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Rapid deactivation presently limits a wide spread use of high-temperature solid
oxide cells (SOCs) as otherwise highly efficient chemical energy converters.
With deactivation triggered by the ongoing conversion reactions, an atomic-
scale understanding of the active triple-phase boundary between electrolyte,
electrode, and gas phase is essential to increase cell performance. Here, a
multi-method approach is used comprising transmission electron microscopy
and first-principles calculations and molecular simulations to untangle the
atomic arrangement of the prototypical SOC interface between a lanthanum
strontium manganite (LSM) anode and a yttria-stabilized zirconia (YSZ)
electrolyte in the as-prepared state after sintering. An interlayer of self-limited
width with partial amorphization and strong compositional gradient is
identified, thus exhibiting the characteristics of a complexion that is stabilized
by the confinement between two bulk phases. This offers a new perspective to
understand the function of SOCs at the atomic scale. Moreover, it opens up a

at the same time, providing mid- to long-
term chemical storage capability.

As shown in Figure 1a, these cells typi-
cally consist of an oxygen-ion-conducting
ceramic electrolyte such as yttria-stabilized
zirconia (YSZ, (Y,0;),(Z2r0,);,) and a
Ni/YSZ fuel electrode. A perovskite like
lanthanum strontium manganite (LSM,
(La,Sr)MnO;_y) acts as air electrode where
it is typically mixed with YSZ.13- The elec-
trolyzer cell converts electrical to chemical
energy e.g. by splitting water into H, and
0,, which can be stored. The reversed
operation in fuel cell mode enables the
back-transformation of chemical energy to
electricity by oxidizing H, with O, to form
H,0. This bifunctionality of solid oxide

hitherto unrealized design space to tune the conversion efficiency.

1. Introduction

The intermittent output of renewable energy sources such as
wind or solar power requires an efficient way for the mid-term
storage of excess electrical energy. Solid oxide fuel and elec-
trolysis cells (SOFCs, SOECs) offer the prospect of high perfor-
mance devices,["? reaching more than 80% efficiency,! while,

cells is depicted in Figure la. The key to
the high efficiency of these cells is the ele-
vated operation temperature, which typi-
cally exceeds 1000 K. However, commercial
operation is not yet practical as the cells suffer from degradation
even under steady state conditions.! This needs to be mitigated
to render a widespread adoption of SOECs and SOFCs feasible
and overcome intermittent power availability”l Predominant
degradation occurs at the anode of the electrolyzer cells, where
the oxygen evolution reaction (OER) shows a higher kinetic lim-
itation compared to the processes taking place at the cathode.’®*!
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Figure 1. a) Schematic representation of the bifunctionality of solid oxide
cells. The reaction pathways for fuel cell (red) and electrolysis operation
mode (blue) are indicated by different colors. Unit cells of b) 10YSZ
(YSZ with 10mol% Y,03, (Y;03)01(ZrO2)0s) and c) LSM25 (LSM with
25at% of Sr in the cuboctahedral A site of the general ABO; perovskite,
Lag75Sro.2sMn0O;3) for one probable doping distribution, relaxed using
density functional theory (DFT). The deviations from the experimentally
used concentrations are necessary to obtain cell sizes suitable for DFT.
The elements are labelled by color and atomic-radii-dependent spheres as
defined in the legend. Polyhedra were added to each structure indicating
coordination environments.

For a purely electron-conducting air electrode such as LSM,
the triple phase boundary (TPB) between YSZ, gas phase and
LSM is considered to be the active site.!l In this assembly, YSZ
provides O?~, whereas the formed molecular oxygen will escape
to the gas phase and LSM is used for current collection. Thus,
an understanding of the degradation processes can be achieved
by investigating the morphological and chemical changes of the
TPB, such as reduction of the number of TPBs by delamina-
tion, or chemical reactions at the electrolyte/electrode interface.

