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ABSTRACT: The state-of-the-art oxygen electrode materials used
in solid oxide cells at 600−800 °C can deteriorate by gradual
passivation of their surfaces related to changes in the surface
chemistry. We have recently observed the unexpected recovery of
the oxygen-exchange activity on La0.6Sr0.4FeO3 after short-term
exposure to high temperatures; a 10 h-long thermal treatment at
above 800 °C resulted in a 40-fold increase in the oxygen-exchange
coeﬃcient, kchem, from 1 × 10−5 to 4 × 10−4 cm/s. The present
work addresses the underlying mechanism of this improvement by
investigating the chemical and morphological changes at the surface
with respect to thermal history. Using repeated sequences of 10 hlong thermal treatments at 1000 °C over weeks-long aging at
around 650 °C, we have probed the oxygen-exchange kinetics and
surface chemistry concurrently by electrical conductivity relaxation and X-ray photoelectron spectroscopy (XPS). The oxygenexchange coeﬃcient decreases with aging at 650 °C following Avrami-type kinetics but sharply increases after each high-temperature
treatment. An increased amount of strontium [40% cation fraction; XSr/(XLa + XSr + XFe)] is found on the surface of all thermally
treated samples (compared to the bulk nominal 20%). Hence, the passivation/reactivation is not due to the total Sr enrichment as
such. By XPS, two diﬀerent states of Sr are observed on the surface (labeled “lattice-bound” and “secondary phase”). The relative
amounts in these two phases vary with time, diﬀerently at 650 °C versus 1000 °C. The amount of “lattice-bound Sr” decreases and
the amount of “secondary phase Sr” increases with aging at 650 °C and the opposite at 1000 °C. We show that it is the Sr in the
secondary phases, rather than the total amount, which is the main culprit for performance degradation. The ﬁndings are further
supported by the observations of morphological changes on the surface in the form of SrO, SrCO3, and SrSO4 precipitates and
layers. Decomposition of secondary Sr phases at 1000 °C and simultaneous dissolution of Sr back in a perovskite lattice rejuvenate
the surface and lead to a signiﬁcant increase in exchange kinetics.

1. INTRODUCTION

The performance of this class of materials depends critically
on the composition and chemical state of the outermost
surface layers in terms of both catalytic activity and long-term
stability. A good illustration is the observation by Crumlin et
al.23 who, inspired by the work of Sase et al.,24 investigated the
eﬀect of depositing small amounts of Ruddlesden−Popper
(RP) (LaSrCoO4) phase on the surface of La0.8Sr0.2CoO3−δ
thin-ﬁlm electrodes and reported almost 3 orders of magnitude
improvement in oxygen-exchange kinetics at 550 °C.
Furthermore, a recent in situ impedance spectroscopy study
on thin-ﬁlm electrodes by Rupp et al.25 has shown that the

Understanding surface-related phenomena in perovskite oxide
materials is crucial for harnessing their immense potential in
applications such as electrodes for solid oxide fuel and
electrolysis cells,1−4 oxygen sensors,5 oxygen separation
membranes,6,7 and metal−air batteries.8,9 For all these
applications, fast exchange of oxygen with the surrounding
atmosphere over the surface of the material via an oxygen
reduction reaction (ORR)/oxygen evolution reaction (OER)
is required. The catalytic activity toward ORR/OER can be
found in many perovskite materials of general chemical
formula ABO3, where A is typically a rare-earth element
partially substituted with a certain amount of an alkaline earth
element and B is a transition metal. Typical and widely studied
compositions include La 0.75 Sr 0.25 MnO 3 (LSM), 10−12
La0.6Sr0.4CoO3−δ (LSC),13,14 La0.6Sr0.4FeO3−δ (LSF),15−19 and
La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF).20−22
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Figure 1. Sketch illustrating the experimental procedure: (top) preparation of pellets used to track changes in surface chemistry during aging by
XPS and SEMthe thermal treatment included two high-temperature treatments at 1000 °C for 10 h, followed by 2- and 3-weeks long aging at
650 °C during which 11 samples were quenched successively to room temperature. In addition, one sample was analyzed without any exposure to
high temperatures (“as polished”), and the last one was quenched from 1000 °C after spending 39 days in the furnace. (Bottom) Tracking changes
in kinetics during aging by ECRoxygen-exchange kinetics was monitored in situ for 2 weeks after each of the four httt. Aging was done at
temperatures varying slightly around 650 °C (from 675 to 630 °C) to examine the kinetics of the passivation process.

deposition of tiny amounts of Sr or Co severely aﬀects the
performance of La0.6Sr0.4CoO3−δ. Intriguingly, in the study by
Rupp et al., the changes in kinetics were observed for amounts
corresponding to only a fraction of an atomic monolayer.25 In
another study, Tsvetkov et al. improved the stability of LSC
thin-ﬁlm electrodes and achieved 30 times faster ORR kinetics
after 54 h at 530 °C by modifying the surface with a small
amount of hafnium that suppressed Sr segregation.26
Furthermore, it is known that a signiﬁcant loss in electrode
performance can occur over time due to the poisoning of the
perovskite surface in the presence of elements such as sulfur,27
silicon,28,29 and chromium.29−32 For many perovskite electrodes, the observed segregation of alkaline earth ions to the
surface at elevated temperatures has been associated with
performance degradation.12,33−42 This phenomenon can be
thought of as a consequence of elastic and/or electrostatic
driving forces.34,42 The ﬁrst is a consequence of size mismatch
between A-site cations in the perovskite lattice. The system
relaxes to minimize the overall elastic energy by expelling the
mismatching alkaline earth cations to the surface. An additional
electrostatic driving force may emerge as a consequence of the
reduced amount of oxygen at the surface, which results in a
local relative surplus of positive charge (oxygen vacancies),
attracting the eﬀectively negative ionic defects (e.g., Sr′La).34,43
In the reported cases of Sr segregation, the degradation is
often interpreted as the formation of blocking secondary
phases36,41,44,45 (e.g., SrO). Once on the surface, SrO can react
with water and CO2 to form SrCO3 and Sr(OH)2, which are
detrimental to ORR kinetics.46 Furthermore, the Sr-rich
regions are more likely to react with poisonous elements
such as Cr and S, forming inactive SrCrO447 and SrSO4.48

