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Abstract

Segregation of aliovalent dopant cations is a common degradation pathway on perovskite oxide
surfaces in energy conversion and catalysis applications. Here we focus on resolving quantitatively
how dopant segregation is affected by oxygen chemical potential, which varies over a wide range
in electrochemical and thermochemical energy conversion reactions. We employ electrochemical
polarization to tune the oxygen chemical potential over many orders of magnitude. Altering the
effective oxygen chemical potential causes the oxygen non-stoichiometry to change in the
electrode. This then influences the mechanisms underlying the segregation of aliovalent dopants.
These mechanisms are (i) the formation of oxygen vacancies that couples to the electrostatic
energy of the dopant in the perovskite lattice, and (ii) the elastic energy of the dopant due to cation
size mismatch, which also promotes the reaction of the dopant with O, from the gas phase. The
present study resolves these two contributions over a wide range of effective oxygen pressures.
Ca-, Sr-, and Ba-doped LaMnOs are selected as model systems, where the dopants have the same
charge but different ionic sizes. We found that there is a transition between the electrostatically

and elastically dominated segregation regimes, and the transition shifted to a lower oxygen
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pressure with increasing cation size. This behavior is consistent with the results of our ab-initio
thermodynamics calculations. The present study provides quantitative insights into how the elastic
energy and the electrostatic energy determine the extent of segregation for a given overpotential
and atmosphere relevant to the operating conditions of perovskite oxides in energy conversion

applications.

1. Introduction

Perovskite oxides (ABO3) are considered key players in clean energy conversion applications,
including in solid oxide fuel cells (SOFCs) 7, gas separation membranes 8, catalysts for gas
conversion/reformation %!* and syngas production *°. They are also important in advanced
electronics and energy storage devices, such as memristive switches ¢ and batteries "8, The
diffusion and charge exchange processes occurring in the bulk of such material are considered well
established 1°. On the other hand, understanding of surface processes is yet incomplete 2%-2°, despite
their importance in determining the performance of the material in all the above stated applications.

In fuel and electrolysis cells 2, oxygen exchange (reduction and evolution) reactions at the
surface are considered a bottleneck constraining their efficiency. The activity for these reactions
suffers from long-term degradation at high temperatures from 700°C to 1000°C, oxidizing
atmospheres - 2’, such as air or pure oxygen, and cell voltages, which can approach over 1 V. Itis
thus important to resolve the reasons of surface degradation under these operation conditions in
order to increase the long-term efficiency of the cells. In La-based mixed conducting perovskites
such as La1-xSrxCo0s (LSC) or doped manganites Lai«DxMnQ3 (D = Ca?*, Sr?*, Ba?*: LCM, LSM,
and LBM, respectively), one of the key mechanisms behind the decrease in reactivity to oxygen
exchange reactions is the segregation and precipitation of aliovalent dopant cations. The formation
of an inactive surface oxide phase 23 on these materials drastically decreases the initially high

activity for the oxygen reduction reaction.

One difficulty in the study of dopant segregation in doped LaMnOs3 and related compounds
arises from the fact that segregation kinetics and thermodynamics cannot be easily separated. In
addition, bulk and surface contributions to segregation are not independent of each other. This

leads to a large number of material parameters (such as composition and microstructure) and



process parameters (such as temperature, oxygen partial pressure, and applied potential) that have

been shown to influence segregation, as will be summarized in the following short overview.

As for modifying the composition, adjusting the bulk A-site deficiency in perovskite oxides
has been shown to reduce dopant segregation 3°, On the other hand, doping additional metal
cations at the surface can change the reducibility locally. This has been shown to modify the
intensity of segregation by altering the surface oxygen vacancy concentration ¢, These two
examples highlight that both bulk and surface can play a role in dopant segregation through
changes in the defect concentrations, either locally at the surface or in the bulk. From the bulk
perspective, the sample microstructure and the presence of extended defects in a film, such as grain
boundaries or dislocations can also facilitate segregation 37-°,

Temperature, oxygen partial pressure, and applied potential have been shown to affect dopant
segregation. The equilibrium defect concentrations in the bulk and at the surface are a function of
temperature “°. In addition, high temperatures are required to overcome the high migration barriers
ranging from 2.0 eV to 4.0 eV for the diffusion of dopants ** 442, The former argument is of a
thermodynamic nature, while the latter is about the kinetics. We may conclude that high
temperatures are a prerequisite for dopant segregation to occur, but this does not imply that
segregation is more (thermodynamically) preferred at higher temperatures. The gas environment,
in particular the oxygen partial pressure, influences degradation behavior through the oxygen
nonstoichiometry of the electrode material. In addition, the surface precipitate being an oxide, such
as SrO, connects segregation to oxygen chemical potential, regardless of the electrode oxygen
nonstoichiometry. Nevertheless, it is currently unclear whether higher or lower oxygen chemical
potential promotes segregation. Conflicting results can be found in the literature, reporting either
progressive enhancement *® or decrease >3 of segregation thin-film LSM with decreasing oxygen
pressures. The results reported in these two studies, however, are limited to relatively narrow
pressure ranges and small number of sampling points. In our earlier work, Lee et al. ** we have
hypothesized that two independent driving forces, the electrostatic and elastic energy of dopants
in the lattice, could affect dopant segregation simultaneously at high temperature, but the
contribution from the electrostatic contribution was not possible to isolate experimentally. In LSC
and related oxides, a broader range of oxygen chemical potentials has been studied using

electrochemical polarization #*, resulting in an increase in segregation for cathodic polarization



of the electrode. The large gap in ionic conductivity between LSC and LSM 33 47 however,
prohibits simply generalizing conclusions for LSC to all types of perovskite cathode materials 8.
The polarization also influences the oxygen content of perovskite oxides and affects their
segregation behavior. However, extensive amount of contradicting results can again be found in
the literature. For thin-film LSM, la O’ et al. observed an increase in Sr segregation with cathodic
polarization “° while Huber et al. observed the opposite **°!. Such contradicting results can also
be found in the porous LSM system °2-°*, Not only LSM, but also other perovskite oxides, such as
(La,Sr)(Co,Fe)0s, suffer from the same issue >°°°. We thought that an in-depth understanding of
the connection between polarization and the oxygen chemical potential in perovskite oxide was

necessary to explain how driving forces behind segregation change with polarization.

In the present report we use electrochemical polarization to systematically assess the role of
oxygen chemical potential in the segregation of dopants to the surface, probing a range from highly
reducing to highly oxidizing conditions. In the analysis, we establish a connection to the two
reported driving forces behind segregation. We employ a recently developed electrochemical cell
configuration utilizing a polarization gradient > across a thin-film electrode to obtain a large range
of anodic or cathodic oxygen chemical potentials on one single sample. We obtain effective
oxygen pressures spanning a range from 1076 to 10%° atm. By selecting the three dopant cations,
Ca, Sr, and Ba, with the same charge (2+) but different cation sizes (Rca=1.34 A <Rs=1.44 A <
Rea=1.61 A), we probe the effects of the misfit elastic energy created by the dopants’ size
mismatch with respect to the host cation La®*. The connection between the dopant size, oxygen

chemical potential and segregation is established quantitatively by performing density-functional

theory (DFT)-based ab-initio thermodynamics calculations.

