Fe)O;_s (LSCF), are
widely used. While structural changes predominantly occur in
the YSZ electrolyte at the interface in this study owing to limited
oxygen ionic conductivity in LSM, for MIECs, a portion of the
incoming oxygen ions will enter the air electrode, resulting in
less accumulation within the electrolyte. However, these oxygen
ions in the MIEC electrode will alter oxygen stoichiometry and
induce chemical stress, potentially leading to delamination, as
reported in previous studies.”>”® Enhancing the oxygen evolu-
tion reaction was found to be effective in mitigating this
delamination.”* The physical and chemical state of the elec-
trode-electrolyte interface is more complex for MIEC electrodes
compared to LSM electrodes, primarily due to the involvement
of more elements and increased interdiffusion. This work lays
the groundwork for a clearer understanding of the delamina-
tion phenomena in state-of-the-art MIEC electrodes.

Conclusions

The mechanism underlying air electrode delamination has long
been questioned, and the various hypotheses that have been
proposed to explain it thus far have lacked solid evidence. In
this study, we clarified various physical and chemical altera-
tions at the electrode-electrolyte interface using cutting-edge
electron microscopy techniques and identified vulnerable loca-
tions by directly visualizing the crystal structures and defects.
This comprehensive understanding will provide rational guide-
lines for future research. Although more O®~ tended to accumu-
late with increasing operating current density, high-current
operation is desirable from an economic perspective. Therefore,
further research is required to prevent oxygen accumulation at
these two susceptible spots, the electrolyte surface, and the
electrolyte-electrode interface when operating at a high current.
The knowledge obtained in this research could be exploited to
understand delamination mechanisms of various state-of-the-art
electrode materials with more complicated interfaces, which
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would establish rational strategies for reforming the interfacial
properties and resolving this critical issue in SOEC development.
Our findings can be further supported by in situ/operando TEM
analysis that visualizes the real-time progress of delamination.
However, in situ/operando analysis of SOEC delamination phe-
nomena is extremely challenging because at least three stimuli
(electric potential, reactive gases and high temperature) should be
simultaneously applied on the complex multi-layered samples.
We will report in situ/operando TEM results and further clarify the
origin and sequence of delamination in our following paper.
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