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The changes of the surface morphology and the surface chemistry of LSC thin films grown on different substrates were tracked for
100 hours under SOFC operation conditions. Atomic force microscopy was used to monitor the formation of particles at the LSC
surface. Depending on the thin film structure (polycrystalline vs. epitaxial), different particle formation dynamics were observed.
Electron microscopy was employed to investigate the chemistry of the segregated particles and revealed that the particles were Sr-
and S-rich. Secondary ion mass spectrometry and X-ray photoelectron spectroscopy measurements were performed on degraded
LSC thin films, which also found significant amounts of sulfur on the LSC surface, despite no deliberate addition of sulfur
compounds, as well as A-site cation enrichment. Impedance spectroscopy was used to track the polarization resistance of LSC
grown on YSZ over the same degradation period and a strong increase inthe polarization resistance and in its activation energy was
revealed (1.09 to 1.73 eV). The experimental results indicate that sulfur adsorption on LSC surfaces is omnipresent in the
investigated conditions and even trace amounts of sulfur compounds present in nominally pure measurement gases account for
particle formation and multiple degradation effects under operating conditions.
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Perovskite-type oxides with mixed electronic and ionic conduc-
tivity are in the spotlight of research as cathode materials for solid
oxide fuel cells (SOFCs)."? Since the oxygen reduction reaction on
the surface of the cathode is often the rate limiting step in the
operation of the fuel cell,’* optimization of materials regarding their
surface properties is heavily pursued.”® Because of its high catalytic
activity for this oxygen reduction reaction, Lag ¢Sry 4CoO3 (LSC) is
an interesting candidate for intermediate temperature SOFCs
(400 °C-600 °C).”® Despite its high surface activity, LSC suffers
from significant performance degradation under operating condi-
tions, which is commonly related to strontium segregating to the
surface and blocking the oxygen exchange.’™'! As causes of this
segregation, several factors have been identified, ranging from
poisons such as SO, or Si and Cr sources, to elastic inequilibria
driving the strontium out of the bulk and electrostatic effects
originating in surface-near regions.”'®'*"'® While the surface
reaction already seems to be inhibited by a low amount of strontium
accumulating on the surface, segregation of additional strontium is
known to form particles on the perovskite surface.'®™> Deeper
understanding of the effects of surface Sr on the oxygen exchange
kinetics, segregation processes and nature and evolution of said
particles is integral to develop strategies for mitigating performance
degradation of SOFC cathode materials.

In this study, the evolution of LSC surfaces is traced during
annealing in synthetic air at 600 °C for 100 h by atomic force
microscopy (AFM) and electrochemical impedance spectroscopy
(EIS). For this purpose, dense LSC thin films were grown on
different substrates with pulsed laser deposition (PLD) to investigate
the influence of lattice strain on the segregation process. The
composition of segregated particles was analyzed using scanning
electron microscopy (SEM). Furthermore, the surface chemistry of
the degraded thin films was examined by means of angle resolved X-
ray photoelectron spectroscopy (XPS) and time of flight secondary

“E-mail: matthaeus.siebenhofer @ tuwien.ac.at

ion mass spectrometry (TOF-SIMS). This contribution reports the
results of these experiments and further clarifies the segregation and
degradation mechanisms with regard to the surface chemistry of
perovskite SOFC cathode materials.

Methods

Sample preparation.—Yttria stabilized zirconia (YSZ, 9.5 mol%
Y203), SI'TIO::, (STO), LaAlO3 and (LaAlO3)0_3(Sr2AlTaOﬁ)0_7
(LSAT) single crystals were used as substrates in this study (all 10
%10 x0.5 mm?, Crystec GmbH (Germany)). Before deposition, the
substrates were exposed to a thorough cleaning and annealing
routine, which is described in detail in S.1. of the supporting
information.