These two variables, the dopant cation size and the oxygen chemical potential, are closely
related to the two predominant mechanisms behind segregation of dopant cations on this type of
perovskite oxides reported in the literature: minimization of the elastic energy (Eeia) and the
electrostatic energy (Eelec) Of the dopant cation in the perovskite lattice 3. The elastic contribution
originates from the mismatch between the preferred lattice size of the dopant versus the host lattice.
The electrostatic energy arises from the attraction of the negatively charged dopants (D?* on a La3*
site) to the surface enriched with positively charged oxygen vacancies (Vp). For example on the

Lao.9Sro.1MnOs (001) surface, the oxygen vacancy concentration was reported to exceed the bulk



value by a factor of approximately 108 under typical SOFC operation conditions, and to exhibit a
further increase by three orders of magnitude upon decreasing the oxygen pressure to 107 atm %8,
Similar differences between the surface and bulk oxygen vacancy concentrations can also be found
in other perovskite oxides, including LaCoOs *°, LaFeQs *°, LaNiOs*°, and SrTiO3 ®. The altered
bonding environment at the surface affects the formation energy of defects — in this case the
formation of oxygen vacancies is facilitated at the surface, which has also been reported for several
binary oxides including CeO, %2 rutile TiO2 ®3, and MnO %. Based on the excess of oxygen
vacancies at the surface under increasingly reducing conditions, we propose that Eeec increases
with a decrease in oxygen pressure (pO2), and we test this hypothesis in our experiments.
Understanding the electrostatic driving force from theory requires dedicated computations related

to the interactions of surface oxygen vacancies with the dopant, which will be published elsewhere
65

On the other hand, we propose that the elastic energy (Eeia) affects dopant cations in the bulk
and changes their solubilities within the lattice. The cation radii of the chosen dopants here are not
the same as that of the host. Ca?* is smaller than the host cation La®** (by -1.5 %), and Sr?* and
Ba?* are larger by +5.9 % and +18.4 %, respectively. Based on this, the relative stabilities of the
dopants in the perovskite lattice decrease along the Ca, Sr, Ba series. As we will outline in the
following, our polarization measurements allow us to probe the chemical potentials of the dopants
in the bulk (and thereby the elastic energy) by determining the onset of segregation under anodic
polarization. For that, we propose that the enrichment of the dopant at the surface is in part caused
by chemical reactions of the dopant with oxygen from the environment. These reactions can result
in the formation of dopant oxide and peroxide, either in the form of particles on the surface %6 or
monolayers covering the entire surface %, And the reactivity of the dopant to form these
precipitates increases with larger dopant size mismatch with respect to the host. We can thus
predict the oxygen chemical potential where the formation of these reaction products sets in for
the three dopants, and show that this onset oxygen chemical potential is correlated with the dopant
cation size. In this work, we probe the two segregation mechanisms described above as a function
of oxygen chemical potential modulated by electrochemical polarization of doped LaMnOs
electrodes. Using X-ray photoelectron spectroscopy (XPS), secondary electron microscopy
(SEM), and atomic force microscopy (AFM), we observe a progressive enhancement of surface
segregation under increasing cathodic polarization for all three compounds. This behavior
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originates from the electrostatic attraction (Eeec) Of charged dopants to the surface, which is
enriched in oxygen vacancies under reducing conditions. Under anodic polarization, segregation
is driven by chemical reactions between the dopant cations and gas phase oxygen. The reactivity
of dopant cations is enhanced by lattice misfit strain (Eeia) of the large dopant cations, as predicted
by our ab initio thermodynamics calculations and observed experimentally here for Sr and Ba, in
the form of an increase in segregation for LBM and LSM under anodic conditions. Clear
differences in the transition point between the elastically and electrostatically dominated regimes
demonstrate the balance between these two driving forces and their response to changes in the
oxygen chemical potential. Thus, the report at hand provides a systematic analysis of the role of
polarization and effective pO> in segregation processes on perovskite oxides, and advances the

understanding of their driving forces in both reducing and oxidizing conditions.
2. Experimental Methods

Dense thin-film Lao.sBao2MnO3 (LBM), LaogSro2MnOz (LSM), and LaosCap2MnOs (LCM)
electrodes were prepared using pulsed laser deposition (PLD) from each target composition, onto
commercial (100)-oriented single crystals of yttria-stabilized zirconia (YSZ, 8 mol% Y203, from
MTI Corp.). When referring to these doped lanthanum manganite films at a collective level, we
will denote them as LDM=Lao sDo.2MnO3 (D=Ca, Sr, or Ba). The film thickness of approximately
80 nm was measured using a Bruker DXT Stylus profilometer. All the thin-film electrodes were
deposited at a substrate temperature of 700°C in 0.5 mTorr Oz and cooled down to room
temperature in 500 mTorr O». Before the growth process, the backside and one edge of the YSZ
crystals were coated with porous Pt by applying Pt paint (SPI Corp.) and heating at 700°C in air
for 30 min to evaporate the solvent and form a solid layer. This configuration establishes a
connection between the back side of the electrolyte and a sputter-deposited Pt stripe in contact
with one side of the perovskite film (Figure 1). The painted Pt layers, connecting the back, edge,
and upper region of the YSZ crystals, are used as a counter electrode in the polarization
experiments. This configuration enables us to establish a continuous gradient in polarization in the
lateral direction at the film surface (see description below). After the thin-film growth, electrical
contact points were created using sputter deposition of a Ti adhesion layer (10 nm) followed by a
Pt contact layer (100 nm). The regions for sputtering were defined by a Kapton mask which

covered the film surface, leaving a 2 mm-gap at the side for depositing the upper side of the counter



electrode. The working electrode was deposited through a 3x7 mm?-sized rectangular opening of
the mask at a distance of 3 mm from the counter electrode. In order to remove pre-existing surface
segregate layers, which form at the surface during PLD deposition, the thin-film samples were
immersed in high-purity deionized water for 1 min. This process selectively removed the surface
species without significantly compromising the nominal dopant amount in the perovskite phase
(Figure S1 in the Supporting Information). The crystallographic orientations of the thin films were

characterized by out-of-plane X-ray diffraction (XRD; Rigaku Smartlab).
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Figure 1. lllustration of the experimental setup designed for applying a continuous polarization
gradient across the top electrode surface °’. CE=counter electrode; WE=working electrode;
LDM=Lag8Do2Mn0O3s (D=Ca, Sr, or Ba); YSZ=Y 03 stabilized ZrO2, 8% mole Y>0s. The bias
voltage applied between the two Pt electrodes leads to a monotonous decrease of the voltage
difference applied across the LDM film, illustrated with the schematic potential-distance plot. The
resulting lateral gradient of the oxygen chemical potential is reflected in a gradual variation of the

pO2-dependent surface properties.

The setup for the simultaneous probing of a range of polarization (Figure 1) is based on the
recent design by Huber et al. °’. The sample bias is applied to a Pt contact sputtered onto the
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electrode film, while the counter electrode (CE), the porous Pt layer on the backside of the YSZ
electrolyte, is connected to ground. In contrast to a traditional CE, this model electrode is in
electrical contact with a stripe of Pt on the working electrode (WE) side of the electrolyte crystal,
connecting it to the thin-film electrode. This contact is established by connecting the porous Pt CE
to the sputtered Pt contact across one edge of the electrolyte. The other Pt contact point is used to
apply voltage to the WE; it does not have any direct connection to the electrolyte or the CE. In this
configuration, the thin-film electrode responds to a potential difference similar to an Ohmic
resistor, resulting in a linear voltage drop across the distance between the two electrodes (CE and
WE on the top). The requirement for this condition is that the whole region of the electrode surface
should be electrochemically active so that the ionic current is not drained solely through the near-
WE region; this condition is met when electronic current is far higher than ionic one (letec >> lion).
Huber et al. > showed that LSM had appropriate electronic and ionic properties which satisfied
such condition. We have also confirmed the presence of a linear potential variation across the film
surface, by in-situ core level photoemission measurements of LSM under polarization (Figures
S2 and S3 in the Supporting Information). These measurements have shown a linear shift in the
binding energy position of the core level peak of La 4d taken at different lateral positions on the
LSM film. Thus, applying a bias voltage between the WE and CE (ground) creates a gradient in
the electric potential, monotonically changing across the film surface from the full applied voltage
at the WE contact to 0 V at the CE contact on the film electrode. As a result, the differences in
both the electric potential as well as the oxygen chemical potential between the CE and WE cover
a continuous range from OV up to the full applied voltage. This novel experimental setup allows
us to use one single sample to probe the effect of a large range of bias voltages. This not only saves
time, but also eliminates possible variations between experimental conditions and sample history,
such as film thickness, deposition temperature, or pO2, which can differ slightly between samples
and preparations. In such a configuration, we have also confirmed that the Joule heating that may
arise from lateral electronic current does not affect the temperature profile, because it is offset by

forced convection in O2 gas flow (see Supporting Information for details).