The exact relation between the increased content of Sr on
the surface and the rate of oxygen exchange, however, remains
elusive. Some studies have shown that extrinsic Sr decoration
on the perovskite surface can be beneﬁcial for ORR kinetics,
which has been attributed to the creation of more oxygen
vacancies, prevention of intrinsic Sr segregation, and creation
of fast RP/perovskite interfaces.49−53 It should be noted that
RP phases can form on perovskite surfaces at elevated
temperatures even without extrinsic Sr decoration. This has
been reported in the case of SrTiO354−56 and speculated in the
case of La0.65Sr0.35MnO3,57 La0.6Sr0.4Co0.2Fe0.8O3−δ,58 and
NaNbO3.59
It is noteworthy that surfaces passivated by Sr segregation
can recover the oxygen-exchange activity. Reactivation can be
achieved by simple chemical dissolution of segregated layers
with diluted acid 36 or water.60,61 Other studies have
demonstrated that the surface composition of perovskites can
be reversibly changed by electrochemical reduction.62 It was
also shown that the segregated passive SrO layer can be
redissolved into the perovskite lattice under cathodic polarization, leading to increased oxygen-exchange activity.35,63 A
reversible activation/passivation behavior has also been
observed in the case of thermal cycling. In a study by
Abernathy et al., (La0.8Sr0.2)0.95MnO3 was cycled between 700
and 800 °C for 50 h, and a steady increase in performance at
higher temperatures and the opposite trend at lower
temperatures were observed. 64 Our recent study on
(La0.6Sr0.4)0.99FeO3−δ and (La0.6Sr0.4)0.99CoO3−δ demonstrated
that thermal treatment at 1000 °C for 10 h results in markedly
increased oxygen-exchange kinetics at 650 °C.15 Understanding the reasons for this passivation and activation
phenomena is important as it oﬀers an additional way to
B
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“frozen state” of the surface cation composition at a chosen
temperature and time. An important diﬀerence between the quenched
samples and the ones tested in the ECR setup is that the furnace
atmosphere in the former was not controlled, meaning that the
atmosphere was ambient air with whatever trace impurities it may
contain (e.g., C and likely trace amounts of S). This may lead to a
faster degradation of the surface in comparison to the ECR samples.
One sample was left untreated after polishing and cleaning to be
used as a reference point for the surface chemical analysis. This
sample will be referred to as “as polished” throughout the text. The
same sample was then broken in order to examine the cleaved,
interior surface.
2.2. Sample Preparation. All samples were prepared from a
commercial (La0.6Sr0.4)0.99FeO3−δ powder (Kusaka Rare Metal
Products Co., Ltd., >99%, see Table S1 in the Supporting
Information) by uniaxial pressing at 50 MPa for 30 s and isostatic
pressing at 325 MPa for 30 s. Sintering was performed at 1200 °C for
4 h at a heating rate of 2 °C/min and an additional treatment at 1150
°C for 16 h, after which the samples were cooled to room temperature
at a cooling rate of 1 °C/min. The thus-prepared samples had a
geometrical density of ∼99% of the theoretical one based on Rietveld
analysis. A diamond saw was used to cut the sample into 2 rectangular
bars of 2 × 2 × 20 mm3 for oxygen-exchange measurements by ECR
and 14 pellets of approximately 4 × 4 × 1 mm3 for surface analysis by
XPS. The surface of each sample was ground gradually with SiC
sandpaper with a grit size from 180 to 1000, removing at least 1 mm
of the material. Subsequently, the samples were polished with
diamond pastes with gradually decreasing particle sizes (9, 3, and 1
μm), followed by cleaning in an ultrasound bath for 5 min in acetone,
ethanol, and deionized water and drying in ambient air. This resulted
in a mirror-like shiny surface.
2.3. Measurement of Oxygen-Exchange Kinetics. ECR is a
characterization technique that enables the determination of oxygen
transport parameters: surface-exchange coeﬃcient (kchem) and
chemical diﬀusion coeﬃcient (Dchem) by observing the changes in
electrical conductivity upon imposing an abrupt change in oxygen
activity in the surrounding atmosphere. The surface-exchange
coeﬃcient is related to the rate of the ORR/OER on the surface; a
high kchem value corresponds to fast kinetics and high catalytic activity.
Dchem is the proportionality constant between the ﬂux of oxygen ions
and the chemical potential gradient (driving force) in the bulk.
The electrical conductivity was measured by connecting the
samples with high-purity (99.99%) platinum wires to a four-probe
experimental setup. The contacts were established at equidistant
separation with current terminals at the edges and voltage terminals in
the center and ﬁxed by twisting the wires around the bar. The ECR
experiment was conducted in a sealed quartz tube reactor of
approximately 10 mL in volume. The testing environment was a
dry N2/O2 mixture with a possible impurity of water in an amount
less than 100 ppm, originating from the oxygen gas. The total gas ﬂow
was kept constant at 5 mL/s, enabling an abrupt change in oxygen
partial pressure, which is monitored by a zirconia sensor. The
temperature was measured with a thermocouple positioned in close
vicinity of the sample (within 2 mm). The gasses were fed through
stainless steel pipes (only the cold part of the system), and the rig
holding the sample was made of alumina. The relevant experimental
values were monitored automatically and logged with a sampling rate
of 1 Hz. The ECR measurements were performed by a swift change
(<5 s) of the surrounding atmosphere corresponding to a pO2 change
from 0.2 to 0.1 and from 0.1 to 0.2 bar (in the rest of the text, these
processes are designated as the reduction and oxidation runs,
respectively). The ﬁtting of the measured conductivity relaxation
curves with corresponding diﬀusion equations was done in
ECReX,65,66 a MATLAB67 based toolbox.
2.4. Surface Analysis. XPS analysis was done using a Physical
Electronics Versaprobe II X-ray photoelectron spectrometer with the
monochromated Al Kα (1486.65 eV) X-ray radiation source equipped
with a charge neutralization system under a base pressure of 10−9
Torr. The analysis and quantiﬁcation were done by CasaXPS
software. Imaging was done using a Zeiss Merlin ﬁeld-emission

improve the overall lifetime and performance of perovskite
electrodes.
In all the above-mentioned examples, the observed changes
can, to varying extents, be correlated with the concentration
and chemical state of Sr on the surface of the perovskite. In
order to advance and deepen our understanding of this
relationship, here we address the following questions:
(i) How does the perovskite oxide surface passivate during
prolonged operation at technologically relevant temperatures (600−700 °C);
(ii) How can thermal cycling improve the electrode
performance; and
(iii) What is the connection between thermal cycling, Sr
chemistry at the surface, and oxygen-exchange kinetics?
We take a state-of-the-art perovskite oxide
(La0.6Sr0.4)0.99FeO3−δ (LSF) as a model system here and
study it in the form of ceramic pellets by two parallel
approaches: measurements of surface-exchange kinetics by
electrical conductivity relaxation (ECR) and surface characterization by X-ray photoelectron spectroscopy (XPS) and
scanning electron microscopy (SEM). The changes are
monitored over a sequence of thermal cycles between high
temperature (1000 °C) and intermediate temperatures (635−
670 °C), and both surface chemistry and exchange kinetics are
characterized at speciﬁc times during the sequence.