Dense Lag ¢Sry4C003_s (LSC) thin films were deposited on the
single crystal substrates using PLD. All depositions were performed
with a KrF excimer laser (A = 248 nm, Lambda Physics, COMPex
Pro 201) at a laser fluence of 1.1 J em™2. 2000 laser pulses were shot
at a frequency of 2 Hz and a target-substrate distance of 6.0 cm. The
deposition atmosphere was set to 0.04 mbar p(O,) and the substrate
was heated to a temperature of 600 °C, measured through a
pyrometer (Heitronics). After deposition, the sample was cooled to
room temperature at a cooling rate of 12°Cmin ', For the
determination of the LSC growth rate, a separate sample with 20
ZrO, slurry dots on the surface was prepared, which were removed
after deposition. The depth of these holes was measured with a
profilometer (DekTakXT, Bruker, USA) and the resulting growth
rate of LSC amounted to 0.028 = 0.0018 nm per pulse.

All samples were scratched with a diamond tip for an easier
locating of the (undisturbed) areas to be measured by AFM. One
AFM series was measured before any annealing step to find suitable
and retrievable areas. The corresponding optical microscope image
was recorded to ensure reproducible alignment of the AFM tip.

Sample characterization.—Samples with thin films were exam-
ined by different X-ray diffraction (XRD) techniques. All measure-
ments were performed in an Empyrean X-Ray diffractometer
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equipped with a GaliPIX3D detector (both Malvern Panalytical
Ltd.), except for grazing incidence measurements, where a PIXcel3D
detector was used (Malvern Panalytical Ltd.). 6-260 scans were
performed on all samples. A grazing incidence scan was performed
on LSC deposited on YSZ, as it cannot grow epitaxially due to the
severe lattice mismatch. On all other LSC thin films, reciprocal
space maps of the (103) reflex were recorded in addition to 6-26
scans. Here the full size of the semiconductor detector was used in
static area mode and w was varied from 16 to 24°. Measurement
times amounted to 60 min for each measurement. The grazin

incidence diffractogram was analyzed with Panalytical Highscore.™

Atomic force microscopy (AFM) was performed in tapping mode
in a Nanoscope V multimode setup (Bruker). AFM images were
analysed with the visualization software Gwyddion (Czech
Metrology Institute).

Analytical scanning electron microscopy (SEM) on the surface
segregates was conducted using a Leo-1525 field emission scanning
electron microscope (Zeiss, Germany) equipped with a Schottky
emitter and an Everhart-Thornley detector for the secondary electron
(SE) images and an energy dispersive X-ray (EDX) detector
(Bruker, USA). For the acceleration, a voltage of 4 kV was chosen
to be as surface sensitive as possible, while still being able to detect
the characteristic X-ray emission of the contained elements. Using
an aperture size of 120 ym and the high current mode resulted in
receiving a high signal to noise ratio while still maintaining a
reasonable resolution. Monte-Carlo electron path simulations were
done with Casino 2.481-3 using the trajectories of 10* electrons.

Secondary Ion Mass Spectroscopy (SIMS) measurements were
performed on a ToF-SIMS 5 instrument (ION-TOF GmbH) in CBA-
mode or CBA-burst mode***> allowing high lateral resolution and
sufficient mass resolution to separate 328~ from 16027, simulta-
nously . For the investigation of secondary ions, 25 kV Bi" primary
ions were used, for depth profiling either 1 kV Cs™ ions or 1 kV OF
ions were used for the measurement of negative and positive
secondary ions, respectively. In sputter craters of an area of 300
x 300 pm?, areas of 100 x100 ym?> were examined with regard to
secondary ion mass and intensities, applying a 512 x 512 measure-
ment raster. A low energy electron gun (21 V) was used for charge
compensation.

XPS measurements were carried out at room temperature in a
UHV chamber by SPECS, Germany, using a monochromated Al K-
alpha source (XRC-125 MF, SPECS) operated at 80 W, and an angle
resolved photoelectron analyzer (SPECS PHOIBOS WAL), col-
lecting photoelectrons at emission angles from 20-80 degrees from
the surface normal. Survey spectra were recorded at 100 eV analyzer
pass energy, and detailed spectra for peak fitting were recorded at
50 eV pass energy.