For each compound, +800 mV, 0 V, and -800 mV were applied to the WE of three separate
thin-film electrode samples. According to the Nernst equation, these potential values correspond
to effective oxygen pressures of 10°, 10°, and 10726 atm, respectively. One additional sample from
each PLD-grown set was reserved as an as-prepared reference sample. The local cation
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composition at four to five points (x160, £320, £480, £640, -750 mV) between the two electrodes
was analyzed by X-ray photoelectron spectroscopy (XPS) using a Physical Electronics Versaprobe
I1 X-ray photoelectron spectrometer equipped with a monochromated Al Ko X-ray source. The
distance between each point is constant, corresponding to equal potential steps of 160 mV, as
supported by the photoemission peak shifts in Figure S2 measured in-situ while applying negative
potential to LSM. Ex-situ samples were prepared by heating the films under electrical polarizations
for one hour at 770 °C in an atmosphere of 1 atm O in a tube furnace. For quantitative analysis,
core-level emission lines with similar inelastic mean free paths (A) were chosen (See Supporting
Information for details); these are La 4d (A=1.7 nm); Mn 3p (A= 1.7 nm); Ba4d (A = 1.7 nm); Sr
3d (A= 1.6 nm); Ca 2p (A = 1.4 nm) '°. The angle between the analyzer and the surface plane was
set to 45°. The spectra were analyzed to quantify the amount of each component by normalizing
their peak area by the sensitivity factor of each core-level orbital "*. For LSM, also in-situ ambient-
pressure XPS (APXPS) experiments were performed in 100 mTorr Oz at 650°C using the
configuration described above at the beamline TEMPO at the synchrotron facility SOLEIL
(France). A detailed explanation of the obtained in-situ data and its implications is provided in the
Supporting Information.

The surfaces of the films were imaged using high-resolution scanning electron microscopy
(HRSEM) and atomic force microscopy (AFM) to reveal the morphology of the surface segregates,
which typically precipitate out as particles. HRSEM was measured by a Zeiss Merlin HRSEM
with an in-lens secondary electron detector. AFM measurements were performed using a Veeco
Metrology Dimension 3100 AFM with a Nanoscope V controller (tapping mode), as well as a Park

NX-10 AFM operated in non-contact mode.
3. Computational Approach

The density functional theory (DFT) calculations were performed using the Vienna Ab-initio
Simulation Package (VASP) 2 using the PBE functional ® with Hubbard-U correction (Dudarev’s
approach) ™ of 4 eV on the Mn 3d orbital 3. The ferromagnetic, half-metallic state was reliably
reached by setting MAGMOM to 3.5 for Mn. For bulk and surface computations meshes of
(6x6x4) and (6x6x1) k-points were chosen for primitive orthorhombic cells
(corresponding to (\/7 X V2 x 2) super cells of the cubic structure) and surface slabs,

respectively. Together with an energy cutoff of 550 eV this approach ensures convergence of total
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energies and bulk vacancy formation energies within 4 meV/atom. To reliably study surface
segregation we model the surface in a symmetric slab with 15 and 17 layers for the MnO2 and AO
terminations, respectively, corresponding to 7.5-8.5 ABOs bilayers. Surface free energies and
segregation energies are converged with respect to the slab thickness within 0.9 meV/A? and

7 meV, respectively.

A well-known problem in the modeling of oxides arises from the overbinding of oxygen in the
gas phase versus the bulk oxide. This error can be corrected by applying Wang’s scheme " of
fitting the deviation between computed and experimental formation energies of binary oxides. The

O overbinding correction in our case amounts to +1.03 eV.
3.1. Dopant segregation model

We study the segregation of dopants in LCM, LSM and LBM over a wide range of cathodic
and anodic potentials and propose an elastic and an electrostatic driving force to compete, with the
elastic driving force to dominate under oxidizing conditions (anodic polarization) and the
electrostatic driving force competing under reducing conditions (cathodic polarization). The
segregation under reducing conditions will be studied by theory in a forthcoming publication ©
and we limit our theoretical considerations at this point to oxidizing conditions (anodic potential).
We propose that dopants can undergo chemical reactions with oxygen from the gas phase, which
are driven by the high oxygen chemical potential under these conditions. However, the driving
force to undergo such reactions is directly connected to the elastic energy of the dopant dissolved
in the LaMnOs host lattice, and we will exploit this connection to explain the different segregation

behavior we observe for the three samples under anodic polarization as shown below.
Let us consider the chemical reactions of a Sr dopant cation with O, from the gas phase,
forming SrO,:
, X
Sry, + 2Mny,, + EOZ = VLa+2Mny, + SrOy surf Eqg. 1

The dominant charge compensation mechanism in doped lanthanum manganites is valence
change of Mn. In Kréger-Vink notation, Mny,,,, Mn3y,, and Mny,, indicate Mn?*, Mn®* and Mn**.
The introduction of negatively changed A-site vacancies is therefore accompanied by oxidation of
Mn®*" (Mn%,) to Mn** (Mnjy,).
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The Gibbs free energy of this reaction is given by the difference between the free energy of

SrOx, Gsro,, gy and the sum of oxygen chemical potential, glioz, and cation chemical potential,

W, Since this reaction requires gas phase oxygen, its Gibbs free energy is a function of the oxygen

chemical potential with a slope of — g:

AG(T,p0) % Gsro, 1, (T,P02) = 5 b, (T,P02) = i (T, p02), Eq. 2
This means that formation of SrOx (grown either in the form of a particle or as a monolayer) is
favored at higher oxygen chemical potentials. The cation chemical potential contains an elastic
energy contribution, E,;,, which depends on the cation size mismatch. AG can be positive or
negative for the above equation, which either indicates that the dopant is stable (soluble) in the
lanthanum manganite lattice (AG positive), or will precipitate as a binary oxide (4G negative). The
conditions (T, pO2) where AG is equal to O will therefore be called the onset of precipitation. The
precipitation onset to be determined experimentally is directly relatable to the dopant chemical

potential (and thereby the elastic energy) because the other two terms (GSrox,Surf(T’P%) and

Ho,(T,p0;) ) are known in our polarization experiment. Determining the electrochemical

polarization at the onset of dopant oxide segregation thereby allows us to probe the elastic energy

of the dopant cation

We consider both the precipitation of dopant oxides and peroxides in the form of particles, as
well as the formation of epitaxial monolayers. The formation energies for the earth alkali oxides
and peroxides are given in Table S1 in the supporting material. The oxide and peroxide
precipitation thermodynamics are independent of film orientation as only bulk properties (dopant
cation chemical potential, formation energy of dopant oxide and peroxide) enter the equation.
Additionally, we consider the formation of wetting films of dopant oxide and peroxide monolayers
growing on the surface. To capture the trends of film wetting within the (Ca, Sr, Ba) series, we
shall consider monolayers of the oxide and peroxide grown homoepitaxially on the (001)-oriented