2. EXPERIMENTAL SECTION
2.1. Approach to Correlate Surface Chemistry and OxygenExchange Kinetics. The correlation between oxygen-exchange
kinetics and surface chemistry is achieved by subjecting two sets of
specimens to the same thermal history and characterizing each set by
ECR (in situ) and by XPS (ex situ), respectively. An overview of the
thermal history of the samples and the measurement sequence is
presented in Figure 1. ECR measurements were performed
simultaneously on two dense, bar-shaped samples of approximately
2 × 2 × 20 mm3 in size, and kchem values are the average values
measured on these two samples. The diﬀerences between the two
samples are smaller than the size of symbols and are not shown on the
plots. The samples were heated to 1000 °C for 10 h in 0.2 bar pO2 at
a heating rate of 2 °C/min. The purpose of this step was to transform
the surface into the “activated” state as demonstrated earlier.15 In the
rest of the text, we refer to this step as high-temperature thermal
treatment (httt). Following the httt, the samples were, over one hour,
cooled down to a certain lower temperature (between 630 and 675
°C). A series of ECR measurements were subsequently conducted
over a period of 15 days, during which the surface oxygen-exchange
kinetics degraded (aging), followed by another high-temperature
treatment. The whole process was then repeated, but aging was done
at a slightly lower temperature. The reason behind the use of diﬀerent
aging temperatures was to analyze the kinetics of the anticipated
passivation process. Finally, after four such cycles, the samples were
heated up to 1000 °C and held for 10 h, cooled down to room
temperature over 3 h, and removed from the reactor for further
analysis.
The samples for XPS surface analysis were subjected to a thermal
treatment very similar to the one during the ECR teststhey were
heated to 1000 °C and held for 10 h in ambient air in a chamber
furnace, cooled down to 650 °C over one hour, and annealed at that
temperature for 15 days. After 15 days, the samples underwent
another high-temperature treatment, followed by 21 days at 650 °C
and a ﬁnal high-temperature treatment. In total, 13 samples (4 × 4 ×
1 mm3) were initially in the furnace. Over the course of 40 days (the
total thermal treatment time), the samples were taken out of the
furnace consecutively by quenching at diﬀerent points of time. The
samples were cooled down to room temperature over less than 30 s
during extraction from the furnace and should, therefore, represent a
C
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630−675 °C. For example, after 15 days of aging at 645 °C,
kchem is 1 × 10−5 cm/s, but activating the sample at 1000 °C
and then measuring the oxygen-exchange kinetics at 630 °C
gives a kchem value of 4 × 10−4 cm/s, a 40-fold enhancement,
although the new temperature is slightly lower than the aging
temperature. During annealing at a lower temperature (630,
645, 660, and 675 °C), the “activated” state gradually ages and
transforms into the “passive” state. The rate of transformation
decreases with time and stabilizes as the “passive” state is
reached.
Of note, the values of surface-exchange coeﬃcient vary 1 to
2 orders of magnitude during the aging at 630−675 °C and are
also activated by that order when subjected to httt at 1000 °C;
this is similar to the result presented in our previous report.15
On the other hand, the chemical diﬀusion coeﬃcient related to
kinetics in the bulk remains constant around 2 × 10−6 cm2/s
(S2) throughout the experiment. This strongly indicates that
the transient re-equilibration after httt occurs as a consequence
of a phenomenon conﬁned to the surface.
3.2. Surface Chemistry Evolution as a Function of
Thermal History. As has been outlined in Figure 1, parallel to
the set of kinetic measurements, a separate line of experiments
were conducted with the aim to understand the link between
the observed changes in oxygen-exchange kinetics and the
detailed surface chemistry. The analysis of the surface
chemistry can be divided into two parts: (i) characterization
of samples quenched at diﬀerent points of time after a httt (see
Figure 1) and (ii) characterization of a sample that experienced
the entire ECR experiment described in Figure 1. Overview
scans, as well as the XPS results obtained on an “as-cleaved”
sample, for reference, are presented and discussed in the
Supporting Information.
3.2.1. Surfaces Quenched at Diﬀerent Stages of Thermal
Treatment. A summary of the surface composition quantiﬁcation deduced from the XPS spectra is reproduced in Figure
3. The results are based on narrow scans of selected peaks,
namely, Sr 3d, La 4s, and Fe 2p. The corresponding thermal
treatment is shown in Figure 3d. Important details on data
analysis enabling an accurate determination of composition can
be found in the Supporting Information (including corrections
due to relative sensitivity factors, angular distribution
correction, transmission function correction, and escape
depth corrections).
The ﬁrst plot (Figure 3a) shows the relative ratios of La, Sr,
and Fe. It is evident that the “as-polished” sample, which was
not thermally treated, has a composition of approximately La/
Sr/Fe = 0.60:0.40:1. This is as expected from the nominal
composition ((La0.6Sr0.4)0.99FeO3). The same result was also
found for the cleaved surface (more details about the surface
analysis of the cleaved surface can be found in the Supporting
Information). The ﬁnding of the nominal composition in the
“as-polished” and “as-cleaved” samples strongly corroborates
the composition determined by XPS on the thermally treated
and aged samples.
Remarkably, the most pronounced change in surface
composition occurs after the ﬁrst httt at 1000 °C. There is a
sharp increase in Sr content accompanied by a decrease in La
and Fe. After this point, all samples quenched from 650 °C
have similar cation ratios of approximately La/Sr/Fe =
1:1.33:1. The associated error bars originate mainly from
uncertainties related to background assignments to particular
peaks. Despite this uncertainty, it can be concluded that the
change during the prolonged thermal treatments at 630−675

