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y enables reversal of dopant
segregation at perovskite oxide surfaces under
anodic potential†

Dongha Kim, ‡a Adrian Hunt,b Iradwikanari Waluyo b and Bilge Yildiz *ac

Surface instability of perovskite oxides caused by aliovalent dopant segregation and resultant formation of

insulating surface layers and precipitates, such as SrOx, limits the performance and durability of these

materials in energy conversion, including in solid oxide fuel and electrolysis cells. Previous studies

showed that reversal (re-incorporation) of such dopant segregation layers can occur under both

cathodic and anodic potential in Sr-doped lanthanum manganite (LSM) as a model perovskite system. Sr

segregation under anodic and reversal of segregation under cathodic potential could be explained by

a defect equilibrium reaction involving A-site cation vacancies and Mn oxidation state. Sr segregation

under cathodic and reversal of segregation under anodic potential is also known to take place, but it has

been poorly understood and its governing mechanism is not known. In this study, we show that defect

reactions involving cation vacancies and oxygen holes at high oxygen pressures can account for re-

incorporation of the segregated dopant from the surface into the bulk of lanthanum manganite under

anodic conditions. We use Ca-doped lanthanum manganite (LCM) as a model perovskite oxide. We have

demonstrated with X-ray photoelectron and absorption spectroscopy that the precipitation and re-

incorporation of the surface CaOx under cathodic and anodic potential, respectively, are coupled with

the reduction and oxidation of the perovskite surface. Under oxidizing, anodic conditions, cation-

deficient perovskite unit cells form on/near the surface, allowing for the dissolution of the excess Ca at

the surface back into the perovskite lattice. Notably, applying anodic potential could remove half of the

surface Ca precipitates within a few minutes, thus improving the oxygen exchange kinetics of the LCM

surface significantly. These results establish a highly efficient oxidative route for activating perovskite

oxide surfaces and advance the quantitative understanding of dopant segregation and re-incorporation

reactions.
Introduction

Perovskite oxides (ABO3) are widely used in clean energy
conversion applications, including solid oxide fuel and elec-
trolysis cells (SOFC/ECs),1–6 solar thermochemical fuel
production,7–9 and gas separation membranes.10 Many state-of-
the-art perovskites, such as La1−xSrxMnO3,11–16 La1−xSrx-
CoO3,17–22 La1−xSrxCo1−yFeyO3,23–27 and SrTixFe1−xO3 (ref. 28–31)
suffer from degradation of their surface chemistry and oxygen
exchange kinetics at elevated temperatures. This process limits
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their long-term stability in the aforementioned applications.
This degradation is primarily because of dopant segregation to
the surface and precipitation in the form of insulating phases,
such as SrOx. These insulating surface layers block the electron
transfer and oxygen exchange pathways, impeding the oxygen
exchange kinetics12,24,32 and reducing the attainable power
densities.2

In our previous studies, we have demonstrated that electro-
static (Eelec) and elastic (Eela) energies of dopant are important
driving forces for dopant segregation on perovskite oxides.33,34

Predominantly under cathodic overpotentials (or low pO2,eff),
negatively charged dopant ðSr0LaÞ can segregate to the surface
due to the electrostatic attraction (Eelec) to the positively charged
oxygen vacancies ðV��

OÞ enriched at the surface. Under anodic
overpotentials (or high pO2,eff), too, the dopant can segregate
and precipitate in the form of a binary oxide at the surface, e.g.
SrOx. This is because precipitation of the larger dopant cation
(RLa3+ < RSr2+) to the surface relaxes the elastic energy (Eela) in the
perovskite phase which contracts when oxidized. Due to their
different overpotential dependence, Eelec and Eela dominate at
J. Mater. Chem. A, 2023, 11, 7299–7313 | 7299
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the low and high pO2,eff regimes, respectively, giving rise to
a convex total segregation behavior with respect to pO2,eff (red
and blue solid lines in Fig. 1a).

Importantly, the fact that dopant segregation is a thermody-
namically driven process implies that it can be reversed if the
reverse reaction is kinetically unrestricted. Several previous
studies reported that dopant segregation induced by anodic
potential (or under oxidizing environment) could be reversed
with cathodic potential.13,35,36 Jiang13 and Janek36 groups have
reported that applying cathodic potential to (La0.8Sr0.2)0.9MnO3

and La1−xSrxCoO3 incorporated the surface SrOx back into the
perovskite phase. This led to the improvement of the surface
oxygen exchange rate by several orders of magnitude.13 Based on
the role of Eela described in Fig. 1a, we can reason that the
reduction of Eela under reducing conditions (or cathodic
potential) is one reason for this reversal of segregation.
However, increasing contribution from Eelec under reducing
conditions can actually drive segregation as well.19,34,37 There-
fore, it is difficult to reconcile this reversal of segregation under
cathodic conditions only by considering Eela and Eelec as shown
in Fig. 1a. In addition to the elastic and electrostatic energy
contributions, we believe that we must also consider the defect
equilibria in the perovskite oxide in the segregation in the form
of dopant oxide precipitates, and reversal of such segregation
on perovskite oxides, as we have recently studied theoretically.38

Eqn (1) demonstrates the known defect reaction that can
explain the dopant segregation (forward) under anodic condi-
tions and dopant re-incorporation (backward) under cathodic
conditions.36,39
Fig. 1 Electrochemically driven dopant segregation and re-incorporation
electrochemical potential for an acceptor-doped lanthanum manganite
line = electrostatic energy (Eelec), blue solid and dashed line = elastic ene
The thin-film LCM samples were annealed under different potentials at
(open circles).34 Another set of LCM samples were annealed with the tw
gation. In this approach, the samples were initially annealed for 1 h under
dashed arrows indicate the change of the applied local potential during th
after this two-step polarization experiment are plotted as triangles. All th

7300 | J. Mater. Chem. A, 2023, 11, 7299–7313
Sr
0
La þ 2Mn�Mn þ 1=2O2

������! ������

anodic

cathodic
V
0 00

La þ SrOsurf þ 2Mn�
Mn (1)

(Sr0La = Sr on the La lattice site, Mn�Mn = Mn on the Mn lattice
site, V0 00La = La vacancy, Mn�

Mn =Mn with single positive charge
on the Mn lattice site)

In contrast, the opposite segregation behavior, dopant
segregation under cathodic and its reversal under anodic
conditions, is also observed in similar perovskite oxides such as
La1−xSrxCo1−yFeyO3 (ref. 20, 23 and 24) and La1−xSrxMnO3.40–42

However, the defect reaction in eqn (1) cannot explain this
segregation and reversal phenomenon. Also, as described in
Fig. 1a, going toward anodic conditions suppresses the Eelec
contribution but it also increases the elastic energy contribution
to Sr segregation. Hence, the Eela and Eelec argument fails to
explain the dopant re-incorporation under anodic conditions
aer segregation at cathodic conditions as well. Therefore, in
addition to eqn (1), we need to consider another defect equi-
librium to fully explain this contradicting segregation and
reversal phenomenon. To this end, a defect reaction that we
may have to consider is:

Nilþ 6Mn�Mn þ 3=2O2
������! ������

anodic

cathodic
V
00 0

La þ V
0 00

Mn þ 6Mn�
Mn þ 3O�O

(2)

(nil = V0 0 0La þ V0 00Mn þ 3V��
O (empty unit cells), V��

O = O vacancy,
V00 0Mn = Mn vacancy, O�O = O on the O lattice site)

This Schottky reaction under oxidizing conditions is known
from the bulk point defect equilibrium in doped lanthanum
manganites where cation vacancies are formed as the perovskite
. (a) Schematic rendering of the dependence of dopant segregation on
, described by the sum of the two driving forces; red solid and dashed
rgy (Eela). (b) Segregation vs. potential graph of La0.8Ca0.2MnO3 (LCM).
770 °C for 1 h in pure oxygen by using the lateral polarization method
o-step polarization approach to investigate the reversal of Ca segre-
cathodic potential, followed by anodic potential for another 1 h; black
e two-step polarization experiment. The resulting{Casurf/(La + Ca)}norm
e error bars are smaller than the size of the data points.