Directly before insertion into the chamber, the samples were
mounted on the XPS sample holder and heated up to 400 °C in air
for 5 min, in order to minimize the amount of surface carbon. At this
temperature and timescale, the surface cation stoichiometry is not
altered.?®

In order to minimize quantification errors due to different
photoelectron energies of the different XPS peaks, chemical
quantification was focused on Sr3d, La4d, S2p, Ptdf and Co3p
photoelectrons, which lie between 1330 and 1420 eV photoelectron
energy. The photoelectron inelastic mean free path of these is about
2 nm.”’ Peak fitting and quantification were carried out with

CasaXPS software, using S-shaped ”Shirley” background functions,
and compositional analysis was based on the peak areas and Scofield
cross Sections.”® Mixed Gaussian-Lorentzian peak shapes were used
for fitting the different chemical components. The Sr3ds;, and
Sr3ds,, multiplet peaks were constrained to an energy difference
of 1.7 eV, an area ratio of 2:3, and equal FWHM.

Results

Sample characterization.—Before any films were deposited on
the single crystals, the surfaces of the substrates were examined by
atomic force microscopy. Overview scans of 1 ym? areas and linear
scans depicting terrace steps are shown in S.2 of the supporting
information. On all four different substrates, atomic terraces could
be observed. After the LSC thin films were deposited on the
substrates, XRD measurements were performed on all samples to
analyze the strain state of the thin films, a summary is shown in
Table I and detailed results are shown in Fig. 1. Reciprocal space
maps (RSMs) showed that the in-plane lattice parameter of the
substrate was imposed on the thin film for STO, LAO and LSAT,
clearly visible as the reflexes of substrate and film are aligned with
regard to g,. The out-of-plane lattice parameter varies conversely to
the in-plane strain.

AFM scans of all thin films showed that their surface always
exhibits a certain mosaicity (Fig. 1). In combination with XRD and
TEM measurements, the experiments revealed a columnar poly-
crystalline growth of LSC on YSZ and epitaxial growth (most
probably with small-angle grain boundaries) on the other substrates.
The RMS roughness values of the pristine thin films are also
depicted in Table I, showing that of all LSC thin films, those grown
on YSZ exhibited the roughest surface, followed by STO, LSAT and
LAO. On pristine LSC thin films grown on STO, several uniformly
distributed cracks were found during AFM measurements (Fig. 1),
probably as a consequence of the strong tensile strain imposed by the
STO substrate.

Surface morphology of LSC thin films.—To trace the evolution
of the LSC surface morphology during degradation, a 10 x 10 ym?
area adjacent to the diamond tip marks was investigated. It is
noteworthy that on pristine samples, no particles could be observed.
Therefore, any Sr segregation occurring during deposition or during
cooling after the deposition seems to take place on sub-nm level
without particle formation. This does, however, not exclude the
formation of an SrO termination layer (as was found by several
authors in past studies).?¢2°=!

To investigate particle formation processes, AFM measurements
were performed after different annealing steps in synthetic air. First,
all samples were heated to 450°C (15°C min~!) and cooled
immediately upon reaching that temperature (15 °C min~'). AFM
studies of these samples showed that the only sample undergoing
noticeable changes was the STO sample, where many small, round
particles were found, indicating that particle formation (Sr-rich, see
below) on the LSC/STO system starts at surprisingly low tempera-
tures. This is especially interesting with regard to the strain state of
LSC on STO, which exhibits the strongest tensile in-plane strain.
This is in accordance with literature reports which also find that
tensile strain facilitates cation segregation.>*>* The LSC surface on
all other substrates was not affected by this first heating step.

Table I. In-plane (i.p.) and out-of-plane (o.p.) lattice parameters of all substrates and thin films as well as RMS roughness values for pristine thin

films.

Substrate Substrate i.p. (A) LSC i.p. (A) LSC o.p. (A) RMS roughness (nm)
YSZ 5.12 3.82 3.82 0.244

STO 3.90 3.90 3.78 0.222

LAO 3.80 3.80 3.92 0.124

LSAT 3.86 3.86 3.81 0.146
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Figure 1. 6-260, GID and AFM measurements of LSC on YSZ; 6-260, RSM and AFM measurements of LSC on STO, LAO and LSAT.

Next, the samples were heated to 600 °C and cooled immediately
afterwards. As a result, particles were observed on all surfaces (not
shown here). Again, the highest particle density was present on STO,
followed by YSZ, LSAT and LAO. Interestingly, on STO the
particle density decreased significantly when approaching a surface
crack. With regard to the morphology of the segregates, there are no
significant differences between the specific substrates at this point,
all segregates are round (~20-30 nm diameter) and of similar height
(~5-10 nm).