scanning electron microscope equipped with an energy-dispersive
spectrometer and a surface-sensitive in-lens detector. The micrographs were taken at an accelerating voltage of 3 kV, a column current
of 200 pA, and a working distance of 3.5 mm. In all cases, wide-range
survey spectra (0−1100 eV, see S4 in the Supporting Information)
and detailed scans of speciﬁc peaks (La 3d, Sr 3d, Fe 2p, and O 1s)
were collected. The survey spectra were used for the identiﬁcation of
the components on the surface and for the assessment of escape depth
correction (this is explained in detail in the Supporting Information).
Detailed scans of speciﬁc edges are used for peak ﬁtting and
quantiﬁcation of composition. In all analyses, peak ﬁtting was done
with the least number of distinguishable peaks possible. This implies
that certain peak components can be composed of two or more peaks
with so small energy separation that they cannot be individually
resolved. On the other hand, constraints were put on peaks that
originate from the same element but are separated due to orbital
splitting. The Sr 3d peak is such a case, where constraints are put on
the energy diﬀerence between the Sr 3d5/2 and Sr 3d3/2 components
at 1.7 eV and the area ratio of Sr 3d5/2/Sr 3d3/2 is ﬁxed at 3:2. The
detailed information about the ﬁtting parameters can be found in the
Supporting Information.

3. RESULTS
In the following, we ﬁrst present the results of oxygenexchange kinetics measurements by ECR, which show the
reversible activation/passivation of the oxygen-exchange rate
upon taking the samples to 1000 °C and to 630−675 °C,
respectively, as illustrated in Figure 1. We then proceed to the
results of surface chemical characterization by XPS and SEM.
Although these show an increased amount of Sr on the surface
on all thermally treated samples, they reveal that the
environment in which Sr is found (as determined by XPS)
changes with time and is diﬀerent for the activated and
passivated surfaces. In the Discussion section, we will discuss
the relation between oxygen-exchange kinetics and surface
chemistry and analyze the formation and decomposition
kinetics of the Sr-containing phases that impede the oxygen
exchange.
3.1. Eﬀect of Thermal Cycling on Oxygen-Exchange
Kinetics. The results of ECR of four consecutive cycles of
thermal treatment are shown in Figure 2. The x-axis represents
the time that had passed since the previous thermal treatment
at 1000 °C to activate the surface, as described in Figure 1. We
refer to the state of the surface exhibiting fast kinetics as
“activated”, obtained right after httt at 1000 °C and the state
exhibiting slow kinetics as “passive”, as obtained after aging at

Figure 2. Change in oxygen-exchange kinetics (kchem) during
annealing at 675, 660, 645, and 630 °C after httt at 1000 °C for 10
h, as described in Figure 1.
D
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Figure 3. Surface chemistry of the quenched LSF samples (see Figure 1), quantiﬁed by using the Sr 3d, La 4s, and Fe 2p peaks in XPS. (a) Relative
content of La, Sr, and Fe; (b) ratio of A-site (La and Sr) to B site (Fe) cations; (c) chemical state of Sr, where “lattice Sr” stands for the Sr 3d
component at lower binding energies (131.9 ± 0.2 eV for 3d5/2 and 133.6 ± 0.2 eV for 3d3/2 spin−orbits) and “surface Sr” stands for the
component at higher binding energies (133.3 ± 0.3 eV for 3d5/2 and 135 ± 0.3 eV for 3d3/2 spin−orbits); and (d) thermal history of the analyzed
samples. Arrows indicate quenching to room temperature.

than 2 (2.3−2.5) in samples quenched from 650 °C and ≈2 in
the sample quenched directly from 1000 °C.
Focusing on strontium, we could observe two distinct
chemical states of Sr [as in the case of the cleaved surface
(S3)]. The distinction between the two states of Sr through
the separation of Sr 3d signals has been pointed out in previous
studies,36,42,50,53,76−79 and the low-energy component is usually
ascribed to Sr in the perovskite structure (the so-called “lattice”
component), while the high-energy component is associated
with strontium in the outermost layers (“surface” component)
or secondary phases such as SrOx or hydroxides. It is
noteworthy that the relative amounts of these two components
depend on thermal history (Figures 3c,d and 4). In the “as-

°C is much smaller than that obtained right after the ﬁrst httt
at 1000 °C (compare the ﬁrst two points in Figure 3a). In
addition, it is clear that the sample which was quenched
directly from 1000 °C had a noticeably diﬀerent cation ratio,
close to La/Sr/Fe = 1:1:1 (last point in Figure 3a), which is far
from the nominal bulk composition of the perovskite but close
to the one expected for RP compounds of K2NiO4 type. This
indicates that upon exposure to high temperatures, the surface
of the perovskite, at least stoichiometrically, resembles the ﬁrst
member of the RP series, namely, LaSrFeO4. The same data
are presented in Figure 3b but expressed now as the ratio of A
site (La and Sr) versus B site (Fe). It is evident that the A/B
ratio varies from 1 in the “as-polished” sample to values higher
E
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polished” sample, approximately 2/3 of the Sr signal is in the
lattice component and 1/3 is in the surface component, which
is close to the values found on the cleaved surface (Figure S3).
This ratio thus seems characteristic of a pristine surface created
by polishing or cleaving the materiala surface that has never
been allowed to “relax” at high temperatures. Immediately after
httt, the amounts of low- and high-energy Sr (“lattice” and
“surface”, respectively) become equal, while prolonged thermal
treatment at 650 °C leads to a gradual increase in the highenergy component (surface phase). In other words, the ratio
between the amount of low- and high-energy components
(“lattice” and “surface”, respectively) starts at ≈2 in the “aspolished” sample; after httt, it is ≈1, and after prolonged
thermal treatment at 650 °C, it reaches a value of ≈0.7.
Overall, the surface analysis of the thermally treated and
quenched samples reveals that (i) the surfaces of all thermally
treated samples (both activated and passive) have higher Sr
content than the perovskite bulk; (ii) the samples quenched
from 650 °C have more “surface” Sr than those quenched
immediately after httt; and (iii) the sample quenched from
1000 °C has an La/Sr/Fe ratio of approximately 1:1:1, that is,
an A/B elemental ratio of ≈2.
3.2.2. Surface after the End of the ECR Experiment. As
pointed out in the Experimental Section and Figure 1, after the
completion of the ECR measurements, the sample was
thermally treated in an O2/N2 mixture at pO2 = 0.2 at 1000
°C for 10 h and then cooled down to room temperature in 3 h.
The results of the XPS analysis of the sample after this heat
treatment are shown in Figure 5. The survey spectra conﬁrmed