Multiple studies have investigated the macroscopic proper-
ties of the YSZ/LSM interface, focusing on the influence of the
preparation method, oxygen content, polarization and aging
on resistance,”" reaction kinetics'” and the formation of
inactive pyrochlore layers.'>™ On the mesoscale, the forma-
tion of micropores and ring-shaped contact craters of YSZ and
long range Mn and La segregation have been described.>8!
However, when considering the atomic scale, published works
discuss controversially the nature of the interface. Backhaus-
Ricoult et al. proposed the formation of a solid solution on the
zirconia side,®2! and Chen et al. reported nano precipitates
as well as an amorphous film at the LSM/YSZ grain boundary
after operation.?”l He et al., on the other hand, described a
semi-coherent interface between YSZ and LSM with neither an
amorphous phase nor a solid solution and the formation of an
”intimate interface”.['8 The clarification of the interfacial nano-
structure is essential to answer many questions that are crucial
for the overall cell performance concerning interfacial properties,
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microstructure and stability.?*] A lack of theoretical support for

a comprehensive structural analysis has rendered the detailed
structure at the interface of YSZ with an LSM grain underneath
the TPB, and even more so the TPB’s structure itself, elusive.
Density functional theory (DFT) investigations of this complex
interface, for instance, are rare and focus on defect formation as
well as doping of perfect crystals and surfaces.? The assump-
tion of an idealized, atomically thin, truly two-dimensional (2D)
interface region makes the TPB a one-dimensional line with
minimal active surface. Additionally, the transport of oxygen ions
from YSZ to the catalytically active LSM, as well as the elemen-
tary steps of the reaction at the TPB, including oxygen exchange
with the gas phase, remain unclear when considering neigh-
boring pure LSM and YSZ phases with bulk properties.*>~*/]
From detailed studies of intergranular interface regions in
alloys and functional ceramic materials, a more diverse picture
has emerged over the last decade, which comprises a variety of
interface types. These range systematically from single layer,
highly ordered interfaces, via double, triple, and multiple layer
types with high residual order to fully disordered intergranular
films (IGF) with a truly amorphous interphase between neigh-
boring grains. The interfacial structural types in this classifica-
tion system have been termed complexions.l?#-32l Complexions
are not stable as a bulk three-dimensional (3D) phase. They can
exist, though, as thermodynamically stable, quasi 2D interfacial
structures of finite, self-limiting width between adjacent bulk
phases and exhibit reproducibly distinct physical and chemical
properties. A surface cutting through a YSZ || complexion || LSM
region or evolving like a spandrel from such an underlying com-
plexion could present a TPB of finite width with mixed ionic/
electronic conductivity (MIEC), explaining the propensity for
oxygen exchange with the gas phase.

In the first part of this study, we use transmission electron
microscopy (TEM) on the experimental side, and DFT on the
theoretical side to characterize the structural properties of the
SOEC anode material and electrolyte at the nano and atomic
scale. For this purpose, an as-prepared half cell consisting of
an LSM + YSZ air electrode, which reflects the anode of the
electrolyzer, on top of an 8YSZ (ZrO, with 8mol% Y,03) elec-
trolyte is investigated after sintering in air at 1423 K for 1 h. As
current collector, pure LSM20 ((LaggSrj,)0.0sMn0O;_g) is used.
The results are interpreted with the aid of DFT calculations,
allowing to establish a detailed picture of the electronic struc-
ture and state of the materials (see Figure 1b,c for the cubic
crystal structures as obtained by theory). Based on the under-
standing gained from the material characterization, the inter-
face of LSM and YSZ is examined in the final part using energy-
dispersive X-ray spectroscopy (EDX), giving insights into the
composition of the active phase, supported by force-field-based
MC simulations. These, together with high-resolution scanning
TEM (HR-STEM), are used to elucidate the structural configu-
ration of the formed complexion at the atomic level.