First significant differences appear after 3 h annealing time at
600 °C (see Fig. 2, lhs). While the number of segregates increases on
all substrates, their shape becomes qualitatively different depending
on the substrate. Segregates on YSZ and STO retain a smaller size,
on LAO and LSAT, however, large and flat segregates with a
smooth surface emerge from the LSC film. The shape of these
segregates indicates a single crystalline structure of the particles and

similar particles have been previously observed on the surface of
polycrystalline LSC.**>* This trend of particle formation on LAO
and LSAT continues for the next 30 h (see Fig. 2, rhs). The large and
flat segregates continue to grow in size and small particles appear in
between. Based on the size of these particles, we can conclude that
substantial amounts of material have to migrate to the surface and
leave behind a significantly altered host material.

LSC grown on YSZ exhibits different segregation dynamics. On
YSZ, the lowest coverage of the LSC surface with particles is
observed. The shape of the particles is pointed and only after very
long annealing times (>30 h), large segregates can be observed. On
STO, it further appears as if the initially present cracks heal with
increasing annealing time and more and more particles grow on the
surface. However, after 10 h, AFM images show that particles start
to form inside the cracks and that the cracks are filled with material.
This trend continues and very large particles appear on top of the
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Figure 2. LSC surfaces on different substrates after annealing in synthetic air at

cracks. Possibly, due to the strain-relaxed state around the cracks,
segregation to the surface is not preferable and material rather
migrates laterally toward the cracks, which are continuously filled
with increasing annealing time. After 100 h annealing in synthetic
air, the so far observed trends continue, particles grow larger and
more particles appear. Furthermore, from 30 h onwards, depressions
on the surface of films grown on perovskite substrates appear,
possibly indicating that large amounts of material migrate and
participate in particle formation processes on the surface. The
complete evolution of the surface of LSC thin films grown on
different substrates is shown in Fig. 3.

The AFM images were further analyzed with regard to particle
properties, surface coverage and surface roughness (Fig. 4). The
mean diameter of the segregated particles increases from around 10
nm to up to 20 nm depending on the substrate. This is, however, a
superposition of two effects, as the mean particle diameter is heavily
influenced by newly formed smaller particles. The maximum
particle diameter can surpass 100 nm for the biggest segregates.
The analysis further shows that the surface coverage of segregated
particles continuously increases to around 25%-30% after 100 h on
perovskite substrates and to 16% on YSZ. Further, the surface
roughness continuously increases over the whole 100 h period.

Surface chemistry of LSC thin films.—SIMS measurements
were performed on the same LSC thin films which were investigated
by AFM, grown on all four different substrates and annealed for 100
h in synthetic air, to assess the depth distribution of different cations
in the thin film and to check for impurities on the surface or in the
film. While these measurements allow an assessment of the total
surface chemistry, it is not possible to distinguish between segre-
gated particles and free LSC surface, the results are always a
representation of the average surface chemistry. In Fig. 5, positive
secondary ion intensities of the cations Co, Sr, and La are plotted
normalized to their respective bulk values. As the intensity of 883y
was already close to the saturation limit, the isotope *°Sr is also
plotted for reference (see differences in STO and LSAT). At the
surface and interface regions, certain deviations from the bulk values
are expected due to changes in surface conductivity and ionization
probability for different ions. While those changes are difficult to
interpret, qualitative changes between samples are, however, more
straightforward to understand. In that regard, most notably, a strong
Sr enrichment was found for LSC|YSZ and to a lesser extent in
LSC|LAO and LSCILSAT as well as in LSC|STO with the weakest
increase. Similarly, La seems to accumulate on the outermost surface
(especially for LSC grown on STO), however, there also appears to
be a slight La depletion zone directly below the surface. Moreover,

Height (nm)

600 °C for 3 h and 30 h.

for all LSC thin films grown on perovskite substrates, a Co
enrichment in surface regions was found. Furthermore, SIMS
measurements revealed significant amounts of sulfur on top of all
samples (Fig. 5), indicating that traces of sulfur compounds (which
are present in all measurement gases, e.g. ~0.5 ppmv in 5.0 purigy
O,, fed through a standard pressure reducer and tubing,35'3 )
accumulate on the LSC surface during annealing. The near-surface
decrease observed in the oxygen signal is attributed to the overlap
with the sulfur signal, as can be seen in the mass spectrum.