Figure 5. XPS narrow scan of the Sr 3d peak of the LSF bar after the
ECR measurement. Before removal from the reactor, the bar was
treated at 1000 °C and pO2 = 0.2 for 10 h and then cooled down to
room temperature for 3 h.

the presence of only La, Sr, Fe, O, and C on the surface (S9).
Narrow scans of the Sr 3d peak have shown two distinct states,
similar to the quenched samples described above. The latticeto-surface Sr ratio is ≈1, which is as observed right after a httt
for the surface analysis samples (cf. Figure 4). The cation
elemental ratio is found to be La/Sr/Fe = 1:1.33:1.
These results show that the surface composition of the ECR
sample is similar to that of the samples quenched immediately
after a httt in terms of both elemental ratios and amounts of
lattice/surface Sr components. This indicates that even though
the sample has not been quenched (due to practical reasons),
in terms of its surface composition, it is still consistent with the
quenched samples with a similar thermal history. Therefore, we

Figure 4. Illustration of the XPS signals and best-ﬁt curves on aspolished as well as thermally treated samples. The quantiﬁcation of
content is based on the contributions within the Sr 3d photoelectron
peak. The Sr 3d peak consists of two components (labeled “surface
Sr” at higher energies and “lattice Sr” at lower energies), each split
into two spin−orbits 3d5/2 and 3d3/2 which are separated by 1.7 eV.
The corresponding spin−orbits of surface and lattice components are
separated by 1.4 eV. The peaks are centered at the following binding
energies: Srlattice 3d5/2 at 131.9 ± 0.2 eV, Srlattice 3d3/2 at 133.6 ± 0.2
eV, Srsurface 3d5/2 133.3 ± 0.3 eV, and Sr 3d3/2 135 ± 0.3 eV.
F
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Figure 6. SEM micrographs of the surface of the quenched samples, whose thermal history is shown in Figure 1 and in the inset. The images are
collected by a surface-sensitive in-lens detector at 3 kV at a column current of 200 pA, a magniﬁcation of 200k, and a working distance of 3.5 mm.
Green stands for the “as-polished” sample, blue for the sample quenched from 1000 °C, yellow for the samples quenched from 650 °C immediately
after httt, and transition toward dark-red indicates treatment at 650 °C. The time in the upper right corners stands for the total time spent in the
chamber furnace.

suggesting that these particles are SrSO4. Particles of similar
shape and composition have been observed earlier on the
surface of (La,Sr)CoO3.38 Five days later (day 16), the
situation is similar, and both the small and large particles are
visible all across the surface. Interestingly, after another httt
(day 17), both the small precipitates and the SrSO4 platelets
vanish, and the sample surface resembled the one after the ﬁrst
httt (day 1). Prolonged thermal treatment at 650 °C led to a
similar trend to that after the ﬁrst httt. The precipitates ﬁrst
appear on the surface after 3 days (day 19 of the experiment)
and the sulfates after 7 days (day 24). Both can also be seen
after 14 and 21 days at 650 °C (day 31 and 38) but not on the
surface of the last sample that was quenched from 1000 °C
(day 39). Also, the surface of the sample taken up to 1000 °C
after the completion of the ECR experiment is free of
precipitates and sulfates (S10). To further test the reversibility
of microstructural changes at the surface, the sample which had
the highest surface concentration of precipitates (day 38) was
subjected to a httt at 1000 °C after which no secondary phases
could be observed (Figure 7).
Summarizing the SEM analyses, we can conclude that
thermal treatment at 650 °C in atmospheric air leads to the
formation of observable nanoparticulate precipitates in 2−3
days and subsequently formation of SrSO4 in 5−7 days. This
ﬁnding is in line with many earlier studies on similar perovskite
surfaces.38,45,46 However, the most important discovery in this
analysis was that these particles can be completely removed
from the surface by thermal treatment at 1000 °C for 10 h in
atmospheric air. Most likely, parts composed of lighter

can use the surface data obtained on the quenched samples to
interpret the oxygen-exchange kinetics on the LSF bar used for
the ECR measurements at 650 °C.
3.3. Surface Microstructure of the Quenched Samples. The surface microstructure of the quenched samples
imaged by SEM is shown in temporal order in Figure 6. The
thermal history is indicated by color coding; that is, green
stands for the “as-polished” sample, blue for the sample
quenched from 1000 °C (day 39), and transition from yellow
to dark-red represents diﬀerent periods of thermal treatment at
650 °C in air.
The surface of the “as-polished” sample is smooth, and the
individual grains are indistinguishable. The grains become
clearly visible on the surface of httt-treated samples with a
mean size of approximately half a micron. Immediately after
the ﬁrst httt (day 1), the surface is clear and homogeneous.
After 5 days at 650 °C (day 6), nanoparticle precipitates of
approximately 10 nm in size can be observed all over the
surface of the sample. Similar particles have been observed in
several studies38,45,73,74 and have been speculated to be SrOx,
usually considered to be detrimental to the oxygen-exchange
reaction. The sample treated for another 5 days at 650 °C (day
11) was likewise covered with nanoparticle precipitates but
also with larger, sharp-angled particles of several hundred
nanometers in size. A rough estimate from lower magniﬁcation
SEM shows that the fraction of the surface that is covered by
these sharp-angled precipitates is less than 2%. EDS analysis
(S7) shows a sulfur signal and an increased strontium signal in
the spots where such large particles are formed strongly,
G
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Summarizing the results of ECR, XPS, and SEM analysis, we
can make a clear distinction between the state of fast
(“activated”) and slow (“passive”) kinetics, which can be
reversibly switched by thermal treatment as shown in the
above results. Surface chemical analysis has shown that the two
states diﬀer in terms of relative elemental ratios on the surface,
changes in the chemical state of strontium (relative abundance
of two diﬀerent Sr-containing phases or crystallographic sites),
and the formation of secondary phases. The observations are
summarized in Table 1.
4.1. Relation of Surface Chemistry and OxygenExchange Activity. It can be seen from Figure 3a that the
surface composition of all thermally treated samples is strongly
enriched in strontium. This ﬁnding is to some extent expected
due to the phenomenon of cation segregation on perovskite
oxides at elevated temperatures, as summarized in the
Introduction. It is widely believed that Sr segregation is
detrimental to oxygen-exchange kinetics. We have shown that
despite the fact that all thermally treated samples had a high
surface concentration (ca. twice the concentration in the bulk),
their activity can be reversibly switched between an “activated”
and a “passive” state. In fact, kchem values measured at 635 °C
ranging over 2 orders of magnitude, from 6 × 10−6 to 4 × 10−4
cm/s, could be found on the same sample as a function of time
and depending on the thermal treatment (Table 1). This result
suggests that the presence of “extra” strontium on the surface
does not necessarily adversely aﬀect the kinetics, but the phase
in which Sr is found is decisive for the kinetics. The excess Sr
becomes detrimental when belonging to the “surface” state.
Some of this is likely a separate secondary phase that is
partially blocking the oxygen exchange. This is further
corroborated by the observation of precipitates as shown in
Figure 6 and by the increased amount of Sr found in the
“surface” state by XPS (see Figures 3 and 4). This argument is
consistent with the performance degradation due to the
formation of strontium-related secondary phases reported in
the case of (La,Sr)CoO3,12,28,36 (La,Sr) (Co,Fe)O3,41,42,45,46
and (Ba,Sr)(Co,Fe)O375 perovskite electrodes. In addition, the
transition from “lattice” Sr (in perovskite) to “surface” Sr (in
secondary phases) leads to slower oxygen diﬀusion in the nearsurface layers. These two eﬀects (partial blockage due to the
formation of secondary phases and the depletion of Sr in the
near-surface layers) lead to the gradual decrease in surfaceexchange coeﬃcient at intermediate temperatures (between
630 and 675 °C).