LDM surface on top of the MnO; termination.
3.2. Computation of chemical potentials

We model the exchange of cations between surface and bulk as a Schottky defect reaction,

where cations from the bulk migrate to the surface to occupy empty lattice sites or form a
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precipitate, as given by Error! Reference source not found., the energy cost of moving a cation
from the bulk to the surface is therefore connected to the bulk vacancy formation energy and can
be expressed as a chemical potential as given by Eq. 2. For the cations, Ca, Sr, Ba, La, and Mn,
the chemical potentials were calculated from bulk DFT energies as

0 = (dGbulk) ~ (dEbulk) Eq. 3
l dn; J;, dn; /;, '

neglecting entropy contributions. These energies are calculated in bulk super cells with 64 ABO3
units, where a dopant concentration of 20 % (LDM) approximately corresponds to the composition
Las1D13Mne4O192. The compositional change upon removal of one cation is 1/64 = 1.6 %, so that
we can approximate the derivative on the total energy by the cation number n; as the difference
between the defect-free LDM unit cell (E;py) and an LDM unit cell with one atom i removed
(ELpm,aer,i), keeping the number of all other ions (denoted by j), constant. The chemical potential
referenced to the gas phase energy of atom i (Egqs;):

_ (4Epue
Wi~ \— ~ Erpmaefi t Egasi — ELpm - Eq. 4
2

Jj#i
Since the total energy of a bulk unit cell depends on the arrangement of point defects and
dopants within the unit cell, each energy Ejppgeri and E;py Was calculated four times for

different random configurations in a large supercell (64 units) and the average was taken. From
the scatter of total energies we estimate that the relative error of the chemical potential difference

between the different dopants is less than 0.2 eV.

The oxygen chemical potential p,, is computed from the standard oxygen chemical potential

i, @s a function of temperature (obtained from the NIST database "°):

Po
o, (T, Po,) = b, (1) + kaT log () £q. 5

4. Results

4.1. Structure of dense thin-film electrodes:

12



After deposition and pre-treatment with deionized water, the films were characterized using
out-of-plane X-ray diffraction (XRD) and profilometry. The XRD patterns of the films (Figure 2)
show clear peaks corresponding to a (110) orientation (cubic indices), with small components
arising also from (100) and (111). The sample thickness is within 80 ~ 100 nm (see Figure S4 in
the Supporting Information for details). The surfaces appear smooth without any discernable
particles within the scanning electron microscopy (SEM) image resolution (Figure S5). XRD
patterns acquired after annealing with polarization indicate no change in the present phase and
crystal orientation of the films compared to the as-prepared state (Figure S6).

YSZ (400)

— LBM
LSM (220)
100)

mmf ! o WL?WMMJWM
"‘m

20 30 40 50 60 70
20

)‘ YSZ (200)

110

Figure 2. XRD patterns of LaogCag2MnO3z (LCM, blue), LaosSro2MnOs (LSM, red), and
Lao.sBao2MnO3 (LBM, black).

4.2. Surface chemistry of doped LaMnQs film electrodes:

X-ray photoelectron spectra of all constituent elements have been acquired to quantify the
dopant segregation behavior on LCM, LSM, and LBM. Ca 2p, Sr 3d, and Ba 4d core-levels have
been selected for chemical analysis, because they are known to change significantly with the
bonding environment, and thus, have been widely used in previous segregation studies33 3648, 77,
Figure 3 shows characteristic spectra of the respective dopant species for the as-prepared and
annealed films. The spectra have been deconvoluted into two Voigt doublet components: a
component at high binding energy, which is commonly attributed to the segregated dopant phase
at the surface (green), and a lattice component at low binding energy (blue) corresponding to the

original perovskite phase. O 1s, La 4d, and Mn 3p core-level spectra were also acquired to quantify
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the composition of the surface region (see Figure S7 in the Supporting Information). As can be
seen from Figure 3 (top) and Figure S1, the as-prepared films show low amounts of the respective
surface component and the intensity of the lattice component is similar between each other.
However, the amount of the surface component for all the dopants is increased after annealing,
which indicates the formation of surface oxide phases under oxidizing conditions and at high

temperature (Figure 3, bottom).

a) Lao_gcao_zMnOg, b) Lao_esro_zMnos C) Lao_SBao_zMnos
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Figure 3. Representative core-level X-ray photoelectron spectra of a) Ca 2p, b) Sr 3d, and c)
Ba 4d. LaosCao2MnOs, LaosSro.2MnOs, and LaosBao.MnOs films were annealed in pure O for 1
h at 770°C; no bias was applied on the samples shown here. The spectra of the respective as-
prepared (top) and annealed (bottom) films were deconvoluted to show lattice (blue) and surface

(green) species.

In virtue of the lateral polarization method, only two films were required to take 9 different
sets of spectra in this experiment, eliminating errors that could result from possible differences in
sample preparation history. As shown in Figure S2, the existence of a linear potential gradient on
an LSM film is demonstrated by the corresponding linear energy shift of the La 4d peak with
lateral position at the surface, measured in situ with polarization of the sample at the synchrotron.
Figure 4 describes the progressive changes in each dopant core-level spectrum (Ca 2p, Sr 3d, and
Ba 4d) ranging from positive (red) to negative (blue) potentials. Given the positions at which these

spectra were taken at the surface, and the linear relation of potential to position (Figure S2), the
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corresponding potentials are assigned as 160 mV, 320 mV, £480 mV, £640 mV, -750 mV. The
intensity of each spectrum was normalized by the amount of total A-site cations. By deconvoluting
each spectrum as illustrated in Figure 3, the respective surface components in the spectra, the
amount of Casurf, Stsurr, and Basurf, can be quantified as a function of the local electrochemical

potential.
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Figure 4. X-ray photoelectron spectra taken for Ca 2p, Sr 3d, and Ba 4d illustrating the extent
of dopant segregation at the surface as a function of applied potential at 770°C in 1 atm Oz for 1 h
on a) Lao.gCao2Mn0s, b) Lao.gSro2Mn0Os, and ¢) Lao.sBao2MnOs. The 0 V spectrum in each core-
level is deconvoluted into the components arising from the surface (green) and lattice (blue)

binding environments.

Figure 5 shows the intensity of the respective surface components of Ca 2p, Sr 3d, and Ba 4d.
This data was obtained by deconvoluting the surface components (green curves) shown in Figure
4, and normalized by the total peak area of the A-site cations, plotted as a function of applied
potential. On all three compounds, the surface contribution of the dopant increases towards higher
negative polarization values within a particular potential range: +640 mV to -750 mV for LCM,
+160 mV to -750 mV for LSM, and -160 mV to -750 mV for LBM. The ranges vary substantially
between the three compounds, as seen by the clear shift of the point of minimum segregation. In

the cases of LSM and LBM, the segregation also increases with increasing anodic polarization,
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leading to a minimum in the potential-dependent intensity of the surface component. A monotonic
increase in segregation is observed from +160 mV to +640 mV for LSM and -160 mV to +640
mV for LBM. The segregation curves exhibit a sharp transition point, a minimum in the cases of
LSM (at +160 mV) and LBM (at -160 mV). The corresponding potential of minimum segregation
shifts towards more negative values with increasing dopant radius, from Sr to Ba. For LCM, there
is only a change between a steep and a flat potential-dependence of segregation (at -480 mV). In
addition, the variation in the total amount of each dopant (D) and that of the lattice component
(Diatt) with respect to the applied potential is plotted in Figure S8. Figure S8a shows that the total
amount of Ca increases at high cathodic bias while for Ba this is observed at anodic bias, which
clearly indicates the respective dominant driving force of segregation in each compound. As can
be seen in Figure S8b, Diaw/(La+D) of each compound becomes suppressed compared to the as-
prepared samples across a wide range of potentials. We think this is because dopants segregated
as particles cover the surface, while a large amount of dopants in the perovskite oxide phase could
not be measured by the surface-sensitive technique XPS. For LSM, the cathodic regime has also
been investigated using in-situ XPS at 650°C in 100 mTorr O2 with an applied voltage of up to -
600 mV (Supporting Information). As seen in the core level spectra (Figure S3) the contribution

of surface Sr grows monotonically with increasing cathodic polarization.