2. Results and Discussion

2.1. Crystallography of LSM

As evidenced by Xray diffraction (XRD) data shown in
Figures S1 and S2, Supporting Information, LSM crystallizes in
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Figure 2. Bulk HAADF (a) and ABF (b) HR-STEM images of LSM in c[001]
zone axis (corresponding to rh[241]). The crystal structures of rhombo-
hedral (left) and cubic (right) perovskites are overlaid on the images
(La: orange, Mn: yellow, O: red), see Figure S3, Supporting Information.
Experimental average over 1034 frames in a 14 nm X 14 nm region by
template matching (d, g) in comparison to simulated images for the
rhombohedral (c, f) and cubic (e, h) perovskite. i) The experimental line
profile (in c[100] direction across the Mn sites) of the ABF-STEM image
agrees very well with the simulated intensity based on the rhombohedral
structure. The dip due to the O atoms (black arrows), which is visible in
the cubic case only, cannot be observed.

the rhombohedral perovskite structure (ABO3) at room tempera-
ture. However, under operation conditions (i.e., 1000-1200 K),
this structure has been shown to become pseudocubic,i3334
and at the typical sintering temperature of around 1400 K, a
fully cubic perovskite is formed.[> The rhombohedral structure
can be conceived as a distorted cubic lattice where the [BOg]
octahedra are tilted around the threefold rotation axis.*®l This
results in a displacement of the oxygen sites while the positions
of the cations are unaffected. The structure is further analyzed
in Figure 2. In the rhombohedral rh[241] viewing direction,
which is equivalent to ¢[001] for the cubic perovskite, the oxygen
atoms between the La sites split from single columns into two
distinct locations. This is indicated by the red oxygen atoms in
the structural insets of Figure 2a,b (left inset: rthombohedral,
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right inset: cubic), as well as in Figure S3, Supporting Infor-
mation in more detail. However, while the raw high-angle
annular dark field STEM (HAADF-STEM) and annular bright
field STEM (ABF-STEM) images in Figure 2a,b (most intense
atoms: La, less intense: Mn), respectively, are generally adequate
for investigating potential cation displacements and distortions,
they exhibit an insufficient signal-to-noise ratio for determining
the positions of the O sites. Thus, an average over 1034 unit
cells within each image (14 nm X 14 nm) was formed by tem-
plate matching and rigid registration (see Figure S4, Supporting
Information for more details). The results of this procedure are
given in Figure 2d (HAADF-STEM) and Figure 2g (ABF-STEM).
For comparison, simulated STEM images with matching beam
and microscope aberration parameters (see the Methods sec-
tion) are displayed in Figure 2c,f (thombohedral), as well as
Figure 2e,h (cubic). The cubic ABF-STEM image simulation
(Figure 2h) hints at some contrast stemming from the O col-
umns (black arrow), which is not the case for the rhombohe-
dral ABF-STEM image (Figure 2f). The experimental average in
Figure 2g resembles more the rhombohedral simulation com-
pared to the cubic simulation. This is corroborated by the hori-
zontal line scans along the [100] direction through the Mn sites
in Figure 2i. Whereas the cubic case (green line) shows a clear
dip at the expected positions of the O atoms (marked by arrows),
the rhombohedral simulation (blue) and the experimental inten-
sity profile (orange shaded region) do not. This points towards a
rhombohedral rather than a cubic structure for LSM. Although
this averaging procedure might hide local contributions of
single cubic unit cells inside a matrix of rhombohedral cells,
this approach serves as a good way of determining the crystallo-
graphic phase on the nanometer scale from HR-STEM images.
For instance, it has been reported that oxygen vacancies, which
might be formed during OER operation, stabilize cubic phases
of perovskites.l’”) Thus, while the resulting local crystallographic
deviations would not be visible in bulk XRD data, the HR-STEM
unit cell averaging approach would excel.

2.2. The YSZ/LSM Interface

The electrolyte/electrode interface constitutes an integral part
within SOECs and SOFCs and its composition may influence
the structure at the adjacent TPB and thus the performance.
An in-depth view on the elemental spread across the YSZ/LSM
interface is therefore crucial. In the following, the focus is put
on the YSZ/LSM interface of a sintered SOEC before opera-
tion, which was investigated by a combined approach involving
EDX, MC and HR-STEM.