This journal is © The Royal Society of Chemistry 2023
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oxides incorporate oxygens into the lattice as they are
oxidized.43,44 Importantly, this reaction also describes the
formation of new empty perovskite unit cells (labeled as ‘nil’)
with cation vacancies. Hinted by this, we reasoned that these
cation-decient unit cells at the surface could take in the
segregated Sr, leading to the dopant re-incorporation under
anodic conditions. The defect reaction in eqn (2) can be coupled
with the dopant re-incorporation reaction occurring at the
surface under anodic conditions.

In this study, we propose a new defect reaction that
successfully explains the dopant segregation under cathodic
and re-incorporation under anodic potential. We used thin-lm
La0.8Ca0.2MnO3 (LCM) as a primary model system because
dopant segregation in LCM increases monotonically as poten-
tial goes from anodic to cathodic,34 which corresponds exactly
to the dopant segregation and re-incorporation reactions that
we aim to investigate. With X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectroscopy (XAS) measurements,
we quantitatively analyzed the dopant segregation and re-
incorporation reactions on LCM induced by electrochemical
potential and found that dopant re-incorporation reaction on
LCM is coupled to its surface oxidation process. We have found
that such an oxidation process at the ‘surface’ is mediated
predominantly by oxygen, O, rather than Mn which becomes
redox-active only in the bulk. Also, the fact that lanthanum
manganites equilibrate with cation vacancies under oxidizing
conditions (eqn (2)) is key to formulating the defect reaction
explaining the dopant re-incorporation reaction. Electro-
chemical impedance spectroscopy (EIS) showed that applying
anodic potential to LCM improved its oxygen exchange kinetics,
i.e., reduced impedance, in a short time (<5 min) by removing
the insulating CaOx at the surface. This process was reversible
over several cycles. Also, we show that the results from LCM can
be transferred to La0.8Sr0.2MnO3 (LSM) which is one of the state-
of-the-art air electrodes in solid oxide fuel and electrolysis cells.
These ndings advance our understanding of the governing
mechanisms of surface instability and provide insights for
operating perovskite oxides to maintain their surface chemical
stability in a range of energy conversion applications.

Experimental methods
Sample preparation and characterizations

La0.8Ca0.2MnO3, La0.8Sr0.2MnO3, and La0.8Ba0.2MnO3 thin lms
were deposited onto (100)-oriented single crystals of YSZ (yttria-
stabilized zirconia, 8 mol% Y2O3, MTI Corp.) via pulsed laser
deposition (PLD). During the deposition, the substrate
temperature was maintained at 700 °C and the oxygen pressure
of the chamber was kept at 0.5 mTorr. The oxygen pressure was
increased to 500 mTorr O2 while cooling to room temperature.
In order to remove pre-existing surface dopant oxide layers,
which form at the surface during PLD deposition, the thin-lm
samples were immersed in high-purity deionized water for
1 min. The effect of this pre-treatment process was demon-
strated in earlier work.45 The thickness of the thin lms was
measured by Bruker DXT Stylus prolometer and was measured
80–100 nm. To examine the dopant segregation and re-
This journal is © The Royal Society of Chemistry 2023
incorporation on La0.8Ca0.2MnO3, La0.8Ca0.2MnO3 thin-lm
samples from the same PLD batch were used for each set of
potential experiments to avoid any experimental artefact. Out-
of-plane X-ray diffraction (XRD, Rigaku Smartlab) measure-
ment showed that all the lms were in the perovskite phase and
had preferential texture along (110) and (100). The surfaces of
the lms were imaged by high-resolution scanning electron
microscopy (HRSEM) using a Zeiss Merlin HRSEM with an in-
lens secondary electron detector.

X-ray photoelectron spectroscopy (XPS) measurement

The chemical composition of the lms' near-surface region was
characterized by X-ray photoelectron spectroscopy (XPS) using
a Physical Electronics Versaprobe II X-ray photoelectron spec-
trometer equipped with a monochromated Al Ka X-ray source.
The angle between the analyzer and the surface plane was set to
45°. Please note that all the XPS experiments were done ex situ.
For quantitative analysis, core-level emission lines with similar
inelastic mean free paths (l) were chosen; La 4d (l = 1.66–1.69
nm), Mn 3p (l = 1.72–1.74 nm), Ba 4d (l = 1.70 nm), Sr 3d (l =
1.65 nm), and Ca 2p (l = 1.43 nm).46 The resulting spectra were
analyzed to quantify the amount of each component by
normalizing their peak area by the sensitivity factor of each
core-level orbital.47 The quantication of the Casurf on LCM
samples was done in this way. In Fig. 2, 4, and 6, the amount of
the Casurf was normalized with the total A-site cations (Casurf/(La
+ Ca)), and further normalized with the Casurf/(La + Ca) of
a separate reference sample that had the least segregated state.
This reference sample was annealed solely under +0.3 V for 1 h.
In Fig. 1 and 7, the normalization was done in the same way but
the reference sample was the as-prepared LCM and LSM. We
used the reference sample because LCM lms from different
PLD batches oen showed a big difference in the absolute
amount of Casurf even under the same annealing conditions.
Due to the limit of the number of thin lms we could deposit in
a PLD batch at once, we used the amount of Casurf on one of the
LCM thin lms annealed under +0.3 V for 1 h as a reference
segregation state of each PLD batch.