To further confirm the validity of these results, we also examined the segregation behavior of
LCM and LBM by applying four different constant potentials on four individual films and checked
if the segregation amount on each sample is consistent with the segregation curve (Figure 5a and
5¢) drawn by using the lateral polarization method. We chose -600 mV, -150 mV, +300 mV and
+900 mV to test this (Figure S9 and S10). As a result, the amount of Casut monotonically
decreased throughout the negative potential region up to +300 mV, which matches well with the
result from the lateral polarization experiment. Constant polarization on LBM samples also
showed similar results with the lateral polarization experiment, with a non-monotonic dependence
on polarization and a minimum segregation point close to -150 mV. The sudden increase in Casurf
at +900 mV indicates that LCM also begins to react with gaseous oxygen at higher anodic

polarizations. Detailed explanation on this is provided in the Discussion section.
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Figure 5. XPS intensity of surface a) Ca, b) Sr, and c) Ba components, normalized by the total
intensity of A-site cations of LaosCag2MnQ3z, LagsSro2MnQOz, and Lao.gBao2MnOs, respectively.
The filled circles indicate the data points from the polarized samples annealed at 770°C in 1 atm
O> for 1 h. The open circles indicate the data points from the as-prepared samples. The arrows in
the graphs indicate the regions where the electrostatic energy or elastic energy is the dominant
reason of segregation of the dopant. The thick trend lines serve only as a guide to the eye. A
detailed explanation on the calculation of the error bars associated with each data point is available

in the Supporting Information Section S8.

4.3.Surface morphology of doped LaMnOs thin-film electrodes:

The differences in surface topography due to dopant segregation have been analyzed by SEM and
AFM, as shown in Figures 6, S11, and S12. For LSM and LBM, the surface at the highest negative
(cathodic) potential (-750 mV) is populated by small particles (Figure 6). However, the species
on LCM exhibit a granular structure consisting of particles of similar size, covering its entire
surface. Under the most positive (anodic) potential (+640 mV), the surfaces of LSM and LBM are
characterized by the formation of smaller particles than those under the negative potential, whereas
LCM does not exhibit any discernible features. Further SEM images of LSM and LBM were
acquired under the potentials showing the lowest segregation in XPS, +160 mV and -160 mV,
respectively. For LCM, +160 mV was selected as an intermediate step. Also, the area coverage of
the surface particles on each surface is compared by using a brightness filter that selectively

calculates the area covered by the particles (Figure S11).

The influence of the applied potential on the surface roughness has been also been assessed

using AFM. Figure S12 summarizes the AFM results and provides a comparison of the three
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compounds. Images (a-c) illustrate the surface topography after annealing at high negative (-670
mV) and positive (+670 mV) potentials in pure Oz for 1 h at 770°C. Tiny particles observed by
SEM on the most positive side of LBM (the inset in Figure 6c¢, right) were not observed by AFM.
Graphs at the bottom of Figure S12 show the trend in roughness values from the matrix phase
(particle free zones) of each film surface. The root-mean-square (RMS) roughness (blue line)
shows a clear common trend towards smoother surfaces at positive potentials for LCM and LBM.
Especially for LCM, the evolution of surface roughness matches well with the evolution of Casurt
as quantified by XPS in Figure 5. However, LSM does not exhibit any clear trend in the roughness
and very little overall variation. The large error bar for LCM at -670 mV results from a coexistence

of rough and flat patches at the surface.

a) La, gCay ,MnO,

Figure 6. SEM images of the Lao.sCao.2MnOs, Lao.sSro.2MnOs, and LaosBao.2MnOs surfaces
after annealing at 770°C in 1 atm O under polarization, acquired at different locations
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corresponding to the indicated bias voltages. a) LaogCao.2MnOs at -750 mV, +160 mV, and +640
mV, b) LagsSro2MnQO3 at -750 mV, +160 mV, and +640 mV, and ¢) LaosBao2MnOs at -750 mV,
-160 mV, and +640 mV. The magnification of all the images is 25k with a scale bar indicating 1
um. Insets in LaosSrooMnO3z and LapgBao2MnOz at +640 mV are 4-times further magnified

images for a clearer view of small particles on their surface.

4.4. Trends in segregation for different earth alkali dopants on the A-site rationalized by theory

The cation size mismatch between dopant and host cations has previously been considered as
an indicator for an increased tendency of A-site dopants to enrich at the surface for elements within
the earth alkali metal series (Ca, Sr, Ba) 3. One of the main results of the study by Lee et al. was
that cation surface enrichment is strongly correlated with the ionic radius, both experimentally and
on first-principles level . While the resulting segregation energies as a function of cation radius
are generally consistent with intuition, a connection between segregation and thermodynamic
variables, such as T, pO., or applied potential is needed for quantitatively confirming this theory
and linking it to our polarization experiments. This connection can be established by considering
the chemical potentials of the cations in the bulk, which indicate how easily these cations undergo
chemical reactions with the Oz environment in the sense of Error! Reference source not found..
The chemical potentials for the dopant cations Ca, Sr and Ba and host cations La and Mn in LCM,
LSM and LBM at 20 % doping level calculated by DFT according to Eq. 3 are listed in Table 1.
The total variation for the chemical potentials within this series is 0.14 eV, 0.46 eV and 0.83 eV
for Mn, La and the dopant D, respectively. All the chemical potentials increase with increasing the
dopant size, except for uY,,, which is identical for LSM and LBM. The overall increase of chemical
potentials with respect to dopant cation radius reflects the decreasing stability of the LCM, LSM
and LBM compounds with increasing dopant size. This result is in accordance with our hypothesis

that the elastic energy contribution increases with dopant cation radius.
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Table 1. Cation chemical potentials in stoichiometric 20 % (Ca, Sr, Ba)-doped LaMnOs calculated

with respect to atomic reference (in eV).

Compound
Lao.sCao2MnO3z LaosgSro2MnO3z LaosBao2MnOs
Wopane | -8-61 -8.22 -7.73
o -13.23 -12.91 -12.77
. -6.81 -6.67 -6.67

In order to correlate these chemical potentials with dopant segregation, we need to consider
the proposed driving forces of dopant segregation under reducing and oxidizing conditions. Under
reducing conditions (cathodic polarization), we propose that dopant enrichment at the surface is
driven by electrostatic attraction between the positively charged oxygen vacancies and the
negatively charged dopants (relative to pristine LaMnQOs3). This electrostatic driving will be

considered in detail in a separate publication ®°.