In addition, angle resolved XPS measurements were performed
on the identical LSC thin films grown on YSZ and STO. For
comparison, additional pristine thin films were deposited and each
pristine sample was split into two parts, one of which was washed
with bidistilled water to remove water soluble surfaces species
formed as an equilibrium surface layer at high temperatures. At this
point it is noteworthy that the kinetic effect of washing has been
discussed in earlier studies,”®*' which found a significant improve-
ment of the surface exchange kinetics, indicating a strong detri-
mental effect of the water soluble species on the surface. All six
samples were investigated by XPS (see Fig. 6). Again, XPS results
include contributions from all features present on the respective
surfaces and do not allow to distinguish between particles and free
surface. For degraded LSC grown on STO, photoelectron spectra in
the La 4d region reveal an enrichment of La in the top most layer of
the thin film, while this difference is not visible for LSC grown on
YSZ. With regard to Sr-rich surface species, XPS spectra show two
major Sr components —one surface species primarily visible on
pristine LSC surfaces and only very weakly on washed surfaces,
likely indicating a correlation with an equilibrium SrO termination
and one species which was previously attributed to SrSO,.*> The
latter assignment is again confirmed by a strong S signal appearing
on degraded thin films. Surprisingly, the SrO correlated signal
intensity is less pronounced in degraded films compared to pristine
films. The signal of the SrSO, species increases significantly on
degraded films, especially for the polycrystalline LSC grown on
YSZ. With regard to the surface reaction we suggest that, due to the
high oxygen content of synthetic air, the predominant sulfur
impurity is SO, which reacts with the SrO termination and, upon
further oxidation, forms SrSQOj.

The same trend can also be observed for the oxygen signal, i.e.

the signal intensity of the SO3 -related oxygen species is strongly
increased in degraded films. This oxygen species has been related to
SO~ by detailed XPS measurements in a previous study.®> An
SO3 -related oxygen species is also indicated for pristine and
washed films, however, as the sulfur signals reveal, next to no
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Figure 3. 3D visualization of the surface morphology of LSC thin films grown on YSZ, STO, LAO and LSAT after different annealing times at 600 °C in
synthetic air. Each surface map is assembled of six 0.5 x 0.5 um® AFM images recorded at specific experiment steps. Height-zero is set at the mean value of a

region without large segregates.

sulfur is present on these films. Therefore, we suspect that this
oxygen species is connected to other surface features (e.g. remaining
carbonates on the surface, a common observation for samples which
had been exposed to ambient atmosphere before XPS). We also want

to emphasize that this oxygen species is present in multiple studies
of the oxygen exchange kinetics of LSC and similar materials and
may easily be misinterpreted if sulfur is omitted from the
discussion.® The slight shifts in the binding energy of this feature
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Figure 4. Analysis of LSC surfaces after different annealing times in
synthetic air at 600 °C.

may correspond to the different chemical environment of carbonates
and sulphates on LSC grown on YSZ and on STO. A second oxygen
species was observed, though its origin is not fully clear. We suspect
that it is not connected with SrO but is a feature of the metallic
electronic structure of LSC. The cobalt signal (not shown) did not

yield any notable trends. Its intensity was lower for the degraded
films which was expected due to particle formation and Sr enrich-
ment on the surface. The combination of SIMS and XPS results
indicate that the total surface of degraded LSC thin films contains
significant amounts of sulfur compounds as well as a higher
concentration of A-site cations (Sr for LSC grown on YSZ and Sr
as well as La for LSC grown on STO). Purely based on these
measurements it is, however, not possible to assign these effects to
either particle formation or the free surface.