Lateral polarization method

Lateral polarization method enabled us to investigate a wide
range of potentials with a small number of thin-lm samples,
thus minimizing experimental artifacts. Possible experimental
artifacts include using samples from different PLD batches or
different experimental conditions such as variations in sput-
tering conditions or annealing temperatures. This method is
based on the original design by Huber et al.48 and the utility of
this method for segregation study was previously demonstrated
by our group34 (Fig. S1†). For the preparation of the cells, Pt
paste (SPI Corp.) was applied at the back side and one edge of
YSZ crystals before the thin-lm growth process to form
a porous Pt counter electrode (CE). The deposited Pt electrode
was heated at 700 °C in the air for 30 min to evaporate the
solvent and sinter the electrode. Aer depositing the thin lms,
electrical contact points were created by sputter deposition of
a Ti adhesion layer (10 nm) followed by a Pt contact layer (100
J. Mater. Chem. A, 2023, 11, 7299–7313 | 7301
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Fig. 2 Re-incorporation of surface segregates under anodic potential and the resulting changes in the surface morphology of the LCM film. (a)
Amount of Casurf vs. time duration of anodic potential. Two different cathodic potentials,−0.15 V (pink star, y-axis on the left) and −0.6 V (brown
star, y-axis on the right), were first applied to the LCM thin films to induce dopant segregation. Different anodic potentials, +0.3 V (circles),
+0.45 V (squares), and +0.9 V (triangles), were then applied for different time durations to induce dopant re-incorporation. The error bars in (a)
are standard deviation of the results of the three different sample sets deposited from different PLD batches. SEM images of the sample annealed
under (b) −0.15 V, 1 h, (c) −0.15 V, 1 h / +0.9 V, 20 min, (d) −0.15 V, 1 h / +0.9 V, 1 h, (e) −0.6 V, 1 h, (f) −0.6 V, 1 h / +0.9 V, 3.5 h, and (g)
−0.6 V, 1 h/ +0.9 V, 9 h. The colored symbols in the top-left corner of the images indicate the corresponding data points in (a). Scale bars in (b)
and (e) indicate 4 mm and the one in the inset of (b) indicates 800 nm.
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nm). The regions for sputtering were dened by a Kapton mask
which covered the lm surface, leaving a 2 mm gap at the side
for depositing the upper side of the CE. The WE was deposited
through a 3 × 7 mm2 rectangular opening of the mask at
a distance of 3 mm from the CE. With such a conguration, we
could create the electrical connection between the WE and CE
along the perovskite thin-lm electrode. Upon application of
electrical potential to the WE, the thin lm serves as an ohmic
resistor for the electronic current, resulting in a linear voltage
drop across the distance between the WE and CE. The local
potential applied at a local measurement point can be calcu-
lated with the applied potential on the WE and the distance
between the measurement point and the WE (Fig. S1b†). This
was proven by an in situ XPS measurement performed in our
previous study.34 Aer potential experiments, the exposed
7302 | J. Mater. Chem. A, 2023, 11, 7299–7313
surface of the thin lm in between the WE and CE was analyzed
with a variety of characterization tools, such as XPS and SEM, by
scanning along the sample surface. Further details can be found
in our previous report.34 In the two-step polarization approach,
cathodic and anodic potentials were sequentially applied to
LCM for 1 h each, and the potential change was done gradually
with a rate of 1 mV s−1 to prevent any electrochemical shock to
the lms.
X-ray absorption spectroscopy (XAS) measurement

XAS reveals the oxidation state of a sample in an element-
specic way, and thus allows us to nd the relationship
between the oxidation of the samples and dopant re-
incorporation reaction, and also which chemical species are
involved in the oxidation process. In general, the redox-active
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Redox-active species at the surface of LCM. (a) O K-edge and (b) Mn L-edge spectra in total-electron-yield (TEY) mode measured from
the LCM thin-film samples annealed under different potentials. The inset of (a) shows a magnified view of the Mn 3d–O 2p hybridization peak at
∼530 eV. (c) Comparison between the integrated area of the Mn 3d–O 2p peaks under different potentials (colored circles, y-axis on the right)
and the oxygen non-stoichiometry curve of LSM obtained under similar experimental conditions43 (black dots, y-axis on the left). The blue-
colored region in (c) indicates the range of the effective pO2 (log(pO2) > 0) induced by applying anodic potential.
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species of perovskite oxides are transition metal cations or
oxygen anions as they constitute the valence band.49–51 Hence,
we investigated the O K-edge and Mn L-edge spectra of the
La0.8Ca0.2MnO3 (LCM) samples used in our experiments. Please
also note that all the XAS experiments were done ex situ. The
oxidation of the LCM thin-lm samples was probed by using
XAS at beamline 23-ID-2 of the National Synchrotron Light
Source II in Brookhaven National Laboratory (BNL). O K-edge
and Mn L-edge X-ray absorption spectra were collected from
each sample. The spectra were collected both in the total-
electron-yield (TEY) and partial-uorescence-yield (PFY)
modes, corresponding to a probing depth of less than 10 nm
and 100 nm, respectively. In the O K-edge spectra of La0.8-
Ca0.2MnO3 thin-lm samples, the integrated area of the peak at
∼530 eV (Ival) serves as an indicator of the concentration of the
oxygen holes in the valence band, thus the oxidation of the
sample. Thus, we used Ival to quantify the oxidation extent of
LCM. Possible contributions from the formation of binary
oxides or hydroxides, such as CaO, Ca(OH)2, CaCO3, La2O3, and
MnOx, to the Ival are negligible.52–56 The concentration of the
lattice Ca (Calatt) which could also inuence the Ival does not
show any trend during the oxidation of LCM (Fig. S22†), thus
conrming that the increase in Ival is attributed to the oxidation
of LCM.
Results and discussion
Dopant segregation and re-incorporation on Ca-doped
LaMnO3 under electrochemical potential

First, we investigated the segregation behavior of LCM under
different potentials using the lateral polarization approach
(Fig. S1†). For this, two LCM thin-lm samples were kept at
770 °C in 1 atm O2 for 1 h under a wide range of potentials,−0.6
and +1.2 V at the WE, respectively. For the following ex situ
This journal is © The Royal Society of Chemistry 2023
analysis, we chose three local points between the CE and WE on
the two LCM samples. The local potentials applied during the
lateral polarization experiment on the sample annealed under
−0.6 V (at its WE) were −0.45, −0.3, and −0.15 V, and those on
the sample annealed under +1.2 V (at its WE) were +0.3, +0.6,
and +0.9 V. The extent of the resulting segregation was analyzed
with X-ray photoelectron spectroscopy (XPS). Ca 2p core-level
spectra were deconvoluted into the surface (Casurf, red
envelops in Fig. S2a†) and lattice components (Calatt, blue
envelops in Fig. S2a†). This allowed the quantication of the
surface CaOx-like precipitates (Casurf) which were formed as
a result of segregation. The amount of Casurf was rst divided by
the total A-site cations and the resulting Casurf/(La + Ca) was
then normalized by the Casurf/(La + Ca) of the as-prepared
sample. The resulting {Casurf/(La + Ca)}norm are plotted with
respect to the applied local potential as open circles in the
segregation graph of LCM in Fig. 1b. The monotonic relation-
ship between the amount of Casurf and potential is consistent
with our previous results.34 In our previous work, we conrmed
that such a monotonic increase in the amount of Casurf
observed by XPS was in line with the increase in the surface
roughness of the LCM lms calculated by AFM.34 Next, in order
to examine the reversibility of Ca segregation, another set of
LCM samples were annealed with a two-step polarization
approach. In this approach, cathodic and anodic potentials
were sequentially applied to the LCM samples for 1 h each. The
same local cathodic potentials, −0.45, −0.3, and −0.15 V, as in
the previous sample were applied for the rst 1 h, followed by
local anodic potential of +0.3, +0.6, and +0.9 V, respectively, for
another hour. The resulting amounts of the Casurf aer this two-
step polarization experiment were again quantied by XPS,
normalized by the same method as before ({Casurf/(La +
Ca)}norm), and are plotted as triangles in Fig. 1b. It can be seen
that the amounts of the Casurf on these samples were close to
J. Mater. Chem. A, 2023, 11, 7299–7313 | 7303
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Fig. 4 Dopant re-incorporation under anodic potential correlates with the oxidation of the LCM surface. (a and b) Total-electron-yield O K-edge
XAS spectra measured from the LCM thin films annealed under different potentials. (c) Integrated area of the Mn 3d–O 2p peak in O K-edge XAS
with respect to the time duration of anodic potential (pink and brown data points, y-axis on the left); samples polarized under −0.15 V, 1 h (pink
star), −0.15 V / +0.3 V (pink circles), −0.15 V / +0.9 V (pink triangles), −0.6 V, 1 h (brown star), −0.6 V / +0.45 V (brown squares), and
−0.6 V/ +0.9 V (brown triangles). The temporal changes of the amount of Casurf (Fig. 2a) are also plotted as thick solid lines (y-axis on the right).
(d) Proposed dopant re-incorporation reaction on the LCM surface under anodic potential.
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those on the sample annealed only under anodic potential that
we got before (circles at the same potentials). This indicates that
Ca segregation resulting from cathodic potential can be
reversed by applying anodic potential aerwards. This result
was further supported by additional experiments and SEM
measurement which will be explained in the next section.
Recalling the underlying energetics of dopant segregation
7304 | J. Mater. Chem. A, 2023, 11, 7299–7313
described in Fig. 1a, this desegregation phenomenon could be
related to the suppression of Eelec component (red dashed arrow
at high pO2) under anodic conditions. However, as mentioned
earlier, such energetics alone cannot explain the reaction that
promotes the removal of dopant precipitates and their re-
incorporation into the perovskite phase under anodic poten-
tial. In order to better understand this reversal reaction, we
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Activation of the LCM surface under different potentials. (a)
After annealing an LCM film under −0.15 V for 1 h at 770 °C (pink solid
line), electrochemical impedance spectroscopy (EIS) was taken at
every 5 or 10 min while applying +0.3 V at the same temperature (blue
dashed lines). Please note that all the EIS were consistently taken under
0 V. (b) −0.6 V was first applied to LCM film for 1 h (brown solid line)
and the potential was switched to +0.3 V. During the annealing under
+0.3 V, EIS spectra were taken periodically under 0 V (blue dashed
lines).
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investigated the dopant re-incorporation process under various
combinations of cathodic and anodic potentials.
Dopant re-incorporation under different cathodic and anodic
potentials