Under oxidizing conditions (anodic polarization), we propose that segregation is driven by the
formation of binary compounds that are more stable under oxidizing conditions (Error! Reference
source not found.). This segregation mechanism is related to the cation chemical potentials, which
reflect the higher chemical reactivity of larger dopants compared to smaller dopants due to the
elastic energy. As the precipitated particles observed in our experiments are large, up to 500 nm
in size (cf. Figure 6), precipitation under anodic polarization is modeled using only bulk energies.
For the dopant dissolved in the perovskite we employ the values given in Table 1. For the
precipitates (oxides and peroxides) we employ their bulk energies given in Table S1. Favorable
wetting of the precipitates can reduce the onset of near-surface dopant enrichment and possibly
change the relative stabilities of dopant oxides and peroxides wetting the surface, but will not result
in the formation of particles observable by SEM. Wetting energies were studied using a (100)-
oriented oxide or peroxide film on the (001) surface of the perovskite oxide. Since the wetting
energy is controlled by the lattice mismatch between the dopant oxide and the perovskite lattice
and both are metrically (near-)cubic, the lattice mismatch is independent of surface orientation.
We therefore assume that the wetting energies on the (001) qualitatively reflect the trend between

the three dopants even if the experiments are primarily on (110)-oriented perovskite films.
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However, we recall again that these wetting energies are irrelevant for the thermodynamics of

precipitation as long as the formed particles are sufficiently large.
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Figure 7. Structures of a) MnO2, b) SrO, and c) SrO; terminations at LSM (001) (bottom)

together with bulk structures of SrO (b) and SrO> (c) (top). Colors: purple — Mn, green — La,

yellow — Sr, red — oxide 02, black — peroxide (0,)?".

We consider segregation in the form of dopant oxide and peroxide particles, as well as the
formation of epitaxial monolayers of oxides and peroxide. Figure 7 shows models of these surface
terminations computed with DFT for the LSM (001) surface. The relative stabilities between the
bulk structure and monolayer for compound i with i = (CaO, SrO, BaO, Ca0a, SrO, BaOy) are
given by the wetting energy

Eweti = Esiab,i term. — Estab,Mno, term. — Epuik,is Eq. 6
where Egqp mno, term. @Nd Egiqp i term. iNdicate the total energies of surface slabs terminated by a
monolayer of the compound MnOz and i, respectively, and Ej,,;;, ; indicates the total bulk energy
of the compound i. The DFT-calculated wetting energies for the earth alkali oxides and peroxides

on the LCM, LSM, LBM (001) surface are listed in Table 2. The wetting energies are almost
universally negative, the only exception being CaO, which has a slightly positive wetting energy
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of +0.015 eV. A negative wetting energy indicates higher stability of the homoepitaxial layers
compared to the bulk compound, increasing the overall tendency of dopants to enrich at the
surface. For the (Ca, Sr, Ba)O series of compounds, the wetting energies are highly correlated with
the mismatch, with lower absolute mismatches resulting in more negative wetting energies. The
highest negative wetting energy is obtained for BaO with a lattice mismatch of only +0.03 %. This
high correlation between lattice mismatch and wetting energy can be explained by the structural
similarity between the bulk (Ca, Sr, Ba)O phase and the (Ca, Sr, Ba)O overlayer, which is
essentially just one layer of the bulk earth alkali oxide stretched to fit the LSM lattice as illustrated

in Figure 7b.

This correlation is not found for the peroxide compounds (cf. Table 2), where the strongest and
weakest wetting is obtained for SrO; and BaOg, respectively, while BaO, and CaO: have the
smallest and largest lattice mismatches. We attribute this lack of trend to the higher flexibility of
the peroxide structure regarding lattice expansion. The bulk structure of the earth alkali peroxides
is derived from the rocksalt structure by replacing 0%~ by an (0,)?~ molecular ion with the O—
O bond aligned along the [001] direction as shown in the top part of Figure 7c. The earth alkali
oxide structure is rigid, and lattice expansion requires stretching the cation-O bonds. On the other
hand, the 0%~ molecule ion in earth alkali peroxides can be tilted, which allows for lattice
expansion without bond stretching (cf. Figures S13 and S14). The tilting of the (0,)?~ molecule
ion in the peroxide structure introduces an additional degree of freedom, which makes the peroxide
lattice more easily deformable compared to the oxide structure. Therefore, we observe no
correlation between lattice mismatch and wetting energy for the peroxide monolayers in contrast
to the oxide overlayers.
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Table 2. Wetting energies and lattice mismatches for earth alkali metal oxides (CaO, SrO, BaO)
and peroxides (CaO2, SrO2, BaO2) on the MnO,-terminated (001) surface of LCM, LSM and LBM.
Lattice mismatches of oxide and peroxide compounds are given with respect to stoichiometric
LCM, LSM and LBM.

Dopant Evet oxige | €V oxide lattice  E\yer peroxiae / €V peroxide lattice
mismatch mismatch

Ca +0.015 -13.1 % -0.345 -16.4 %

Sr -0.512 -6.4 % -0.374 -9.4 %

Ba -0.946 +0.03 % -0.192 -2.6 %

The free energy of reaction as given by Eq. 2 for the three dopants, including the wetting energy
for the homoepitaxial monolayers (Eq. 6) is plotted in Figure 8a-c for the three compounds LCM,
LSM and LBM. Each diagram shows five lines, representing the dopant in LaogCag2MnQs,
Lao.sSro.2Mn0Os, LaosBao2MnOg, (blue), the bulk oxide (solid orange), and the bulk peroxide (solid
green), as well as oxide and peroxide monolayer structures on the surface (dashed orange and
green, respectively). As given by the almost universally negative (and pO2-independent) wetting
energies of oxides and peroxides on the (001) surface of 20 % (Ca, Sr, Ba)-doped LaMnOs (cf.
Table 2), the surface monolayer structures (dashed lines) always show a higher stability than the
respective bulk precipitate structures (solid lines). The only exception here is CaO, where the
slightly positive wetting energy (given in Table 2) indicates that particle and monolayer are
equally stable. As a consequence, the stability lines for particle and monolayer overlap (orange

line in Figure 8a).
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Figure 8. Relative stabilities of the A-site dopant in 20 % (Ca, Sr, Ba)-doped LaMnOs bulk
(blue), CaO, SrO, BaO (orange) and CaO3, SrO2, BaO> (green). Relative stabilities of oxide and
peroxide particles and monolayer structures are given by solid and dashed lines. Regimes of the
stable phases are separated by black vertical lines, and the most stable phase is indicated by

labels in the plots.

From the diagrams shown in Figure 8, we can extract two kinds of information. Firstly, the
most stable phase is the phase with the lowest free energy (AG), for a given pO. or applied
potential. Secondly, we can infer whether or not a secondary oxide/peroxide bulk phase or
monolayer can be formed by dopant segregation through Eqg. 2. Since the dopant dissolved in the
perovskite is the reference (AG = 0), negative AG values in Figure 8 for the oxide/peroxide bulk
phases indicate that these phases are thermodynamically favored on LSM. This means that all the
considered phases with AG(pO2) <0 can be formed, even if they may not constitute the overall
most stable phase. We therefore assume that in some cases segregated species can coexist, for

instance, a monolayer and particles, as both may be thermodynamically favored over LSM.