2.2.1. Inter-Diffusion at the YSZ/LSM Interface

Figure 3a displays an overview HAADF-STEM image recorded
on a cross-sectional lamella of the electrolyte/electrode inter-
face, prepared by a focused ion beam (FIB) inside an SEM.
Simultaneously to the HAADF-STEM image, an EDX spec-
trum image was acquired. The elemental Mn and Zr distribu-
tions (based on the Mn-K and Zr-K line intensities) are shown
in Figure 3b. The EDX maps at low magnification clearly

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

c LSM
—— Y87

Intensity

Energy [keV]

Figure 3. Morphology and elemental distribution in the screen-printed
half cell after sintering (before operation). a) HAADF-STEM image of the
interface between the 8YSZ electrolyte and the LSM + 8YSZ air electrode.
b) Overlaid Mn-K and Zr-K intensity maps (EDX) from the region shown
in (a). c) EDX spectra sampled from YSZ and LSM regions.

show well separated phases in the size range of approximately
0.5-1 um, which are highlighted by the blue (Zr) and yellow
(Mn) colors in Figure 3b. The respective spectra for the Zr-rich
and Mn-rich phases are displayed in Figure 3c using the same
color code as in the elemental distribution map in Figure 3b.
The EDX spectra show signals of all expected elements that are
present in LSM and YSZ. Intensity that stems from the Cu-L
line arises from the copper lift-out grid on which the lamella is
mounted. The Ga-L line is an artifact that stems from the FIB
sample preparation.

The results from a high magnification EDX study are
provided by Figure 4: Figure 4a shows a dark field STEM
(DF-STEM) electron micrograph in which the LSM phase is on
top of YSZ (see Figures S11 and S12, Supporting Information).
The latter is oriented along the [110] axis in viewing direction,
which results in Laue reflections in the Fourier plane, identified
as 111, 112, and 002 (Figure 4a, red circles in the corresponding
FFT image).1’® The elemental maps shown in Figure 4b include
La, Sr, and Mn (reddish colors) and Y and Zr (blueish colors),
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in superimposed (left) and separated (middle and right) repre-
sentation. At the grain boundary, elements from LSM intermix
with elements from YSZ and an extended compositionally
unique region (as indicated by white dashed lines and grey
arrows, Figure 4b). These experimental findings were corrobo-
rated by MC simulations (see the Methods section for details).
Values for the width of the intergranular layer derived from
experiment and simulation are presented in Figure 4c. They
agree very well except for La, which is discussed below. Further
note that, in the case of Y, the amount of doping is too small
for the size-limited simulation cell to obtain a fully reliable line
profile. Supplementary details on the EDX quantification are
presented in Figures S13 and S14, Supporting Information for
experiment and simulation, respectively.

A more detailed view on the elemental distribution across the
interface is given in Figure 4d by the corresponding elemental
line profiles: the left panel shows the EDX signal across the
interface for La, St, Mn, Y, and Zr. From these line profiles, an
average inter-diffusion width of 1.25 nm was identified, indi-
cated by grey arrows and the vertical lines. The middle panel in
Figure 4d shows the simulated results, which, with an 1.34 nm
average diffusion layer, are again qualitatively close to the experi-
mental curves. As opposed to the experiment, a broadening of
the La distribution close to the interface was observed in the sim-
ulation. This can be attributed to the high swapping probability
of La with other atoms seen in the simulations. This happens
especially often with Y (see Figure S15, Supporting Informa-
tion), which leads to a distribution of La atoms beyond the inter-
diffusion region. As the employed MC approach samples ther-
modynamic probabilities, it is likely that the diffusion of large
La cations into the regular oxygen lattice of YSZ is kinetically
hindered and thus not seen as dominantly in the experiment.

The widths given in Figure 4c are represented by o, the
standard deviation of the normal cumulative distribution func-
tion used to fit the elemental profiles. Some additional long
range diffusion of Mn into the YSZ region up to 35 nm was
observed at different LSM/YSZ interfaces (Figure S16, Sup-
porting Information), explaining the residual signal in the
experimental profile in Figure 4d. This is in agreement with
other works where Mn was shown to be prone to diffusion into
the YSZ bulk.'”! Together with the structural characterization
results in the next sections, the recurring compositional varia-
tions and matching widths at different locations (see Figure S17,
Supporting Information) indicate that this distinct interfacial
region can be classified as a complexion. Complexions are
characterized by, for example, structural and compositional gra-
dients, partial amorphization, and thermodynamic self-limita-
tion.?! The abundance of complexions found by TEM suggests
that at all YSZ/LSM interfaces in the sample, a complexion is
formed. Preliminary results of MC simulations at lower tem-
peratures further indicate that the found complexion is an equi-
librium structure, which is stable down to 300 K.