We further investigated dopant re-incorporation with the
conventional potential method (Fig. S1a†) under different
magnitudes of the initial cathodic potential and the subsequent
anodic potential. Two different cathodic potentials, −0.15 V or
Fig. 6 Normalized impedance of the LCM film (Znorm) calculated from th
with respect to the time duration of anodic potential;−0.15 V (1 h)/ +0.3
/ +0.3 V (brown circles). Znorm = Z/Z0: Z = polarization resistance o
sequentially applying anodic potential for different time durations; Z0 =

potentials (right after the temperature reached to 770 °C and dwelling f
plotted as thick solid lines (y-axis on the right) together with Znorm.

This journal is © The Royal Society of Chemistry 2023
−0.6 V, were applied for 1 h to rst induce Ca segregation on
LCM and three different anodic potentials, +0.3, +0.45, or +0.9 V,
were thereaer applied for different time durations to reverse the
dopant segregation. We found in our previous study34 that
applying high negative potential (#−0.6 V) to the LCM surface
resulted in signicantly different surface morphology and
amount of Ca segregation compared to those treated under low
negative potential (∼−0.15 V). In this study, the two cathodic
potentials, −0.15 V and −0.6 V, were chosen to investigate how
such different initial states of LCM induced under these poten-
tials affect the following dopant re-incorporation reaction under
anodic potentials. Also, we avoided applying too high negative
potential not to destroy the perovskite structure of LCM. Aer the
polarization experiment, the amount of the resulting Casurf was
quantied by XPS and plotted with respect to the time duration
of anodic potential as shown in Fig. 2a. First, when dopant
segregation is induced under −0.15 V, more than twice the
amount of Casurf/(La + Ca) is formed at the surface of LCM (a pink
star, y-axis on the le) compared to a reference sample annealed
under +0.3 V for 1 h (relative value of 1 in the plot). As can be seen
in Fig. 2a (pink data points), when anodic potentials are
sequentially applied to the sample, more than a half of the Casurf
is removed in 5 min and the amount of Casurf gets closer to that
on the reference sample over time ({Casurf/(La + Ca)}norm
approaching 1). The corresponding XPS spectra are available in
Fig. S3a.† Also, the amount of the Casurf removed under anodic
potential was almost independent of the magnitude of the
anodic potential (between +0.3 (circles), +0.45 (a square), and
+0.9 V (triangles)). These XPS results were further supported by
scanning electron microscopy (SEM) measurement. Fig. 2b–
d show that the number of the CaOx precipitates on the surface
decreases with increasing time spent at a potential of +0.9 V and
the surface of LCM starts to exhibit a grainy structure (inset of
Fig. 2d). This surface morphology matches well with that of the
as-prepared sample (Fig. S4†). The samples polarized at
e electrochemical impedance spectra shown in Fig. 5. Znorm is plotted
V (pink circles),−0.15 V (1 h)/ +0.9 V (pink triangles), and−0.6 V (1 h)

f LCM measured at 0 V after applying cathodic potential for 1 h and
polarization resistance of LCM measured at 0 V before applying any

or 15 min). The temporal changes of the amount of Casurf (Fig. 2a) are

J. Mater. Chem. A, 2023, 11, 7299–7313 | 7305
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Fig. 7 (a) Segregation vs. potential on La0.8Sr0.2MnO3 (LSM). (b) Another set of LSM samples were annealed with the two-step approach to
investigate the reversal of Sr segregation; black dashed arrows indicate the change of the applied local potential during the two-step polarization
experiment. The amounts of the resulting {Srsurf/(La + Sr)}norm after changing the potential to 0 to +0.2 V are plotted as triangles and overlapped
with the data points in (a).
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a different anodic potential (−0.15 / +0.3 V) also showed
similar SEM results (Fig. S5a†).

When −0.6 V was applied to LCM (brown star in Fig. 2a, y-
axis on the right), more than 6-times higher amount of Casurf/
(La + Ca) was formed at the surface than the reference sample.
Unlike the rectangular precipitates observed at the surface of
the sample initially polarized at −0.15 V (Fig. 2b), the surface of
the sample initially polarized under −0.6 V seems to be evenly
covered by CaOx layers (Fig. 2e). Such different surface
morphologies of LCM formed under different potentials were
also reported in our previous report.34 Applying anodic potential
could also reverse the dopant segregation that was induced
under −0.6 V, as evidenced by the decrease in the XPS signal
from the Casurf component (Fig. S3b†). However, the amount of
Casurf on this sample (brown circles in Fig. 2a) decreased at
a slower rate than the sample polarized under −0.15 V. Only
aer the prolonged application of anodic potential for >1 h, the
surface morphology of LCM started to change as the CaOx layer
was removed (Fig. 2g). The samples polarized at a different
anodic potential (−0.6 / +0.45 V) also showed similar SEM
results (Fig. S5b†). Aer applying anodic potential for 9 h, the
amount of the CaOx decreased down to one third of its initial
amount. Different from the samples treated initially under
−0.15 V, the samples treated rst at −0.6 V gave different nal
amounts of Casurf when different anodic potentials were applied
(Fig. 2a). Also, the Casurf amount was highest at +0.3 V and
lowest at +0.9 V aer 60 min, but such a trend was inversed at
540 min. We think such a different dopant re-incorporation
behavior is attributed to the formation of microcracks in the
sample pretreated under −0.6 V. Further discussion on this is
given in the later section.
7306 | J. Mater. Chem. A, 2023, 11, 7299–7313
Above results from XPS and SEM clearly show that the
dopant precipitates at the LCM surface formed under cathodic
potential can be removed by applying anodic potential. Also, the
magnitude of the initial cathodic potential had a signicant
impact on the rate of dopant re-incorporation under anodic
potential. Then, a question arises as to which chemical reac-
tions induces the re-incorporation of the dopant precipitates
into the perovskite phase. We believe that understanding the
oxidation behavior of the LCM surface is key to answer this
question, so we investigated the dominant redox-active species
of the LCM surface under anodic potential. Then, we analyzed
how the initial cathodic potential and the following anodic
potential affect the oxidation kinetics of the LCM surface.