From the intersections of the orange/green lines (oxide/peroxide phases, respectively) with the
blue lines (dissolved dopant) in Figure 8 we can infer the potential onset of dopant segregation
under oxidizing conditions. This predicted onset condition can be compared with the
experimentally determined transition (minimum of) enrichment of the dopant at the surface under
anodic polarization as shown in Figure 5. In the case of LCM, the surface should become
significantly enriched in Ca at potentials higher than +300 mV, where a CaO2 monolayer is
expected to form. Formation of CaO> particles may be observed in addition to a monolayer at
potentials higher than +400 mV, where AG(CaOg, nbuk) becomes negative. CaO as particle or
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monolayer never constitutes the most stable compound, and is not expected to form under anodic
polarization. The case of LSM is similar, but the onsets of SrO, monolayer and particle formation
are shifted down to +270 and +380 mV, respectively. For LBM the situation is quite different due
to the strongly negative wetting energy of BaO on the LBM (001) surface (cf. Table 2). For LBM,
the most stable phase is a BaO monolayer at potentials between +80 mV and +220 mV. Above
+220 mV the most stable phase is a BaO2 monolayer. BaO- particles can appear on the surface
above +200 mV.

In summary, the segregation onset shifts to less oxidizing conditions from Cato Sr to Ba dopant
cations in LaMnOs. This can be rationalized on the basis of the trend in the chemical potentials of
the dopant cations in the bulk of doped LaMnQ3z, which increase by 0.83 eV from Ca to Sr to Ba
(cf. Table 1), reflecting the increasing lattice strain due to increasing dopant cation radius. This
increase in chemical potential along the series directly results in reduced solubility and increased

tendency to precipitate.
5. Discussion

The reported observations on surface degradation in a lateral polarization gradient demonstrate
both differences and similarities of the three compounds under scrutiny: In LCM, LSM, and LBM
dopant cations segregate to the surface at high temperature (770°C) and form chemically different
surface species. In highly reducing conditions (cathodic polarization) the extent of segregation
increases *° for all three compounds, whereas under oxidizing conditions (anodic polarization) an
increase is observed only for LSM and LBM. The XPS results display dopant-specific trends of
the extent of segregation as a function of bias voltage, showing a transition between the two
regimes of segregation behavior for each compound. The different findings under oxidizing
conditions for the three dopants were rationalized by theory, which shows a clear correlation
between cation size, dopant chemical potential and segregation onset potential. In the following
sections, we will review the key aspects and connect the observations made with the different

techniques.

5.1. Different segregation mechanisms under anodic and cathodic polarization

We relate the polarization-dependent segregation behavior of the three different compounds to

varying contributions of the two driving forces of segregation outlined in the introduction: an
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elastic and an electrostatic force. Their balance in driving the segregation of the different dopants
at different oxygen chemical potentials is subject of the two main hypotheses tested in the present
report: 1) Eeec increases with a decrease in effective pO2 and 2) Eela increases with cation size
mismatch, which shifts the onset of segregation to lower oxygen chemical potential with increasing

cation size, as rationalized by theory.

The first hypothesis (Eelec increases with a decrease in effective pOz) is dominant at negative
potentials (cathodic polarization). For all three compounds, it was found that more negative
potentials (corresponding to reducing conditions) increase segregation: -750 to +640 mV for LCM,
-750to +160 mV for LSM, and -750 to -160 mV for LBM. The in-situ APXPS data for cathodically
polarized LSM in Figures S2 and S3 support the ex-situ observations reported here, and provide
a reference for the local potential applied to the surface. The observed differences in the extent of
segregation are even more pronounced owing to the high surface sensitivity of the synchrotron X-
ray photoelectron spectroscopy at low kinetic energy (300 eV). Surface reduction creates oxygen
vacancies, which attract the dopant to the surface electrostatically. Thus, the observed increase of
segregation at decreasing effective oxygen pressures is in good agreement with hypothesis 1,

predicting an increase of Eelec at reducing conditions.

The second hypothesis (Eela increases with cation size mismatch) is dominant at positive
potentials (anodic polarization), where bulk reactions between the dopant and the gas phase are
enabled by the high oxygen chemical potentials. This leads to the formation of oxide and peroxide
films at the surface. These reactions are favored for more reactive dopant cations, and the reactivity
of a dopant in LaMnOs increases with cation size, as shown by our computations of the chemical
potentials of dopants dissolved in LaMnOz. While the formation of dopant oxide precipitates itself
is a consequence of the high oxygen chemical potential under anodic conditions, the onset potential
of segregation shifts to lower oxygen chemical potentials with increasing cation size mismatch.
This trend is reconciled between theory and experiment: experimentally, we observe that LBM
has the lowest onset of segregation (Figure 5), while LCM has the highest onset potential of
segregation under anodic polarization (Figure S9). Considering the formation of dopant oxide and
peroxide phases, theory predicts the same trend based on the different dopant cation chemical
potentials in the bulk of LCM, LSM, and LBM.

5.2. Observed trends for different dopants
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Segregation in LCM was increased only with increasing cathodic polarization, but an increase
with increasing anodic polarization was not observed. However, within the whole potential range,
Ca is enriched at the surface compared to the as-prepared sample. In the cathodic polarization
range, Ca exhibits a steep increase of the Casurr component in XPS with increasingly reducing
conditions, as expected from the electrostatically driven dopant segregation. Even past the point
of zero potential, the amount of segregated Ca appears to continue to decrease in our lateral
polarization measurements up to +800 mV (Figure 5). This result is in apparent conflict with our
computations that indicate that CaO; precipitation should be observed even in LCM at potentials
higher than +400 mV. According to this theory, CaO- particle formation must be observed at some
point in the anodic potential regime due to the nO. dependency of the precipitation free energy,
even if the model has a large quantitative error. Thus, we tested this prediction in experiments
under constant polarization at higher potentials (Figure S9) for LCM and LBM. The results of
these measurements are consistent with the lateral polarization results in the area up to +640 mV
where the data from the two setups overlaps. However, at +900 mV, we observe that the Ca content
at the surface increases compared to that at +640 mV, possibly indicating the expected segregation
onset. The discrepancy between experiment and calculation can be resolved employing a more
detailed precipitation model that correctly captures the influence of defect concentrations on
dopant precipitation, as shown shortly in Section S5 and to be published elsewhere 8. Including
the defect concentrations in the model shifts the precipitation onset for LCM to +807 mV. That is
consistent with our experiments, where precipitation sets in between +640 mV and +900 mV. We
clearly realize, supported by both theory and experiment, that LCM exhibits remarkable stability
under anodic polarization. This can be explained by the fact that Ca is the smallest of the three
dopants and exhibits barely any size mismatch with La. Since the contribution from the elastic
energy is small for the Ca dopant in LCM, it has the lowest chemical potential in the (Ca, Sr, Ba)

series, and thereby the lowest driving force for precipitation.

For LSM, quite in contrast, an increase of segregation under anodic polarization was found.
This is because the higher elastic energy (as given by the higher chemical potential of Sr in LSM
compared to Ca in LCM) shifts the segregation onset to a lower potential, which is qualitatively
reproduced by theory. The larger cation mismatch between Sr and La significantly increases the

impact of Eela compared to Ca.
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This behavior is found to be even more prominent in LBM owing to its larger cation radius.
Due to the high misfit energy for Ba in LBM, the transition between electrostatically and elastically
dominated segregation is shifted to -160 mV in the cathodic polarization range. This means that
BaO/BaO; formation already occurs under reducing conditions. This strong shift is explained by
theory, which shows that Ba in LBM has the highest chemical potential within the dopant series.
The high elastic energy contribution for Ba results in a shift of the segregation onset potential to

more reducing conditions.

These results show that the segregation onset potential under anodic polarization shifts to more
reducing conditions with increasing cation radius. This agrees well with our initial expectations
for dopants with different cation radii and the theoretical calculations that relate the cation radius
with its chemical potential and, thereby, the onset of segregation. These observations support our
second hypothesis of an elastic driving force that increases with dopant cation radius. Under
cathodic polarization, on the other hand, an increase of segregation with more negative potential
is observed for all three compounds in a similar way. This strongly supports the first hypothesis of
an electrostatic driving force that is similar for all three dopants.