Figure 7. Comparison of the surface of the sample after treatment at
650 °C in ambient air for 21 days (left column) and the surface of the
same sample after a subsequent treatment for 10 h at 1000 °C in
ambient air (right column). The SEM images are taken at an
accelerating voltage of 3 kV, a column current of 200 pA, and a
working distance of 3.5 mm and with an in-lens detector.

elements such as C, S, and O decompose and evaporate, while
the heavier elements soluble in the structure such as Sr get
reversibly incorporated into the perovskite lattice of the
sample.

4. DISCUSSION
In the following text, we shall correlate the results collected by
the diﬀerent techniques and discuss the link between the
surface chemistry and the catalytic activity of the LSF surface
toward ORR expressed via kchem. We will also discuss the
reversible nature and the kinetics of the observed changes.

Table 1. Summary of the Results and the Observed Diﬀerences between the Two States of LSF
state
method property

“activated” after httt at 1000 °C

“passive” at 635 °C during 350 h

ECR

oxygen-exchange kinetics

kchem (at 635 °C) = 4 × 10−4 cm/s

kchem (at 635 °C) = 6 × 10−6 cm/s

XPS

relative ionic ratio (La/Sr/
Fe)

≈31:36:33

≈30:40:30

more Fe and La, less Sr
≈2
more lattice component
less surface component
lattice/surface Sr = 1

less Fe and La, more Sr
>2
more surface component
less lattice component
lattice/surface Sr < 1 and decreasing

none, homogeneous surface

nanoparticulate precipitates (≈10 nm) and SrSO4 sharp-angled particles (≈100
nm)

A/B site ratio
chemical state of Sr

SEM

secondary phases

H
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Figure 8. Results of a long series of isothermal ECR tests carried out between 0.2 and 0.1 bars at temperatures from 635 to 670 °C; kchem values are
deduced from ∼50 relaxation runs carried out over a period of 350 h after each high-temperature treatment. (a) Change in surface resistance (Rsurf
∼ 1/kchem) and (b) log−log plot of the extent of the transformation (see eq 4) vs ln(t). The Avrami coeﬃcients are extracted from the best-ﬁt
straight lines to the data points and (c) TTT diagram based on the extracted Avrami coeﬃcients in the measured temperature range (blue). The
light-blue region and the dashed lines serve as an illustration and are based on the typical shapes of TTT diagrams. The C-shaped lines show the
extent of transformation from “activated” to “passive” state. The temperature under which a phase transformation will take place is in an earlier
study estimated to lie between 700 and 800 °C.15 The “activated” state is stable at high temperatures (red), and the “passive” state is more stable at
lower temperatures (hatched). Note: the constructed TTT diagram is intended to serve merely as an illustration.

perovskite due to thermal treatment at 1000 °C. Second, the
further increase of the surface component of Sr from 50 to 60%
can be associated with the clearly visible formation of
secondary phase precipitates as can be seen in the SEM
images. This could indicate that the high-energy component of
the Sr 3d spectrum is composed of two surface species: one
ever-present binding environment corresponding to Sr in the
terminating layer of the perovskite lattice and another
associated with the formation of secondary phases containing
Sr. The low-energy signal (70% of the total signal on the ascleaved sample) is associated with Sr in a perovskite lattice-like
environment and presumably stems from one to two layers
(∼10 Å) below the ﬁrst surface layer.
4.2. Kinetics of Phase Transformation at the Surface.
We have shown above that the surface chemistry and oxygenexchange kinetics are correlated through the form in which
excess Sr exists at the surface of LSF. This enables us to use the
measured oxygen-exchange kinetics at four diﬀerent temperatures (630, 645, 660, and 675 °C) to gain insights into the
kinetics of the chemical transformation at the surface of LSF.
Speciﬁcally, we can assess the kinetics of the transformation
from the activated to the passive state of the LSF surface. To
do this, we use the surface resistance (Rsurf) which is inversely
proportional to the oxygen-exchange coeﬃcient (kchem). The

The oxygen-exchange rate in this study was measured by
ECR and expressed through a surface-exchange coeﬃcient
(kchem). The decreasing trend of kchem shown in Figure 2 can be
correlated with the change in the chemical state of Sr in the
surface (Figure 3c) and the microstructural changes on the
surface (Figure 6). We have found that approximately 30% of
strontium is in the high-energy (“surface”) component even in
the case of the cleaved surface when no secondary phases are
present (Figure 3), and the Sr/La ratio as well as the (Sr +
La)/Fe ratio is as expected for the perovskite. This indicates
that the “surface” component in the case of the cleaved surface
originates from Sr in the terminating layer of the perovskite
structure, corresponding to the fact that the cleaved surface
exposes or terminates with an AO layer. The amount of highenergy Sr component on the “as-polished” surface is 35%,
which is close to the cleaved surface, as expected. On the other
hand, on the thermally treated samples, the amount of highenergy component is around 50% immediately after treatment
at 1000 °C (“activated” state), and it increases to around 60%
after prolonged thermal treatment at 650 °C (“passive” state).
The increase in the high-energy Sr component from 30 to 50%
in the “activated” state is not associated with any detectable
secondary phases in the SEM images. This could be explained
by strontium enrichment at the surface termination layer of the
I
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reciprocal values of kchem are plotted in Figure 8a. Evidently,
the overall rate of transformation depends on the aging
temperature. For instance, the time needed to reach 50%
transformation (half-time) is about 80 h when aging at 630 °C
and about 320 h when aging at 675 °C.
It is interesting to observe that the S-shaped curves in Figure
8a are characteristic of phase transformation featuring
nucleation and growth, which is usually described by Avrami
kinetics68−70 and the Johnson−Melvin−Avrami−Kolmogorov
(JMAK)a equation
X = 1 − exp( −κt n)