Redox-active species of the LCM surface

To identify the dominant redox-active species in relation to Ca
segregation at the LCM surface, we performed X-ray absorption
spectroscopy (XAS) measurement in total-electron-yield (TEY)
mode on the LCM thin lms. The samples were annealed in 1
atm O2 at 770 °C for 1 h under potentials ranging from −0.75 to
+0.3 V using conventional polarization method. Fig. 3a shows
the O K-edge XAS spectra (ex situ) of these LCM samples. The
peak at ∼530 eV, known as the hybridized Mn 3d–O 2p
state,49,50,57,58 indicates the presence of the oxygen holes in the
valence band of LCM.57 The inset of Fig. 3a shows that the
intensity of this peak increases as higher anodic potential is
applied. This means that the lattice oxygen at/near the LCM
surface is oxidized under anodic potential, thus creating more
oxygen holes. By contrast, the Mn L-edge XAS spectra in Fig. 3b
show no noticeable peak shis beyond the instrument error
(∼0.1 eV) or changes in the spectral shape. These results
This journal is © The Royal Society of Chemistry 2023
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indicate that O is the predominantly redox-active species in the
oxidation of the LCM surface. When we measured the bulk of
LCM in partial-uorescence-mode (PFY) mode, the Mn L-edge
spectra showed a shi of ∼0.2 eV as potential changed from
−0.75 to +0.3 V, while O K edge did not show notable changes
(Fig. S6†). Thus, the conventional understanding that the
transition metal, Mn, is the redox-active species of manganite
perovskite oxides is valid in the bulk of LCM,59 but the surface of
this perovskite oxide had oxygen as the redox-active species,
consistent with another perovskite oxide surface reported
earlier.50

To quantify the oxidation of the LCM surface, the area of the
Mn–O peaks is calculated (see Fig. S7† for the details of the peak
integration) and plotted with respect to the effective pO2 applied
to the LCM thin lms by potential as shown in Fig. 3c (colored
circles, y-axis on the right). Each potential value was converted
to the effective pO2 by using the Nernst equation (high effective
pO2 is applied at anodic potential). We then compared the
resulting curve to the oxygen non-stoichiometry curve of the
LSM bulk (black dots and line in Fig. 3c) with the same amount
of dopant as a reference. We assumed here that LCM would
have similar oxygen non-stoichiometry with LSM. It can be
found that the oxidation of the LCM surface (colored circles)
shows similar pO2 dependence with the oxidation of the LSM
bulk (black dots), having two steeply ascending regions and two
plateau regions. The oxidation of the LSM bulk in the rst
ascending region at low pO2 (−20 < log(pO2) < −15) is explained
by the formation/annihilation of the oxygen vacancies. The
oxidation of the LCM surface also increased at low pO2

presumably as oxygen vacancies are annihilated, but this
occurred at higher pO2 (−15 < log(pO2) <−5) than the LSM bulk.
This mismatch between the two is thought to be because the
surface of manganite perovskite oxides is more reducible than
the bulk;60 the reduction of the LCM surface occurs at higher
pO2 than its bulk. Aer passing the rst plateau region, both the
LSM bulk and LCM surface start to exhibit the second
ascending region at high pO2;−5 < log(pO2) < 0 for the LSM bulk
and 0 < log(pO2) < 5 for the LCM surface. It is known that the
LSM bulk starts to accommodate oxygen excess at this high pO2

by creating cation vacancies, V0 00La and V0 00Mn (eqn (2)).43 Based
on the chemical similarity between LSM and LCM, it is
reasonable to assume that the LCM surface also undergoes
similar oxidation process, i.e., creation of cation vacancies,
during oxidation at this high pO2 (0 < log(pO2) < 5). It is hence
expected that the formation of the cation vacancies at the LCM
surface would be related to the dopant re-incorporation reac-
tion on the LCM surface under anodic potential (log(pO2) > 0,
blue-colored region in Fig. 3c). As the LSM bulk and LCM
surface get further oxidized, the creation of additional cation
vacancies becomes energetically more demanding due to the
signicant repulsive forces among these defects.43 Therefore,
perovskite oxides can hardly undergo further oxidation and this
is manifested as the second plateau in the non-stoichiometry
curve of the LSM bulk (0 < log(pO2) < 7.5) and the oxidation
curve of the LCM surface (2.5 < log(pO2) < 6) (Fig. 3c, blue-
colored region). Based on this result, we performed mecha-
nistic studies and quantitative analysis on the dopant re-
This journal is © The Royal Society of Chemistry 2023
incorporation at the LCM surface, and the results are given in
the following section.
Mechanism behind dopant re-incorporation under anodic
potential

Examining the relation between dopant re-incorporation rates
and oxidation rates is helpful in resolving the mechanism of
dopant incorporation under anodic potential. Hence, we
measured ex situ XAS on the LCM samples used in Fig. 2 to
investigate their oxidation kinetics. Fig. 4a and b show the
resulting O K-edge XAS spectra of the LCM samples in total-
electron-yield (TEY) mode. The sample annealed rst under
−0.15 V (Fig. 4a) shows a fast increase in the Mn 3d–O 2p peak
intensity shortly aer applying +0.9 V without further changes
aerwards. Based on the results in Fig. 3, this can be interpreted
that the sample underwent fast oxidation under +0.9 V within
a few minutes without further oxidation aerwards. On the
other hand, the LCM lm pre-annealed under −0.6 V shows
a gradual increase in the Mn 3d–O 2p peak intensity over 9 h
under the same +0.9 V potential (Fig. 4b). This means that this
sample took much longer time to be oxidized compared to the
one pre-annealed under −0.15 V. Similar results are observed
also under different anodic potentials (see Fig. S8 in ESI†). The
temporal changes of the integrated area of the Mn 3d–O 2p peak
are summarized in Fig. 4c (pink and brown data points, y-axis
on the le), clearly showing that the samples kept initially
under −0.15 V (pink data points) underwent much faster
oxidation than those kept under −0.6 V (brown data points).
Such a difference in the oxidation rates of these two sample sets
is very similar to the rate of dopant re-incorporation behaviors
shown in Fig. 2a. For easy comparison, the graph in Fig. 2a
showing the temporal changes of the amount of Casurf is also
plotted in Fig. 4c (thick solid lines, y-axis on the right). The
resulting plots show that the oxidation of the LCM surface and
dopant re-incorporation reaction on it have very similar time
dependence. This implies that the oxidation of the LCM surface
and the re-incorporation of CaOx are coupled and take place
simultaneously.

One possible question here would be, why the oxidation of
the LCM surface should occur by re-incorporating the dopant
precipitates, rather than it undergoing the typical oxidation
reaction of manganite perovskite oxides (eqn (2)). We think this
is because the near-surface region of LCM is highly A-site de-
cient aer the dopant segregation under cathodic potential.61

The oxidation process through eqn (2) accompanies the
formation of A- and B-site vacancies and new unit cells at the
surface. However, the formation of additional unit cells at the
already A-site decient surface would be highly unfavorable.
Therefore, the surface would create only B-site vacancies while
incorporating Ca, which is readily available in the surface CaOx

precipitates, into the A sites of the new unit cells. The relevant
defect equation is given in eqn (3) in the next section.