However, not all elements are present in this complexion:
a systematic shift of 0.8 nm in the Sr signal (pink line) with
respect to the other elements was found in the experimental
as well as the simulated distributions. Consequently, it is the
only element not contributing to the intergranular region,
additionally acting as proof that the observed inter-diffusion is
not the result of a sample preparation artifact since this would

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Inter-diffusion at the YSZ/LSM interface: a) DF-STEM image of YSZ/LSM interface, with YSZ oriented in a [110] zone axis (left), and corre-
sponding Fourier-transformed image with reflexes highlighted by red circles, used for determining the [110] orientation of YSZ (right). b) EDX maps of

elements as indicated by the insets, with LSM on top of YSZ. The dashed |
and simulated elemental spread across the YSZ/LSM interface. d) Experim

ines highlight the mixed LSM + YSZ inter-diffusion region. c) Experimental
ental line profiles extracted from the EDX maps in (b) (left), simulated line

profiles (middle), and comparison of fits (right) from experiment (solid) and simulation (dashed). The indicated values of 1.25 nm (experiment) and

1.34 nm (simulation) are the arithmetic mean of the values given in (c), wi

th sigma being the standard deviation of the normal distribution function.

Note the significant shift of Sr of approximately 0.8 nm with respect to all other elements.

be expected to lead to a uniform distribution of all elements.
The absence of Sr at the YSZ/LSM interface has been reported
before for a lower Sr doping.?’! However, no explanation for
this observation could be given so far. The swapping probability
as obtained by MC (compare Figure S15, Supporting Informa-
tion) unveils that Sr, the largest cation within both oxides,?”
preferentially occupies large cuboctahedral sites (A-sites in the
perovskite structure) of LSM. This suggests that, in contrast
to the perovskite, a breakdown of large-sized anion polyhedra
occurs at the inter-diffusion region, effectively forming a barrier
for Sr that leads to a not fully stochastic distribution of ions.
This is supported by a more detailed analysis of the inter-
facial region, which indeed indicates a change of the cation
coordination number in the complexion (compare Figure S18,
Supporting Information). The reason for this is presumably the
deformation of the [ZrOg] oxygen cubes in YSZ to octahedra
via a bicapped antiprism, as demonstrated in Figure S19, Sup-
porting Information. This goes hand in hand with a decrease
of the number of neighboring polyhedra for all cation environ-
ments and a change of the polyhedra connections (compare
Figures S20 and S21, Supporting Information). The structure
of the complexion is analyzed in further detail in the following.

2.2.2. Structure of the YSZ/LSM Interface

The complexion was further investigated structurally by
atomically resolved HR-STEM. The high-resolution BF-STEM
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micrograph (Figure 5a, refer to Figure S23, Supporting Infor-
mation for the corresponding HAADF-STEM image) displays
the same YSZ/LSM electrolyte/electrode grain boundary that
was investigated by STEM-EDX in Figure 4. YSZ is oriented
along the [110] zone axis, as evidenced by the diamond-shaped
distribution of Zr atoms. The corresponding projection of the
YSZ crystal structure is presented in Figure S3, Supporting
Information. The image is oriented such that the [001] axis is
horizontal and the [110] orientation points vertically towards
the interface. A more detailed analysis is given in Figure S24,
Supporting information, where the inset shows the template-
matching-assisted average of several YSZ unit cells. The anal-
ysis clearly reveals the locations of O sites and the missing
distortion of the oxygen lattice that would be characteristic for
tetragonal zirconia.3¥4% This further corroborates the cubic
structure as determined by XRD measurements (Figure Slc,
Supporting Information). LSM appears in a high-index zone
axis ([135], Figure 5a). Distinct atomic columns are absent,
but lattice fringes attributed to {310} and {211} planes can
be observed.