It is noteworthy that at all investigated temperatures, the
extent of the transformation is well described by eqs 3 and 4 as
seen from the R2 values close to 1 and consistent observation
of n values close to 2 (see Table 2).
In general, the rate of phase transformation depends on both
nucleation and growth processes. Growth is determined by
diﬀusion, which is thermally activated and obeys an Arrhenius
dependence. On the other hand, in a simpliﬁed picture, the
nucleation rate depends on the critical radius of the nuclei
determined by the diﬀerence in Gibbs energy between the two
states at a given temperature. At lower temperatures, this
diﬀerence (and therefore the driving force) becomes larger,
rendering nucleation faster. Therefore, the fact that the overall
rate of transformation is found to be higher at lower
temperatures is a clear indication of the nucleation-controlled
regime of transformation.
In studies of recrystallization in alloys, it is customary to
interpret phase transformations in terms of temperature−
time−transformation diagrams (TTT diagrams). Due to the
abovementioned opposite trends of the rate of nucleation and
growth with temperature, the TTT diagrams feature a
characteristic “nose” (or C-shape). Based on the estimated κ
and n values, we can construct a part of such a TTT diagram in
the investigated temperature range (Figure 8c). In our previous
study, we determined that the equilibrium transformation
temperature lies between 700 and 800 °C15 (yellow region). At
higher temperatures, the surface is in an “activated” state (red
region), and at lower temperatures, the passive state is more
stable, and the phase transformation from “activated” to
“passive” state is taking place (blue region). The three gray
lines connect points of the same extent of the transformation
(X = 10, 50, and 90%). Continuous lines are in the region in
which κ and n parameters are determined (dark blue region),
while dashed parts serve as an illustration of the expected
trends at lower temperatures based on the models described by
eqs 3 and 4. Measurements at these temperatures have not
been attempted due to practical reasons (extremely long time
needed for ECR experiments). It should be stressed that the
purpose of the here constructed TTT diagram is to give a
sense of the time scale and the width of the nucleationcontrolled regime and not to serve as a tool for precise
determination of transformation at diﬀerent times and
temperatures.
4.3. Reversibility of the Process. One of the major
ﬁndings presented in this study is the reversibility of the
observed changes both in terms of oxygen-exchange kinetics
and surface microstructure and chemistry. Our earlier study
has shown that bulk-related properties such as the chemical
diﬀusion coeﬃcient do not change over time, a ﬁnding that is
also conﬁrmed in this study (Figure S2). XRD analysis
(Figures S11 and S12) has shown that the samples have a
rhombohedral perovskite structure (space group R3̅ ch)
regardless of the thermal treatment even when tested in the
surface-sensitive, grazing incidence mode. It should be
mentioned that these XRD results, due to their limited
sensitivity, do not exclude the existence of a separate crystalline
phase close to the surface. Proof/disproof of such a phase
would require investigation by more surface-sensitive techniques, for example, micro-beam synchrotron X-ray diﬀraction,
but this was beyond the scope of this study. As discussed in
Section 4.2, the value of the Avrami coeﬃcient of n = 2
indicates that the transformation is taking place laterally from a
ﬁxed amount of nucleation sites which could be the case of

(1)

where X stands for the extent of transformation over time (t), κ
is a transformation rate constant, and n is the Avrami
coeﬃcient, which is related to the dimensionality of the
transformation in the following way
(2)

n=a+b

The parameter b is 1 in the case of 1D needle-like growth, 2 in
the case of 2D lamellar, and 3 in the case of 3D spherical
growth. The parameter a is related to nucleation kinetics and
takes the value of zero when no new nucleation occurs, the
value of unity when there is a constant nucleation rate, and
values in between for a nucleation rate decreasing with
time.71,72 Linearization of the JMAK equation yields
ln(− ln(1 − X )) = ln(κ ) + n·ln(t )

(3)

This form of the equation enables the determination of κ
and n from the intercept and slope in the type of plot shown in
Figure 8b. Assuming that the increase in surface resistance over
time is a direct consequence of the phase transformation at the
surface, we can utilize the JMAK equation for the
interpretation of the obtained S-shaped curves and the
calculation of the respective rate constants.
X (t ) =

min
R surf (t ) − R surf
max
min
R surf
− R surf

(4)

Combining eqs 3 and 4 results in a plot shown in Figure 8c.
The points corresponding to the initial 10−15% and the last
10−15% of the transformation were omitted from the analysis.
Therefore, the parameters listed in Table 2 are applicable to
Table 2. Estimation of Crystallization Rate (κ) at Diﬀerent
Aging Temperatures in the Designated Intervals and Fitting
Parameters
aging
temperature
[°C]
630
645
660
675

κ·106 [h−1]
99.3
30.3
14.3
8.0

±
±
±
±

25
20.6
5.6
1.7

N
2.01
2.02
1.96
1.97

±
±
±
±

0.06
0.13
0.08
0.04

R2

time interval
[days]