In Fig. 2 and 4, we showed that the magnitude of the initial
cathodic potential had a signicant effect on the dopant re-
incorporation and oxidation rates of the LCM surface when
reversed to anodic potential. Both reactions occurred very
J. Mater. Chem. A, 2023, 11, 7299–7313 | 7307
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slowly at anodic potentials aer the LCM samples were pre-
annealed under high cathodic potential (−0.6 V). We think
this was because the dissolution of the CaOx was kinetically
slow on these samples, causing also a slow reoxidation of the
LCM surface. The magnitude of the initial cathodic potential
would affect the amount, size, and shape of the CaOx precipi-
tates (Fig. 2b and e), and their interfacial energy with the
perovskite phase. These factors might have contributed to the
sluggish dissolution of the large amount of CaOx precipitates
formed under −0.6 V. The magnitude of the anodic potential
did not have a signicant impact on the dopant re-
incorporation reaction when the LCM lm was pretreated
under −0.15 V (Fig. 2a). This can be explained by the oxidation
behavior of the LCM surface shown in Fig. 3c. The oxidation of
the LCM surface becomes energetically demanding at high pO2

(blue points in Fig. 3c), and thus applying higher anodic
potential than +0.3 V would not lead to further oxidation of the
LCM surface. Therefore, the amount of the CaOx being re-
incorporated into the perovskite phase through the oxidation
reaction in eqn (3) does not change signicantly with increasing
the anodic potential. In contrast, the samples treated rst at
−0.6 V gave different nal amounts of Casurf when different
anodic potentials were applied. Also, the trend of the Casurf
amount at different anodic potentials was inversed as time
increased. We think that this is because the amount of Casurf
can also be largely affected by the kinetics of the dopant re-
incorporation reaction or microstructural changes in the lm.
The lm treated under +0.9 V aer −0.6 V initially showed the
lowest amount of Casurf at 60 min because of the fast dopant re-
incorporation reaction induced by the large anodic potential,
−0.6 V / +0.9 V. However, due to the large potential change,
microcracks gradually formed in this lm and dopant re-
incorporation reaction no longer occurred over the whole lm
surface. This is manifested by the nominal decrease in the
dopant re-incorporation rate over time seen in Fig. 2a (brown
triangles). In the LCM lm treated under +0.3 V aer −0.6 V
(brown circles), the number of microcracks, if any, was far less,
and hence, the dopant reincorporation rate was almost constant
over 9 h. The LCM lm treated under +0.45 V aer −0.6 V
(brown squares) showed intermediate behavior. Such a change
of trend in the Casurf amount was not observed when −0.15 V
was applied rst because (1) the magnitude of the potential
change was not huge (max.−0.15 V/ +0.9 V) and (2) dopant re-
incorporation occurred much faster within an hour before the
formation microcracks, if any, gave any noticeable effects.

We have also investigated the bulk oxidation of the LCM
samples initially polarized under −0.6 V, to see if it has any
relation to their dopant re-incorporation reactions. In their bulk
Mn spectra (Fig. S9g and h†), we observed a noticeable peak
shi of around 0.2–0.3 eV upon the application of anodic
potential. The amount of the shi is almost identical to the
peak position difference observed between the LCM sample
annealed with single polarization approach under −0.75 and
that under 0.3 V (Fig. S6a†), thus meaning that the LCM bulk
was fully oxidized. Also, it should be noted that the shi
occurred much faster (<1 h) than both the oxidation rate of the
surface O (∼9 h) and the rate of CaOx being removed. This result
7308 | J. Mater. Chem. A, 2023, 11, 7299–7313
indicates that the bulk oxidation of these LCM samples was not
related to the sluggish oxidation and dopant re-incorporation
kinetics at the surface. Also, this further supports our above
argument that the oxidation of the LCM surface does not
undergo the typical oxidation process (eqn (2), where Mn is the
redox-active species), but rather involves the reincorporation of
the aliovalent dopant, Ca. If the reaction in eqn (2) had occurred
at the surface, the surface oxidation should have been as fast as
the bulk, and independent from the dopant incorporation rate.

Based on the results presented above, we formulated
a surface defect reaction that explains dopant segregation under
cathodic and re-incorporation under anodic potential:

Nilþ CaOsurf þO�O þO2
������! ������

anodic

cathodic
Ca
0
La þ V

0 0 0
Mn þ 4O�

O (3)

(Ca0Mn = Ca on the La lattice site, O�
O = oxygen hole in the Mn

3d–O 2p band)
Eqn (3) comprises defect reactions that lanthanum manga-

nites undergo under anodic conditions: formation of cation
vacancies ðV00 0MnÞ and oxygen holes ðO�

OÞ and re-incorporation
of the dopant precipitates (CaOsurf) into the perovskite phase.
It is derived from a linear combination of eqn (1) and (2), and
modication of the redox-active species from Mn to O (eqn
(S1)–(S4) in ESI†). Basically, it describes that dopant re-
incorporation under anodic potential occurs by forming new
perovskite unit cells that incorporate CaOx and oxygen mole-
cules into the A and O sites and that have B-site vacancies (Fig.
4d). In this scenario, the oxidation of the LCM surface can be
impeded if the dissolution kinetics of CaOsurf is slow as
explained above. The formation of the B-site vacancies ðV0 00MnÞ
under anodic conditions is in line with a recent theoretical and
computational work from our group which predicted the
formation of a large amount of B-site vacancies in La0.8Sr0.2-
MnO3 under anodic conditions.38 In other papers, it was re-
ported that undoped LaMnO3 contained similar amounts of A-
and B-site vacancies under oxidizing conditions,44,62 and also,
some other perovskites are known to exhibit B-site deciency
such as Pr0.5Sr0.5Co1−yO3 (10%)63 and Sr0.9La0.1Ti1−yO3 (6%).64

Also, we point out the redox-active species on the LCM surface
in eqn (3). Mn is thought to be the redox active species in doped
LaMnO3,44,65 and we have also assumed that in our previous
theoretical work connecting defect reactions to surface segre-
gation.38 This knowledge comes from bulk defect equilibria
studies on the manganite system.44,65 From the XAS measure-
ments, we found that Mn is indeed redox-active in the bulk, but
at the surface it is the lattice oxygen that was redox-active.

Lastly, we investigated if dopant re-incorporation under
anodic conditions can occur not only by applying anodic
potential, but also by exposing the LCM surface to oxidizing gas
environment. First, we observed that a signicant amount of
Casurf is formed at the LCM surface aer annealing it in 5% H2/
N2 (reducing condition) for 1 h (Fig. S10†). This matches well
with the above result in Fig. 2 that Ca segregation is induced
under cathodic potential. To test dopant re-incorporation under
oxidizing environment, we annealed another LCM lm in 5%
H2/N2 for 1 h, switched the gas to synthetic air, and annealed it
additionally for 3 h. As a result, this sample showed
This journal is © The Royal Society of Chemistry 2023
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a signicantly reduced amount of Casurf compared to the one
annealed only in H2. This result clearly shows that dopant re-
incorporation can also occur chemically at oxidizing condi-
tions, and its applicability is not limited to the electrochemi-
cally anodic conditions.
Activation of the LCM surface under anodic potential

We then investigated if the removal of CaOx by reversing dopant
segregation under anodic potential activates the oxygen
exchange kinetics on the LCM surface. For this, we performed
electrochemical impedance spectroscopy (EIS) measurements
on LCM lms under the same experimental conditions as
described above in Fig. 2 and 4. Black dashed lines in Fig. 5a
and b are the EIS spectra of the as-prepared LCM lm under 0 V
which comprise two semicircles with the peak frequencies of 6
and 1000 Hz. Based on the previous EIS studies on LSM, the low-
frequency arc is attributed to the oxygen exchange reaction at
the surface (O2,gas + 4e− 4 2O2−

oxide) and the high frequency
arc is attributed to the oxygen ion transport processes along the
grain boundaries and/or bulk.36,39,41,66–68 Aer cathodic poten-
tials (−0.15 or −0.6 V) are applied to the LCM lm, its total
impedance measured under 0 V grows gradually over time as
can be seen in Fig. S11a.† This result coincides well with the XPS
and SEM results in Fig. 2a, b and e, showing the formation of
insulating CaOx aer applying cathodic potential; CaOx layers at
the surface blocks the active site for surface oxygen exchange
reactions and increases the impedance of the sample. Aer
applying cathodic potential for 1 h, anodic potential was then
applied to remove the CaOx and the impedance of the cell was
measured over time consistently under 0 V. Fig. 5a and b (blue
dashed lines) show that the impedances of both samples,
initially annealed under −0.15 and −0.6 V, decrease as CaOx is
removed under anodic potential. This clearly indicates that
applying anodic potential recovers the degraded oxygen
exchange activity of the LCM surface under cathodic potential.