In Figure 5b, spatially resolved 1D Fast Fourier Transforms
(FFTs) along the [001] direction of YSZ are plotted, which
were obtained from the BF-STEM image that is presented in
Figure 5a (see Methods section for more details). While the x
axis is in Fourier space (k, sampled along the [001] direction),
the y axis of the FFT plot describes real space and is shared
with the adjacent HR-STEM image. This semi-reciprocal plot
shows strong signals in the YSZ phase (Figure 5b, bottom)

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. a) High-resolution BF-STEM image of the YSZ/LSM grain boundary with a superimposed cation density from the MC simulation (inset)
in [110] zone axis. The white dashed lines enclose the area that is considered to belong to the complexion, based on the analysis in Figure S22, Sup-
porting Information. b) Semi-reciprocal plot, that is, the spatially resolved Fourier Transform along the [001] direction (the y axis corresponds to the
real space [110] axis of the micrographs and the x axis is shared with (f). c) View of the inset of (a) at atomic scale with La (bronze), Sr (pink), Mn
(yellow), Zr (dark blue), Y (light blue), and O (red). d) Oxygen ions of the structure shown in (c). e) Cation density of the simulated interface (right,
enlarged version of the inset in (a) and one repetition to show periodicity) with cuts through LSM (left, orange), the complexion (green) and YSZ
(blue) that are orthogonal to the paper plane (and parallel to the interface plane). f) Corresponding Fourier Transform of the simulated 3D density

with a representation analogous to (b).

and weaker reflections in the LSM phase (Figure 5b, top) due
to the less resolved features owing to the high-index zone
axis. However, approaching the YSZ/LSM grain boundary, the
YSZ signals at high k values (about 6 and 8 nm™) disappear
(Figure 5b, middle, dashed white lines), and only the peaks
at 2 and 4 nm™! remain, as also evident from the line profiles
presented in Figure S22, Supporting Information. The loss of
signals at high k can be understood as the loss of high index
reflections due to reduction of long range order in the diffu-
sion layer. As low index reflections at low k remain, short range
order is still present. Thus, this points toward the formation of
a less ordered/slightly amorphous structure on the YSZ side of
the grain boundary.

Figure 5c shows the resulting grain boundary geometry
according to the MC simulations. While LSM (top) and YSZ
(bottom) both possess clear crystalline order, the diffusion layer
appears more disordered and forms a structurally and compo-
sitionally distinct region between the two materials, denoted as
complexion.?®! The loss of translational symmetry within the
complexion is also evident when observing only the oxygen ions
in the structure as they define the boundaries of the involved
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crystal structure. This is shown in Figure 5d. In order to ana-
lyze the amorphization of this layer, the corresponding cation
density is mimicked by 3D Gaussian functions, whose 2D pro-
jection is given in Figure 5e (right). Additionally, cross-sectional
cuts through the cation densities of LSM (yellow), YSZ (blue)
and the complexion (green) are shown to provide a complete
picture of the degree of crystallinity in all three dimensions.
The corresponding windowed FFT of the 3D density of the
simulated cell (f) is in good agreement with the experimental
FFT. For YSZ (Figure 5e, bottom), the position of the signals
agree with the experimental ones, although they are slightly
lower as a result of the marginally stretched cell size needed for
compliance with LSM. The peaks in the upper half of the graph
result from LSM with a [135] surface termination. However, the
LSM grain boundary orientation seems to be different from the
experiment, as the few peaks that can be spotted are shifted.
Nevertheless, the simulated FFT of the complexion qualitatively
agrees with the experiment, indicating that the LSM interface
orientation is not crucial for the characteristics of the formed
complexion. Like in the experimentally determined FFT, signals
at high k vanish at the complexion in Figure 5f, affirming that
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long range order is lost, while the signals at low k from YSZ per-
sists, which ascertains that some structure is retained for short
to medium distances. Hence, the cations of the formed com-
plexion preserve the short range structure of the YSZ phase,
which can distinctly be seen in the BF-STEM image (Figure 5a).
The loss of long range order derives from the disturbance of
the oxygen ion lattice by the doping ions Mn and La, such that,
in the complexion, many anions can be found aside defined
crystal positions. This uneven framework of the oxygen atoms
in turn causes distortion of the cation positions, leading to a
slight amorphization of the phase and the loss of large cation
sites which are typical for the perovskite-structured LSM.