0.986
0.908
0.947
0.983

1−5.6
1.5−12.5
2.1−15.2
1.5−16.8

Article

the region where the overall rate of transformation is high (0.1
< X < 0.9) and the S-shaped curves are clearly deﬁned. The
slope (Avrami coeﬃcient) was found to be close to 2 at all
temperatures. Equation 2 oﬀers two possible interpretations for
this case: the transformation is either two dimensional with a
ﬁxed amount of pre-existing nucleation sites (a = 0 and b = 2)
or one dimensional with constantly emerging new nucleation
sites (a = 1 and b = 1).
J
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Figure 9. Sketch illustrating the envisioned mechanism of surface activation and passivation. “As-polished” sample that has not been subjected to
thermal treatment is expected to have a perovskite structure both in the bulk and on the surface and a substantial amount of carbonates. In situ
treatment at 400 °C removed all the carbonates, but Sr and O on the surface were still present in two distinguished states, reﬂecting a “bulk”
perovskite-like environment and an expected AO (SrOx) surface termination (Section 3.2.1). The ionic ratios observed by XPS after the thermal
treatment in air at 1000 °C (bringing the sample in the activated state) suggest the formation of more SrO on the surface (fully or partly covering
the surface) or the formation of RP-like layers on the surface (Section 3.2.2). The existence of a RP phase on the surface was, however, not
conﬁrmed by the applied structure-sensitive techniques, possibly due to too low sensitivity. Based on SEM analysis (Section 3.3), the prolonged
treatment at 650 °C in air causes the formation of small precipitates and later of plate-like sulfate particles (passive state). ECR (Section 3.1) and
XPS (Section 3.2) results show that the activated state can be regained by a dissolution/evaporation of secondary phases at 1000 °C.

transformation in a very thin surface layer. Based on these
facts, we attempt to give an illustration of this cyclic process in
the right-hand side of Figure 9. In the ﬁgure, we have
illustrated the ﬁndings on surface composition in terms of
diﬀerent layers/phases all within the probing depth of XPS.
For the as-cleaved state, we could have an AO termination of
the perovskite. This is consistent with the ﬁndings that 30% of
the Sr signal is “surface”-state (this is likely the uncoordinated
AO layer exposed at the surface), and the overall stoichiometry
within the probing depth is the one of the synthesized
perovskites. After high-temperature treatment, where the
surface is still active, more Sr is found in the “surface state”
(ca. 50% of the signal). This could correspond to the fact that
some areas of the surface are by now covered with an extra
layer of SrO. Alternatively, the high-temperature treatment has
resulted in an RP-type stacking toward the surface within the
probing depth, giving the observed 2:1 A/B stoichiometry
illustrated in Figure 9. As the sample ages at 650 °C, more and
more Sr shifts from a perovskite-like environment to the
surface phase of Sr. This Sr comes from either perovskite parts
of the surface (horizontal variations) or from the sub-surface

perovskite phase. Once on the surface and precipitated from
the perovskite lattice, Sr reacts with impurities in the ambient
air. The reactions with CO2 can form precipitates of SrCO3
(Figures S5 and S6 in the Supporting Information), which is
known to be thermodynamically stable at 650 °C in 400 ppm
CO2.80,81 Reactions with sulfur from ambient air or from
impurity sulfur in the oxide form SrSO4 (indicated by EDS in
Figure S7), respectively. Similar evidence of SrSO4 precipitates
on La0.6Sr0.4CoO3 has recently been reported by Pişkin et al.38
The phase changes follow the Avrami kinetics and are
accompanied by a reduction in the exchange rate.

5. CONCLUSIONS
The results presented in this work stress the importance of
thermal history of the sample on the surface chemistry and the
oxygen-exchange kinetics at intermediate temperatures (T <
800 °C) in the case of (La0.6Sr0.4)0.99FeO3. By controlling the
thermal history of LSF specimens, we were able to correlate
the catalytic activity of the surface with its surface chemical
composition.
K
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Higher than the nominal bulk concentration of Sr is found
on all thermally treated samples. Thermal treatment at high
temperature (1000 °C) causes observable changes in surface
microstructure, resulting in the disappearance of secondary
phase precipitates (i.e., SrO, SrCO3, and SrSO4) that form after
prolonged treatment at low temperature (630−675 °C). This
thermal activation of the surface chemistry causes the Sr
secondary phase precipitates to dissolve back into the
perovskite lattice. These processes drastically increase the
oxygen-exchange rate by almost 2 orders of magnitude
measured by ECR. Prolonged thermal treatment at 650 °C
over several weeks ages the LSF surface and decreases the
oxygen-exchange rate over time. This passivation of the
oxygen-exchange rate is associated with changes in the Sr
chemistry of the surface, as evidenced by the binding
environment of Sr measured in XPS. In particular, Sr comes
out of the lattice to form a secondary, non-lattice Sr binding
environment, in part associated with the nanoparticle
precipitates at the surface. These changes in oxygen-exchange
kinetics, surface chemistry, and surface microstructure are
reversible, that is, upon a subsequent high-temperature
treatment at 1000 °C, where the secondary Sr phases (formed
during low-temperature aging) disappear, and the elemental
ratios and the Sr binding environment return to the ones
observed immediately after the ﬁrst high-temperature treatment 1000 °C.
The results address the questions put forward in the
Introduction section:

Article
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(i) The surface of the perovskite oxide, as represented by
LSF here, passivates via a nucleation-controlled phase
transformation. Upon aging, the strontium-enriched
surface layers transform into a passivating layer, also
forming nanoparticulate precipitates. The formation of
Sr-rich surface compounds depletes the amount of Sr in
the underlying perovskite lattice. The Sr-depleted
perovskite lattice near the surface, and the increased
amount of the passivating Sr phase, together, leads to a
reduction in the oxygen-exchange activity.
(ii) The passivating layer can be removed by a httt (taken as
1000 °C here). The secondary phases get decomposed,
while the remaining excess strontium is redissolved into
a perovskite-like lattice. This brings back the surface to
an active state. The improvement in oxygen-exchange
kinetics is almost 2 orders of magnitude. Within the
probing depth of XPS, the overall stoichiometry is not
far from that of a RP phase (A/B ∼ 2:1). This may
reﬂect an RP-type stacking sequence toward the surface.
It may reﬂect horizontal variations with perovskite phase
areas and AO areas or that an extra AO layer exists on
top of the AO-terminated perovskite.
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The total amount of Sr on the surface is not the determining
factor for the oxygen-exchange kinetics, but rather it is the
chemical state and in which Sr-rich secondary phase it is found
that dictates this. For approximately the same amount of Sr at/
near the surface, oxygen-exchange kinetics can be very diﬀerent
depending on whether Sr is in the perovskite “lattice” binding
environment or in a “secondary surface phase” binding
environment. These ﬁndings advance our understanding of
how perovskite oxide surfaces evolve at diﬀerent conditions
and also provide insights into potential reversible surface
healing methods, speciﬁcally with thermal treatment as shown
in this work.
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(65) Tripković, D̵ . Impact of Surface Chemistry on Oxygen
Exchange in Perovskite Electrodes. PhD Thesis, Technical University
of Denmark, 2018.
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