The polarization resistance of the LCM lms (Z, difference
between the low- and high-frequency intercepts of the semi-
circles) was normalized by their initial polarization resistance
before applying any potentials (Z0) and the resulting Znorm (= Z/
Z0) was plotted with respect to the time duration of anodic
potential (pink and brown data points in Fig. 6). In the case of
the samples annealed initially under−0.15 V (pink data points),
Znorm sharply decrease close to unity (the impedance of LCM
before applying any potentials) within a few minutes aer
applying anodic potentials. Interestingly, even aer a prolonged
time period of degradation process (10 h), applying anodic
potential recovered 50% of the LCM's initial oxygen exchange
activity just in a few minutes (Fig. S12†). On the other hand, for
the samples initially polarized under −0.6 V (brown data
points), Znorm decrease in a far slower rate under anodic
potential than those polarized under −0.15 V, and they do not
fully recover their initial impedance even aer 10 h. Such
difference observed in the two sets of the LCM samples matches
very well with the different rates of dopant re-incorporation
shown in Fig. 2a. For easier comparison, the plots in Fig. 2a
are overlapped with Znorm in Fig. 6 (thick solid lines, y-axis on
This journal is © The Royal Society of Chemistry 2023
the right). The conformity between the temporal changes of
Znorm and Casurf clearly indicates that the removal of CaOx

under anodic potential leads to the activation of the oxygen
kinetics in LCM.

Lastly, we investigated the reversibility of the passivation and
activation processes by the formation and removal of CaOx

layers, respectively. Four to ve potential cycles under −0.15 V
4 +0.9 V, −0.15 V4 +0.3 V, and −0.6 V4 +0.3 V were applied
to LCM lms and the resulting EIS spectra are given in
Fig. S13.† In all cases, the impedance changes were reversible in
terms of both the shape and magnitude of the EIS spectra.
However, when the change of potential was large, e.g.,−0.6 V4

+0.9 V, the EIS spectrum became irreversible. Fig. S14† shows
the irreversible changes of EIS spectrum aer nishing the rst
potential cycle of −0.6 V (1 h) 4 +0.9 V (10 h). According to the
previous studies on LSM thin lms, microcracks or holes can
form under high anodic potential because of the high effective
pO2 applied to the lm, and this can lead to the decrease in the
impedance of the lm as the cracks or holes serve as additional
surface and diffusion pathways.5,36,69 Likewise, we could also
observe the formation of microcracks or delamination of the
LCM lms (Fig. S15†) aer undergoing a large potential change
from −0.6 V to +0.45 V or +0.9 V.
Comparison to Sr-substituted LaMnO3

Though LCM was used as a primary model system in this work,
it is important to investigate whether the results can be trans-
ferred to LSM which is much more widely used as the air elec-
trode in SOFC/EC cells. To this end, we investigated the dopant
segregation and re-incorporation behaviors of LSM in a similar
way that we did above for LCM in Fig. 1b. Again, LSM thin-lm
samples were annealed at 770 °C in 1 atm O2 for 1 h under
a wide range of potentials by using the lateral polarization
method; −0.45, −0.3, −0.15, +0.3, +0.6, and +0.9 V. XPS core-
level spectra of Sr, specically Sr 3d, were deconvoluted into
the surface (Srsurf, red envelops in Fig. S16†) and lattice
components (Srlatt) to quantify the surface SrOx-like phase
which was formed as a result of dopant segregation. The
amount of Srsurf was then divided by the total A-site cations and
the resulting Srsurf/(La + Sr) was normalized by the Srsurf/(La +
Sr) of the as-prepared LSM sample. The resulting {Srsurf/(La +
Sr)}norm are plotted with respect to the applied local potential in
Fig. 7a (open circles). The resulting segregation behavior of LSM
is consistent with our previous results;34 dopant segregation
occurs also under anodic potential when the dopant size is
larger than the host cation, La (RCa z RLa < RSr), and hence the
dopant has a high Eela. In order to examine the dopant re-
incorporation in LSM, another set of samples were annealed
with the two-step polarization approach. The same potentials as
above, from −0.45 to +0.9 V, were rst applied for 1 h, followed
by application of 0.0 to +0.2 V for another hour. This value of
anodic potential corresponds to the minimum of the Sr segre-
gation graph in Fig. 7a. The resulting {Srsurf/(La + Sr)}norm were
again quantied by XPS (Fig. S16†) and plotted together with
the data points in (a) (Fig. 7b, triangles). Notably, applying 0.0 to
+0.2 V could remove the dopant segregation in LSM induced
J. Mater. Chem. A, 2023, 11, 7299–7313 | 7309
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under both high cathodic and anodic potentials (dashed arrows
in Fig. 7b). The XPS results were further supported by SEM
measurements on the LSM lms (Fig. S17 and S18†); surface
particles, assumed as SrOx, are removed aer annealing under
0.0 to +0.2 V. The observed two different types of segregation
(cathodic and anodic) and re-incorporation at 0 to +0.2 V, might
explain the contradicting segregation behaviors of LSM re-
ported in the literature; Sr segregation under both cathodic and
anodic potential, and Sr re-incorporation under both anodic
and cathodic potential. We also performed similar experiments
with La0.8Ba0.2MnO3 (LBM) and showed that Ba segregation on
LBM could also be removed under ‘relatively’ anodic potential
(Fig. S19†). The results from LSM and LBM were reproducible
with conventional polarization method as well (Fig. S20 and
S21†).

The two different types of dopant segregation/precipitation
and re-incorporation on LSM shown in Fig. 7 can be
explained by the defect reactions in eqn (1) and (3), which
become predominant at different potential regimes. In the
anodic-potential regime (+0.2 to +0.8 V), SrOx precipitation and
re-incorporation can be explained by the defect reaction in eqn
(1). When high anodic potential is applied (oxidizing condi-
tions), the formation of SrOx is promoted according to the
backward reaction of eqn (1) (positive-slope branch of the
segregation graph in Fig. 7a). When ‘small anodic, and relatively
cathodic’ potential (0 to +0.2 V) is applied thereaer, dopant re-
incorporation reaction occurs as explained by the forward
reaction of eqn (1) (Fig. 7b). On the other hand, in the strongly
cathodic-potential regime (−0.45 to +0.2 V), the defect reaction
in eqn (3) becomes predominant. When high cathodic potential
is applied (reducing conditions), the formation of SrOx is
promoted according to the backward reaction of eqn (3)
(negative-slope branch of the segregation graph in Fig. 7a).
When low anodic potential (0 to +0.2 V) is applied thereaer,
dopant re-incorporation reaction occurs as explained by the
forward reaction of eqn (3) (Fig. 7b). In our previous studies,19,34

we used the electrostatic and elastic energy of dopant to explain
the predominant driving force of the dopant segregation under
reducing and oxidizing conditions. However, these energy-
based drivers of segregation rather limit us to the ‘enrich-
ment’ of the dopant at/near the surface, and does not account
for how dopant oxide ‘precipitation’ and redissolution can
occur. Here, we show that we must consider the predominant
defect reactions (eqn (1) and (3)) in the reducing and oxidizing
regimes to account for dopant oxide phase precipitation and
redissolution, as seen on LCM and LSM.