To specifically probe the chemical composition of the segregated
particles, analytical SEM studies were conducted on an LSC thin
film grown on YSZ, which was heavily degraded in ambient air at
600 °C for 100 h to facilitate the formation of big particles for a
conclusive EDX analysis. Figure 7 a shows the SEM image of
surface segregations of different sizes recorded with 4 keV. In the
EDX elemental maps of La-M,z (Fig. 7b) and Co-L (Fig. 7c) a
significant reduction of the signal intensity is visible at the larger
segregated particles, while seeing an increase in the Sr-L intensity
(Fig. 7d), as well as in the S-K,, intensity at the location of the same
particles. In an overlay of the three elements in Fig. 7e, it becomes
obvious that the large segregated particles are indeed Sr rich and
contain large amounts of sulfur. A similar phenomenon has also
been observed for LSCF thin films*’ and sulfur signals have also
been detected for similar segregates on polycrystalline LSC.?**

To investigate, why no higher Sr content could be observed for
the small segregated particles in the SE-SEM image, Monte-Carlo
electron path simulations were conducted using Casino 2.481-3. The
simulations show that the lateral diameter of the interaction volume
is larger than 200 nm in diameter, hindering the resolution of smaller
features in the elemental maps. Additionally, for smaller segregates,
the proportion of the EDX signal stemming from the film increases.
Therefore, from EDX measurements, it is not possible to conclu-
sively determine the exact composition of the smaller particles.
However, our measurements clearly indicate that they also contain
sulfur as the S map identifies more particles than the Sr map, due to
the stronger contrast compared to the rest of the thin film.

In addition to SEM investigations, degraded epitaxial LSC thin
films were examined with XRD. However, this analysis was
inconclusive and, apart from background noise, no clear Sr-
containing phases could be identified. This may be caused by a
preferential orientation of the segregates or by the low amount of
material available for X-ray diffraction.

Oxygen exchange kinetics of degraded LSC.—The area specific
resistance of LSC was tracked with electrochemical impedance
spectroscopy during 100 h of degradation in synthetic air at 600 °C.
As STO, LAO and LSAT are mixed conductors or insulators, this
was only possible for LSC grown on a YSZ single crystal. For this
purpose, 55 nm LSC thin films were grown on both sides of a YSZ
single crystal with current collecting Ti/Pt grids beneath LSC on
both sides. Impedance spectra were recorded during degradation and
the evolution of the area specific resistance is shown in Fig. 8.
Considering the shape of the impedance curves which does not
change during the degradation process, as well as the capacitive
properties which agree well with a chemical capacitance, we
conclude that the resistance origin lies in the oxygen exchange
reaction at the surface and that it is mainly the corresponding
reaction rate which is affected by the degradation process (for
detailed impedance spectra see S.I.4 in the supporting information).
The resistance continuously increases during the whole experiment,
with the total resistance being higher than in a previous similar study
but in the same order of magnitude.’® Additionally, the activation
energy of the surface exchange resistance was investigated before
and after degradation. The results of these measurements show that
the activation energy increases significantly during degradation,
from 1.09 eV during the first heating in the ex situ setup up to
1.73 eV during cooling after 100 h of degradation. We also
investigated the oxygen exchange kinetics with '®0 tracer exchange
and secondary ion mass spectrometry, however, the obtained results
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directly after deposition.

are not straightforward to interpret and were not conclusive with
regard to the effect of surface Sr and secondary phases. Potentially,
tracer exchange in combination with SIMS is not a suitable method
to assess the oxygen exchange kinetics of heavily degraded LSC thin
films (see S.3 in the supporting information).

Discussion

The combination of the measurements presented here clarifies
that a major part of the particles found on top of degraded LSC thin
films contain large amounts of sulfur, most likely forming sulfate
compounds with LSC cations. SIMS and XPS results suggest, that

while for polycrystalline LSC grown on YSZ, basically all particles
consist of SrSOy, especially for epitaxial LSC grown on STO, also
other sulfate species like Lay(SO4)s could constitute a part of the
observed segregates. It is also clear that the accumulation of sulfur at
the LSC surface is inseparably linked to cation segregation to the
surface and to the performance degradation of SOFC cathodes. Most
presented experiments were performed in synthetic air, which is
nominally sulfur free. Our study therefore also confirms earlier
results®® that measurements with nominally clean bottled gases
may easily lead to trace amounts of sulfur in the measurement setup
(~0.5 ppmv using 5.0 purity O,, measured with ICP-MS*%), which
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Figure 7. SEM EDX images of an LSC thin film grown on YSZ and continuously annealed for 100 h in ambient air at 600 °C.

a)
1000 3 T T T T T T

100 |

10

1k —O—LSConYSZ 4

area specific resistance (Qcm?)

