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ABSTRACT: Cation segregation on perovskite oxide surfaces
affects vastly the oxygen reduction activity and stability of solid
oxide fuel cell (SOFC) cathodes. A unified theory that explains
the physical origins of this phenomenon is therefore needed
for designing cathode materials with optimal surface chemistry.
We quantitatively assessed the elastic and electrostatic
interactions of the dopant with the surrounding lattice as the
key driving forces for segregation on model perovskite compounds, LnMnO; (host cation Ln = La, Sm). Our approach combines
surface chemical analysis with X-ray photoelectron and Auger electron spectroscopy on model dense thin films and
computational analysis with density functional theory (DFT) calculations and analytical models. Elastic energy differences were
systematically induced in the system by varying the radius of the selected dopants (Ca, Sr, Ba) with respect to the host cations
(La, Sm) while retaining the same charge state. Electrostatic energy differences were introduced by varying the distribution of
charged oxygen and cation vacancies in our models. Varying the oxygen chemical potential in our experiments induced changes
in both the elastic energy and electrostatic interactions. Our results quantitatively demonstrate that the mechanism of dopant
segregation on perovskite oxides includes both the elastic and electrostatic energy contributions. A smaller size mismatch
between the host and dopant cations and a chemically expanded lattice were found to reduce the segregation level of the dopant
and to enable more stable cathode surfaces. Ca-doped LaMnOj; was found to have the most stable surface composition with the
least cation segregation among the compositions surveyed. The diffusion kinetics of the larger dopants, Ba and Sr, was found to
be slower and can kinetically trap the segregation at reduced temperatures despite the larger elastic energy driving force. Lastly,
scanning probe image contrast showed that the surface chemical heterogeneities made of dopant oxides upon segregation were
electronically insulating. The consistency between the results obtained from experiments, DFT calculations, and analytical theory
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in this work provides a predictive capability to tailor the cathode surface compositions for high-performance SOFCs.

1. INTRODUCTION

Cation segregation at the surface and the interfaces of
transition-metal oxides impacts the reactions that are often
critical to the overall device performance in a range of device
applications, including solid oxide fuel cells, ° oxygen
permeation membranes,'”!" batteries,'>™ " and magnetic,1 —19
catalytic,”**" 23 materials. In particular,
cation segregation on perovskite oxide surfaces impacts
tremendously the reactivity and stability of solid oxide fuel
cell (SOFC) cathodes.">**"#>*>5 The slow rate of oxygen
reduction reaction (ORR), which is generally agreed to be
limited by the surface exchange reactions on mixed ionic
electronic conducting cathodes,***” imposes the main barrier
for implementation of high-performance SOFCs at intermedi-
ate temperatures (500—700 °C).”** To attain highly reactive
and stable cathode surfaces for fast ORR kinetics, it is
important to tailor the catalytic activity of transition-metal
oxide cathode with a thorough knowledge of the surface
composition and structure at the atomic level. The surface of
the SOFC cathodes, typically made from perovskite-related
oxides, is not static, and the structure and chemistry are driven
dynamically by the surrounding environments at elevated
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temperatures, in oxygen partial pressure, and under electro-
chemical potentials. The complexity of these surfaces and the
harsh environments that they function in have prohibited thus
far the development of clear fundamental principles that relate
their surface state to the ORR kinetics. This is important not
only for the reactivity but also for the durability of the
electrodes.

Cation segregation at the surface of perovskite oxides has
been a commonly observed phenomenon that has direct
relations to cathode reactivity and stability in ORR.>*°"** An
example is the Sr enrichment at the surface of La;_.Sr,MnO;
(LSM) and La;_,Sr,CoO; (LSC) that are widely studied
cathodes. Upon dopant segregation, the surface can exist in
different chemical phases, including the perovskite-termination
structure with the Sr replacing La on the A-site at the
surface®®" and phase separation in the form of Ruddlesden—
Popper (RP) phases® or dopant-oxides (e.g,, SrO).">** At the
surface of LSM, the concentration of Sr dopant was shown to
increase with decreasing oxygen pressure"’l and increasing
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temperature (>500 °C).>* On another well-studied perovskite,
SrTiO; (STO), the surface was drastically altered by formation
of Sr-rich RP phases in oxidizing conditions and Ti-rich phases
in reducing conditions.>® Furthermore, such surface segregates
of secondary phases can form a spatially heterogeneous surface
chemistry and structure, as found on LSC' in our previous
work and on STO.*® Each surface structure formed upon cation
segregation is associated with different ORR reactivity. A
unified theory that explains the physical origins of dopant
segregation on perovskite-related oxides is therefore needed for
designing cathode materials with optimal surface chemistry for
fast and stable ORR kinetics.