Summary

In summary, we established that the mechanism of the dopant
re-incorporation at a doped manganite surface under anodic
potential involves the dominant defect equilibria at highly
oxidizing conditions. Based on XPS and XAS results and by
taking LCM as a model system, we have shown that the dopant
re-incorporation reaction on LCM is coupled with its surface
oxidation by creating B-site cation-decient perovskite unit cells
under high-pO2 conditions. In addition, oxidation of the LCM
7310 | J. Mater. Chem. A, 2023, 11, 7299–7313
surface was mediated by the redox-active surface oxygen anions
rather than the surface Mn cations. The EIS experiments
showed that applying anodic potential improved the oxygen
exchange kinetics of LCM in a short time (<5 min) as it removed
the insulating CaOx at the surface. We also showed that the
results from LCM can be transferred to LSM which is one of the
state-of-the-art air electrodes in SOF/EC. Importantly, the new
defect reaction proposed in this paper reconciles the contra-
dicting experimental results on dopant segregation and re-
incorporation reactions in the literature. We believe that this
anodic activation pathway of lanthanum manganites would be
applicable to other perovskite oxides which also exhibit a large
cation deciency under oxidizing conditions.70 Our ndings
indicate that operating perovskite oxides in a reversible solid
oxide cell5 would be advantageous in achieving their long-term
stability by periodically removing dopant segregation under
alternating polarizations.
Author contributions

D. K. and B. Y. conceived the original ideas. D. K. and B. Y.
designed the research. D. K. performed all the experiments. A.
H. and I. W. helped the beamline experiments at beamline 23-
ID-2 of the National Synchrotron Light Source II in BNL. D. K.
wrote the manuscript with contributions from all authors.
Conflicts of interest

There are no conicts of interest to declare.
Acknowledgements

D. K. acknowledges support from the MIT Energy Initiative and
Exxon Mobil for a graduate student fellowship. This work made
use of the MRSEC Shared Experimental Facilities at MIT, sup-
ported by the National Science Foundation under award
number DMR-1419807. This research used resources (IOS/23-
ID-2 beamline) of the National Synchrotron Light Source II,
a U.S. Department of Energy (DOE) Office of Science User
Facility operated for the DOE Office of Science by Brookhaven
National Laboratory under Contract No. DE-SC0012704.
References

1 S. C. Singhal, Advances in solid oxide fuel cell technology,
Solid State Ionics, 2000, 135(1–4), 305–313.

2 S. C. Singhal and K. Kendall,High-temperature solid oxide fuel
cells: fundamentals, design and applications, Elsevier, 2003.

3 R. J. Gorte and J. M. Vohs, Catalysis in Solid Oxide Fuel Cells,
Annu. Rev. Chem. Biomol. Eng., 2011, 2(1), 9–30.

4 M. M. Kuklja, E. A. Kotomin, R. Merkle, Y. A. Mastrikov and
J. Maier, Combined theoretical and experimental analysis of
processes determining cathode performance in solid oxide
fuel cells, Phys. Chem. Chem. Phys., 2013, 15(15), 5443–5471.

5 C. Graves, S. D. Ebbesen, S. H. Jensen, S. B. Simonsen and
M. B. Mogensen, Eliminating degradation in solid oxide
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ta09118f


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
2/

13
/2

02
5 

3:
55

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
electrochemical cells by reversible operation, Nat. Mater.,
2015, 14(2), 239–244.

6 Y. Chen, Y. Chen, D. Ding, Y. Ding, Y. Choi, L. Zhang, S. Yoo,
D. Chen, B. deGlee, H. Xu, Q. Lu, B. Zhao, G. Vardar, J. Wang,
H. Bluhm, E. J. Crumlin, C. Yang, J. Liu, B. Yildiz and M. Liu,
A robust and active hybrid catalyst for facile oxygen
reduction in solid oxide fuel cells, Energy Environ. Sci.,
2017, 10(4), 964–971.

7 D. R. Barcellos, M. D. Sanders, J. Tong, A. H. McDaniel and
R. P. O'Hayre, BaCe0.25Mn0.75O3−d—a promising
perovskite-type oxide for solar thermochemical hydrogen
production, Energy Environ. Sci., 2018, 11(11), 3256–3265.

8 A. H. McDaniel, E. C. Miller, D. Arin, A. Ambrosini,
E. N. Coker, R. O'Hayre, W. C. Chueh and J. Tong, Sr- and
Mn-doped LaAlO3−d for solar thermochemical H2 and CO
production, Energy Environ. Sci., 2013, 6(8), 2424.

9 Y. Kim, S. J. Jeong, B. Koo, S. Lee, N. W. Kwak and W. Jung,
Study of the surface reaction kinetics of (La,Sr)MnO3−d

oxygen carriers for solar thermochemical fuel production,
J. Mater. Chem. A, 2018, 6(27), 13082–13089.

10 M. A. Habib, M. Nemitallah and R. Ben-Mansour, Recent
Development in Oxy-Combustion Technology and Its
Applications to Gas Turbine Combustors and ITM
Reactors, Energy Fuels, 2012, 27(1), 2–19.

11 S. P. Jiang, Activation, microstructure, and polarization of
solid oxide fuel cell cathodes, J. Solid State Electrochem.,
2005, 11(1), 93–102.

12 S. P. Jiang, Development of lanthanum strontiummanganite
perovskite cathode materials of solid oxide fuel cells:
a review, J. Mater. Sci., 2008, 43(21), 6799–6833.

13 W. Wang and S. Jiang, A mechanistic study on the activation
process of (La, Sr)MnO3 electrodes of solid oxide fuel cells,
Solid State Ionics, 2006, 177(15–16), 1361–1369.

14 T. T. Fister, D. D. Fong, J. A. Eastman, P. M. Baldo,
M. J. Highland, P. H. Fuoss, K. R. Balasubramaniam,
J. C. Meador and P. A. Salvador, In situ characterization of
strontium surface segregation in epitaxial La0.7Sr0.3MnO3
thin lms as a function of oxygen partial pressure, Appl.
Phys. Lett., 2008, 93(15), 151904.

15 H. Kwon, W. Lee and J. W. Han, Suppressing cation
segregation on lanthanum-based perovskite oxides to
enhance the stability of solid oxide fuel cell cathodes, RSC
Adv., 2016, 6(74), 69782–69789.

16 M. Zhi, G. Zhou, Z. Hong, J. Wang, R. Gemmen, K. Gerdes,
A. Manivannan, D. Ma and N. Wu, Single crystalline
La0.5Sr0.5MnO3microcubes as cathode of solid oxidefuel
cell, Energy Environ. Sci., 2011, 4(1), 139–144.

17 A. K. Opitz, C. Rameshan, M. Kubicek, G. M. Rupp,
A. Nenning, T. Götsch, R. Blume, M. Hävecker, A. Knop-
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