0A1 1 1 1 1 1 1
0 20 40 60 80 100

time (h)

b) temperature (°C)
600 550 500 450
108 T T T T T T T T
o~ 10°F 1.73+0.03 eV - E
£
[&]
S ootk & ]
> E
Q
[ = [ ]
8 10° | ® heating E
% I = cooling after 100 h
E L
o 10k 3
% L ]
(]
& 10 F ° E
@ o 1 1.09 £0.04 eV
<
T 100 k - 3
107 T T T T T T
1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45

1000/T (1/K)

Figure 8. a) Evolution of the area specific resistance of 55 nm LSC grown symmetrically on a YSZ single crystal during degradation in synthetic air at 600 °C
for 100 h. b) Temperature dependence of the area specific resistance of 55 nm LSC grown symmetrically on a YSZ single crystal before and after degradation.

are very relevant for the poisoning of cathode surfaces in measure-
ment environments.

With regard to the dynamics of particle formation and segrega-
tion, the experiments show that the thin film microstructure is critical
for the type and extent of segregation, possibly even more than lattice
strain. Epitaxial thin films tend to produce a combination of large, flat
segregates and smaller ball-like particles, while on polycrystalline
thin films, medium sized pointed segregates are observed. We strongly
suspect that this behavior is related to grain boundaries acting not
only as a pathway for segregating material, but also as preferable
segregate location.?*%4°

The discussion of the correlation between cation segregation and
the oxygen exchange kinetics of LSC is less straightforward. In
literature, Sr segregation is commonly described to be a main reason
for the performance degradation of LSC."”** Among the variety of
discussed phenomena are, for example, an SrO tog layer with a
detrimental effect on surface exchange kinetics, ® La and Sr
containing oxide phases which cover electrochemically active
sites? and leave behind a chemically altered host material*' as
well as heterogeneously distributed SrO/Sr(OH), phases.*”
Additionally, sulfur poisoning effects were described in detail and
trace amounts of sulfur were already found to affect the surface
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exchange kinetics of polycrystalline LSC in long term
experiments.'®***? Recent in situ PLD studies have further shown
that the very high catalytic activity of pristine LSC thin films
immediately decreases when the sample is transferred to an ex situ
setup,'®® caused by the adsorption of trace amounts of sulfur on the
entire LSC surface, leading to a strong and very fast degradation.®

Based on the substantial amount of literature on the degradation
behavior of LSC and the results of this study, we suggest the
following model for the evolution of the oxygen exchange kinetics
of dense LSC thin films (Fig. 9): (1) Sr segregation occurs in all thin
films and leads to an equilibrium (at least partial) SrO termination of
the perovskite surface surface, which still contains surface vacancies
for oxygen exchange®®>%3!' and is not considered to be a separate
second phase. In this state, the oxygen exchange kinetics can be very
fast and, in accordance with recent results by Nicollet et al., the SrtO
termination could even be beneficial for oxygen exchange
kinetics.'®***3 (2) Sulphur contaminations in the atmosphere adsorb
on the surface and form SO~ adsorbates which strongly inhibit the
oxygen exchange on the LSC surface by a yet unknown mechanism
(fast initial degradation).lg‘35 (3) Continuing sulfur adsorption in
combination with Sr segregation leads to the formation of secondary
phases and small particles®®, preferably located in and on top of
grain boundaries and microcracks, whose growth is facilitated by
tensile lattice strain. These particles leave behind a substantially
altered host material with modified A/B cation ratios, having a
further detrimental effect on the oxygen exchange kinetics (long
term degradation and activation energy change). (4) Large Sr-rich
particles form on the LSC surface and block available surface area,
with epitaxial surfaces promoting the growth of very large and flat
segregates.