2.2.3. Complexion Classification

Earlier reports did not classify this transitional region as a com-
plexion. For tetragonal 3YSZ (i.e., YSZ with 3mol% of yttria)
and LSM, the interface has previously been interpreted as a
nanometer-wide solid solution with strong lattice distortion
on the YSZ side of the interface with particular chemistry.[1%2%]
The suggested formation of solid solutions, for which Y3+, La3*
or Mn cations can be homogeneously dispersed in zirconia,
should only lead to a slight relaxation of atomic positions,
whereas the complexion observed here undergoes such a strong
deformation that crystallographic reflections are lost. This is
especially pronounced in the oxygen positions in Figure 5d.
The high degree of disorder caused by the diffusion-induced
doping and the resulting loss of long range order suggests that
this cannot be classified as a solid solution. On the other hand,
it also cannot be referred to as an interphase since, based on
the amorphization of the oxygen lattice in the inter-diffusion
layer, thermodynamic stability as an extended 3D phase without
the confining bulk phases is highly unlikely. Additionally, the
stoichiometric variations introduced by the cross-diffusion
do not satisfy the definition of the term “phase”. However, in
addition to other properties discussed in the following, partial
amorphization and compositional gradients at the interface are
characteristic features of complexions.3%31

Thus, in contrast to the previously proposed models of the
YSZ/LSM interface, the results presented here, for the first
time, reveal that considering the concept of complexion for-
mation is necessary as it does not only explain the general
structural and compositional appearance, but also the strong
variation of the chemical properties at the YSZ/LSM boundary
compared to the respective bulk phases that have also been
observed for similar interfaces.3

The investigated complexion is characterized by compo-
sitional and structural profiles which deviate from either of
the neighboring LSM and YSZ phases distinctively. Struc-
tural changes are necessitated by the fact that the anion is the
mobile species in the less rigid solid ion conductor YSZ, which
forms a contact with the robust, perovskite-structured and
electronically conducting LSM by structurally adjusting over a
finite width. The thermodynamic driving force for this might
be seen in a frustrated phase transformation where the com-
plexion resembles a kinetically trapped intermediate or pre-
cursor state on the way to the formation of the undesired pyro-
chlore La,Zr,0,, which is known to be formed if the material is
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sintered at too high temperatures.'#] Alternatively, it is also
known that LSM is less prone to pyrochlore formation than,
for example, cobalt- and iron-based perovskites,* and exhibits
a higher electrocatalytic stability than those materials.*] Both
of these properties might have their origin in the presence of
this complexion.

The width of a complexion is selflimited and dependent
on various intrinsic and extrinsic factors such as surface ori-
entation, temperature, pressure and applied potential 3148 Tt
was shown here that a complexion is formed at every investi-
gated YSZ/LSM interface during the thermal sintering process;
however, their individual thicknesses vary depending on the
local conditions. In fact, the disorder at the electrochemically
sintered interfaces seen in the high-resolution TEM images
by He et al.'”!8] may also be interpreted as a complexion, sup-
porting our conjecture that this is a pervasive phenomenon at
sintered YSZ/LSM interfaces. As evident from analysis of the
disordered region in Figure S22, Supporting Information, the
complexion observed in Figure 5 spans approximately four
atomic layers (1.47 nm), which classifies as multilayer in Dillon-
Harmer nomenclature.l?! However, in contrast to the strongly
amorphous multi-layer complexions in alumina, the retained
structural order in YSZ/LSM corresponds more to the bi- or
trilayer structures, illustrating that complexion characteristics
are also very material-specific.