5.3. Surface chemistry and topography

In agreement with the spectroscopy results, measurements of the surface topography using
SEM (Figure 6) and the roughness using AFM (Figure S12) display a gradual change across the
surface of LCM, LSM, and LBM. In the case of LSM and LBM, a qualitative comparison of the
amount of surface particles to the dopant core-level spectra, Sr 3d and Ba 4d, shows good
agreement. A lot of particles are observed on the surface of LSM and LBM, under high cathodic
and anodic bias, but less are found in between (cf. Figure S11). Particles in the positive potential

region are smaller than those in the negative potential regime.

Overall, the increase of the dopant surface component in the series of XPS measurements as a
function of the applied potential is strongly correlated with the coverage of particles on the surface
in the cases of LSM and LBM. This is why we propose that the formation of a secondary dopant
oxide phase explains the observed dopant enrichment at the surface. Only in the case of LCM, no
particles are formed on the surface despite the increase of the Casurr signal in XPS under cathodic
polarization. Instead the roughness measured by AFM increases under cathodic polarization

(Figure S12), which appears to be related to the segregation.
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5.4. Agreement between theory and experiment

Theory is applied to further elucidate the connection between cation size mismatch, oxygen
chemical potential and dopant segregation. Our computations reflect the general trend of the elastic
energy with cation size mismatch under oxidizing conditions. A larger cation size mismatch results
in a larger chemical potential of the dopant cation, and results in reactions of the dopant with the
gas phase oxygen under anodic polarization. Our computations show that the onset of segregation
due to the formation of oxides and peroxides on the surface shifts to lower oxygen chemical
potential with increasing dopant cation radius. The shift in segregation onset is caused by the
elastic energy difference for different dopant cations. Experimentally, we observe (Figure 5) that
for LCM, LSM, and LBM, the segregation onsets are beyond +800 mV (Figure S9), at +160 mV,
and at -160 mV, respectively, i.e., the segregation onset shifts to lower potential within the alkaline
earth series going to larger cation radii, from Ca to Ba. Our theoretical model predicts the onset of
dopant enrichment in the form of a dopant peroxide (CaO2, SrO>) or oxide (BaO) monolayer under
anodic polarization at +300 mV, +270 mV, and +80 mV for LCM, LSM and LBM, respectively.
Particle formation is expected on the surface for potentials greater than +400 mV, +380 mV, and
+200 mV. Although the experimentally observed trend along the (Ca, Sr, Ba) series is qualitatively
reproduced by the calculations, the segregation onset potential is not obtained quantitatively in the
simple model presented here. As noted in Section 5.2, this discrepancy can mostly be resolved by
treating precipitation in a defect model that equilibrates both the oxygen sublattice and the dopant
with external reservoirs. However, as doped lanthanum manganites are quite complex, additional

sources of uncertainty shown in more detail in Section S4 in the supporting material.

We note that the present computations cover only the anodic polarization regime. Because the
defect structure at the surface giving rise to the electrostatic driving force is more involved, we
studied dopant surface segregation in detail only for the LSM (001) surface under cathodic
polarization. These results will be published elsewhere %, but we provide a short summary of the
results in Section S6 in the supporting material. We make three observations relevant to the present
manuscript: Near-surface Sr enrichment was shown to be favored under reducing conditions at all
terminations that we considered (LaO, SrO, MnO2 and several reconstructions). It is not driven by
the intrinsic polarity of the surface, but rather by electrostatic attraction between the dopant and

near-surface oxygen vacancies. Furthermore, the near-surface Sr content has a minimum (close to
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+260 mV at 1050 K). While this minimum is located close to where it is found in our experiment
on LSM (110) (+160 mV at 1050 K), this may be a coincidence because our model employs the
(001) orientation rather than the (110) orientation. However, it is evident and encouraging also
from the surface calculations that there is a minimum of the near-surface Sr content, and Sr
enrichment can be observed under both anodic and cathodic polarization regime, consistent with

our experiments.
6. Summary and Conclusion

The surface segregation of earth alkaline dopants (Ca, Sr, Ba) in doped lanthanum manganites
under polarization has been investigated for a wide range of cathodic and anodic potentials by
means of XPS, imaging techniques and DFT-based ab-initio thermodynamics. This combination
of techniques allows for a systematic quantification (XPS), morphological surface characterization
(SEM and AFM) and rationalization (theory) of the dopant segregation behavior as a function of
effective oxygen pressures ranging from 107 to 10* atm and of the dopant cation radius. We
examine the two main origins of segregation proposed in the literature: the lattice mismatch of the
dopant with the host cation La and the electrostatic attraction of the aliovalent dopants by a high
oxygen vacancy density at the surface. The latter requires the presence of oxygen vacancies near
the surface; we expect this contribution to dominate under reducing conditions. A higher misfit,
on the other hand, has been shown by theory to increase the dopant chemical potential in the bulk,
which enhances the precipitation of secondary compounds under oxidizing conditions. These
responses to variations in the effective oxygen pressure are therefore expected to coexist, but

dominate at opposite polarization regimes.

We examine the dopant segregation for three compounds with different dopant cation sizes
(Lao.sCa0.2Mn0Os, Lao.sSro.2Mn0Os, LaosBao2MnO3) and indeed observe a U-shaped dependency of
the amount of dopant segregation as a function of polarization by XPS for Sr and Ba. This result
is confirmed by SEM surface imaging, which shows the highest coverage of particles on the
surface at high cathodic and high anodic polarization and lower coverages in between. Only in the
case of Ca, dopant enrichment at the surface and change of surface morphology was observed only
in the cathodic polarization range. This is possibly due the fact that our measurement covers only
the polarization range between -800 mV and +800 mV and the elastically dominated segregation

may occur at even higher anodic polarization (> +800 mV). The minimum of the U-shaped curve
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is interpreted as the transition point between the two driving forces (electrostatic under cathodic
polarization and elastic under anodic polarization). The transition point shifts to higher oxygen
chemical potential with increasing dopant cation radius (Rea > Rsr > Rca). This behavior is
rationalized by theory, which shows that the chemical potential of the dopant dissolved in
lanthanum manganite increases with increasing cation radius. Since the precipitation of binary
dopant oxide and peroxide phases is driven by reactions of the dopant with oxygen from the
environment (while forming cation vacancies in the lanthanum manganite bulk), an increase of the
dopant chemical potential will promote these reactions. The calculated precipitation onset shifts to
lower potential with increasing dopant cation radius, which is qualitatively in agreement with the
experimental observation. This allows us to conclude that under anodic polarization, segregation

is indeed dominated by the elastic energy of the dopant.

We observe dopant segregation both under cathodic (low oxygen chemical potential) and under
anodic (high oxygen chemical potential) conditions, and the relationship between dopant
segregation and potential is non-monotonic. This observation provides a possible explanation for
the fact that dopant segregation has been reported under many different conditions (both oxidizing
and reducing) in literature, and resolves why a clear answer to whether reducing or oxidizing
conditions are responsible for segregation has so far not been obtained. Our results show that
segregation can occur under both oxidizing and reducing conditions in doped lanthanum
manganites, which suggests that dopant segregation is a result of a nontrivial balance of
electrostatic and elastic energies. Which one of these factors dominates depends on both the
operating conditions and the size mismatch between dopant and host cations. Thus, the present
study advances the mechanistic understanding of surface chemical degradation of perovskite-
based energy conversion devices and has the potential to contribute to improving their long-term

stability.
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