Thermodynamic and kinetic conditions that drive surface
segregation and transitions between possible surface phases/
structures on perovskite oxides have not been well explored and
explained. The different surface free energies (surface bond
breaking) and the different atomic sizes (lattice strain) of the
elements cause surface segregation to reduce the free energy of
the system.'”*”~*' Especially, on metal oxides of ionic nature,
the existence of a space-charge layer near the surface also
provides a strong chemical potential to drive segregation.***°
Therefore, it is reasonable to say that the key driving forces to
segregation originate from the elastic and electrostatic
interactions of the dopant with the surrounding lattice in a
perovskite oxide. The specific mechanisms that manifest these
interactions are related to the size mismatch between the
dopant and host cations and the associated elastic energy
minimization by pushin§ the larger or smaller dopant to free
surfaces or interfaces''”*®* and to the charged defect
interactions, such as a strong association of dopant cations
with oxygen vacancies, which can drive the dopants to
positively charged interfaces where oxygen vacancies are in
abundance** as well as with polar surfaces. We provide this
description of the contributors to dopant segregation in analogy
to the vacancy-dopant association energy in bulk oxides.
Vacancy-dopant association generally contains two terms: the
elastic interactions arising from the size mismatch of dopants
with host cations and the Coulombic term which reflects the
electrostatic attraction between the constituents.*®

Recently, Harrison has hypothesized that the surface
charging on the (La,Sr)MnO; is the origin of the segregation
of Sr at the surface of LSM.* On the (100) surface of
La,Sr; ,MnOj;, AO planes with a uniform distribution of Sr and
La cations take a charge of +¢(1 — x) per A-site. Terminating
such a set of charged planes leaves an effective surface charge of
+ e(1 — x)/2 per Assite. Harrison’s work constructed an
electrostatic model of the interaction of Sr with the charged
surfaces on LSM. With this model, it was shown that the large
energy associated with a charged surface could be minimized by
depleting the La and increasing the Sr concentration at and
near the surface of LSM. This result would seem to give
compelling evidence that the surface charging is a source of the
segregation of the dopant at the surface of LSM. On the other
hand, only this electrostatic contribution alone cannot provide
an accurate quantitative prediction of the large extents of
segregation on such materials as acknowledged in the same
work™ and as also shown in our results later in this paper. Past
work on titanates have suggested the importance of both the
elastic and electrostatic interactions in determining cation
segregation on the surface.® However, the analysis remained at
a phenomenological level, and the electrostatic interaction was
considered to be based on only the effects of surface adsorbates.
An alternative model that can be discussed is the kinetic
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demixing phenomenon when the material is subz'ected to an
oxygen chemical potential gradient across.”’ However,
significant cation segregation is found on many perovskite
surfaces even without the presence of a gradient of oxygen
chemical potential, therefore, we believe this model cannot
explain the intrinsic drivers to cation segregation.

In this paper, we quantitatively assessed the electrostatic and
elastic energy minimization as two main driving forces of
dopant segregation at the surface of manganite-based perov-
skite oxides, LnMnOj;. The host cation Ln = La was used in our
experiments, and Ln = La and Sm were used in our
computational work as the model material systems. We probed
the surface chemistry and structure with X-ray photoelectron
(XPS) and Auger electron spectroscopy (AES) on model dense
thin films. The effects of the elastic energy on the cation
segregation were investigated by varying the size mismatch
between the dopant (Ca, Sr, Ba) and host cation in the
perovskite thin films. The effects of the electrostatic energy on
the cation rearrangements were investigated with control of the
oxygen chemical potential during the annealing of thin films
and with control of the distribution of charged defects in our
models. Density functional theory (DFT) calculations and
analytical models were used to elucidate the underlying physics
of cation segregation, including the kinetic effects, and to
quantitatively decouple the contribution of the elastic and
electrostatic energy to segregation. We show, using image-
contrast between atomic force microscopy (AFM) and
scanning tunneling microscopy (STM), that the surface
chemical heterogeneities upon dopant segregation were
electronically insulating, and thus, they are expected to hinder
the ORR kinetics. Our results demonstrate that the mechanism
of dopant segregation on perovskite oxides includes important
contributions from both the elastic and the electrostatic
energy—a smaller size mismatch between the dopant and
host cations, a chemically expanded lattice, and reduction of the
surface positive charge can reduce the segregation level of the
A-site dopant and enable more stable cathode surfaces.