In all experimentally probed sample regions, the thicknesses
of all grain boundaries are similar (compare Figure S17, Sup-
porting Information). This is in agreement with the thermo-
dynamic control of complexion formation, whereas, in the
kinetic regime of a non-self-limited layer, a significantly higher
variety of complexion thicknesses would be expected. However,
the thermodynamic stability of the complexion under reaction
conditions remains unclear as defects, such as the distortions
of the anionic lattice shown in Figure 5 can act as kinetic bar-
riers as well. On the other hand, the thermodynamical self-
limited width is also observed in the simulations (see Figure 4
and Figure S25, Supporting Information for different inter-
face terminations), where complexion growth is limited in the
approached thermodynamic minimum. Comparing the two
simulations, the sensitivity of complexion properties such as
width and degree of amorphization on the confining bulk lat-
tice orientation can also be observed.

The dependence of the form of complexions on multiple
parameters implies that their properties correlate with various
conditions that can be controlled experimentally. Knowing the
relationship between relevant complexion features and adjust-
able parameters thus allows the selective tuning of relevant
complexion properties such that a beneficial influence of the
complexion on the active phase activity can be achieved. Iden-
tifying these correlations and connecting the impact of the
complexion characteristics to the TPB under working condi-
tions requires a detailed operando study, designated to link
complexion properties to cell performance. With the aid of
theoretical models, a further link to intrinsic characteristics of
the different complexion categories such as ionic and electronic
conductivity can also be established. This ultimately compiles to
the creation of a YSZ/LSM complexion phase diagram and prop-
erty map that enables finding the optimal operation conditions
to enhance the performance and lifetime of solid oxide cells.
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Beyond the questions whether the YSZ/LSM complexion
constitutes a mixed ionic/electronic conductor that can supply
the reactive centers at the surface of the TPB with the charged
reactants from “underneath”, it is of paramount importance to
establish the structure of the living catalytic TPB surface under
operating conditions. A legitimate path would be to follow the
general assumption of surface science that the native and
active catalyst surface is derived from the underlying structure
of the bulk. In the present case, it would be expressed by the
structure of the YSZ/LSM complexion. However, for metal
oxides, it is known that the surface structure can differ substan-
tially from the underlying bulk.**->! Further modifications are
induced in the surface and sub-surface layers due to varying
chemical potentials of the gas phase species that are in contact
with the outermost layer of this complexion at elevated temper-
atures. As the electric and ionic conductivity of the complexion
remains unknown, it will be important to know how this 2D
surface termination contributes to the appearance and function
of the expected one-dimensional TPB.

These intricate new questions of structural and composi-
tional variability along two orthogonal dimensions, i.e. ver-
tical solid/gas and lateral YSZ/LSM, require spatially resolved
operando experiments. For operando TEM experiments,
atomic resolution is possible,”? although a spatially resolved
SOEC/SOFC operando investigation would require new cell
developments that allow for realistic measurements. Even so,
it remains questionable whether the observed atomic descrip-
tion of the surface structure that may be observed under
operando conditions is relevant or significant. For instance,
high-resolution imaging requires a high electron density. For
operando experiments, it is, thus, impossible to disentangle
between reaction-, electron beam-, and radical-induced sur-
face structures, i.e. when the electron beam interacts with
the gas phase.’3 This example shows that spatially resolved
operando techniques alone may be of limited use and should
be complemented by quasi in situ imaging approaches and
theory.[>+5¢]

3. Conclusion

By unraveling a complexion structure at the electrolyte/elec-
trode interface of SOECs/SOFCs at the atomic scale, we have
paved the way to a more realistic picture of solid oxide cells
and their functionality. Driven by significant inter-diffusion
of all cations except for Sr, a break-down of the oxygen lat-
tice (see Figure 5d and Section S4.2, Supporting Informa-
tion) leads to the formation of this complexion in a sintered,
yet unoperated cell, that is, a thermodynamically stable,
nanometer-sized intergranular layer of reduced long-range
order, which was observed by experiment and theory at all
investigated interfaces.

The inclusion of finite structures such as complexions in the
classically simplified model of an atomically sharp interface is
an important extension with immediate impact on the appear-
ance and performance of the active surface area. We also expect
it to be a powerful concept for chemical interface engineering
toward more active and long-lived cells.
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