All individual steps of this degradation model have already been
presented individually in literature. Here, we bring them together by
suggesting a sequence of degradation steps modifying the perovskite
surface. The first two steps in the evolution of the LSC surface
chemistry have already been discussed in Refs. 26, 30, 31, 35, 46.
However, literature studies often neglect the effect of acidic
adsorbates like sulfur in their discussion of the kinetic effect of an
SrO termination layer. According to recent studies, basic oxides (like
SrO) enhance the oxygen exchange kinetics of mixed conducting
oxide surfaces.*>*’ Thus, we suspect that many of the negative
effects that have been attributed to an SrO termination are in fact
caused by acidic adsorbates which likely react with SrO. In
accordance with other reports,'®°° the present study additionally
emphasizes the very important role of sulfur also in the subsequent
evolution of the oxygen exchange kinetics over time. The continuous
formation of S-rich particles shows that the sulfur amount on the
LSC surface steadily increases with time. Equally, the polarization
resistance also increases continuously over 100 h. However, the pure
blockage of parts of the surface by particles can neither explain the
observed degradation over 2 orders of magnitude, nor the changed

activation energy. Rather, the remaining particle-free surface has to
change drastically over time.

As a consequence of the S and Sr-rich secondary phase
formation, we suggest that the host material undergoes a significant
alteration of its chemical composition and thus also exhibits a
strongly different near-surface defect chemistry,*® which causes the
considerable increase of the activation energy after annealing (step 3
and step 4). Surface analytical measurements argue against a
growing continuous surface layer (e.g. SrO), as all cations are still
present in significant concentrations in near-surface regions after
annealing. A likely explanation for this continuous effect on the
oxygen exchange kinetics and its activation energy is a gradual
change of the surface defect chemical equilibrium constants, e.g. by
a change of the oxygen vacancy formation enthalpy, caused by the
altered host material composition.*®*’ Finally, also the total amount
of available free surface is affected by degradation processes, as
particles grow and consume considerable parts of the LSC surface
(up to 30% in the present experiments), although we suggest that this
only causes a minor part of the entire resistance increase (step 4).

These considerations strongly suggest the conclusion that surface
Sr does not necessarily have a detrimental effect on the surface
exchange kinetics of LSC, but when being accompanied by the
adsorption of sulfur and the formation of SO -adsorbates and
secondary phases, which (directly or indirectly) cause a strong
performance degradation. We suspect that the same holds in the
presence of other acidic contaminants like CO,, CrO5 or Si0,,*33°
which might lead to a similar sequence of degradation steps as
shown in this study and affect the oxygen exchange kinetics of LSC
and other SOFC cathode materials in similar ways.

Conclusions

The surface morphology and surface chemistry of LSC thin films
grown on different substrates were investigated upon degradation in
synthetic air at 600 °C. Atomic force microscopy was used to trace
the evolution of the LSC surface and potential particle formation
over the course of 100 h. The study reveals that particle formation
already starts at low temperatures (~450 °C) and follows different
dynamics, depending on the thin film structure. On polycrystalline
LSC grown on YSZ, small particles form, potentially assisted by Sr
diffusion via grain boundaries. In epitaxial thin films grown on
perovskite substrates, beginning segregation is strain dependent,
while during later stages, large and flat particles develop on the LSC
surface. Scanning electron microscopy was used to investigate the
chemistry of segregated particles and large segregates were found to
be Sr and S rich. SIMS and XPS measurements also identified large
amounts of sulfur on the surface and an A-site cation enrichment in
the upmost thin film region (particles and free surface), further
supporting the formation of sulfate phases on the LSC surface due to
trace amounts of sulfur in all measurement gases.
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The oxygen exchange kinetics of degraded thin films was
investigated with electrochemical impedance spectroscopy which
revealed a steady increase of the polarization resistance over time, as
well as a substantial increase of the activation energy during
degradation. The presented results strongly suggest that performance
degradation of dense LSC surfaces is not tied to area blockage by
sulfate particle formation but to changes of the surface chemistry
itself. In combination with recent findings on the degradation
behavior of LSC and the kinetic capabilities in its pristine state, it
seems likely that the presence of Sr alone at the LSC surface itself is
not responsible for the observed performance decrease under
operation conditions. Strong Sr segregation is rather always accom-
panied or even driven e.g. by sulfur adsorption on the surface which
causes an initial and immediate degradation step, followed by the
formation of sulfate phases which strongly alter the chemistry of the
host material. Later on, segregates conglomerate and form large
particles on the thin film surface. The results of this work emphasize
that, possibly even more so than on the suppression of Sr segrega-
tion, research should be focused on the development of cathode
materials with a high stability toward sulfate formation to ensure fast
oxygen exchange kinetics and maximal long-time operability.
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