2. APPROACH

We hypothesized that the elastic and electrostatic interactions
are the key driving forces of cation segregation on perovskite
oxide surfaces. To quantitatively assess these two contributions,
we experimentally determined the chemical composition and
structures of dopant-enriched surfaces of the LaMnO; films
upon annealing at elevated temperatures in varying oxygen
pressures. We interpreted our experimental results quantita-
tively and predictively using DFT calculations and analytical
models. The parameters that affect the magnitude of the two
driving forces were varied in our experiments and computa-
tional models; in particular, the dopant size, the lattice
parameter, and the distribution of charged vacancies.

We note that our DFT calculations focused on the dopant
segregation within the perovskite-terminated surface lattice by
simply replacing the host cation with the dopant, while our
experiments showed ultimately heterogeneous phase separation
at the surface. Enrichment of the dopant on the A-site sublattice
at the surface would lead to a larger concentration of the
dopant at the surface compared to the bulk nominal level. If the
concentration of the segregated dopants increases beyond the
solubility limit at the perovskite surface at elevated temper-
atures, phase-separated particles, such as SrO/Sr(OH),, or
layered RP phases can form."** The calculated total segregation
energy on the perovskite lattice is a quantitative measure of the
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increase in the concentration of dopant cations on the
perovskite surface. This quantity at the same time indicates
the extent of the new phase formation because the secondary
phases will form only following the increase in dopant cation
concentration beyond the solubility limit at the surface.
Therefore, our computational approach here is applicable in
assessing the “tendency” to restructure or phase-separate
because of dopant segregation at the surface, even if the
possible secondary phases are not explicitly captured in our
models. The following subsections describe the method details
in our approach.

2.1. Experimental Methods. 2.1.1. Thin Film Fabrication.
In the experimental part of our investigation, epitaxial dense
thin films of LaggDy,MnO; (D = Ca, Sr, Ba) with the same
crystallographic orientation were used as a model system. The
use of such thin film model systems enabled us to eliminate the
effects of a complex microstructure on the segregation process
and to focus on the key parameters that we controlled for
varying the extent of elastic and electrostatic energy as the
drivers to segregation. Three sets of dense thin films were
fabricated with the three different dopants, La,gCa;,MnO;
(LCM), LaggSry,MnO; (LSM), and LaggBa,,MnO; (LBM).
We chose Ca, Sr, and Ba as the dopants because they have the
same formal charge of +2 but different ionic radii, as shown in
the Table 1. By varying only the size of the dopant cations but
not their charge, we systematically induced the elastic energy
differences in the system while maintaining the same
electrostatic interactions of the dopant. The largest size
mismatch between the dopant and host cations on the A-site
was in the LBM film, followed by LSM and LCM. In our
computational work, we further extended the results to doped
SmMnO;, where a larger mismatch between the host and these
dopants prevailed compared to the LaMnO; system.

Table 1. Size Mismatch, Denoted as (Ryopant = Rhost)/Ruost
(%), between the Dopant and Host Cations in LaMnQO; and
SmMnO,;*

dopant cation

host cation Ca* Sr** Ba?*
La** -15 +5.9 +184
Sm** +8.1 +16.1 +29.8

.. .52 . ..
“Shannon’s ionic radii>~ are used as the cation radii, R.

Constituent powders were prepared by a modified Pechini or
polymer precursor synthesis method.>> High purity La-
(NO;);:6H,0 (99.9% purity), Ca(NO;),-4H,0 (99.98%
purity), Sr(NO;), (99.97% purity), Ba(NO;), (99.999%
purity), and Mn(NO;),-4H,0 (99.98% purity) (all precursors
from Alfa Aesar) were dissolved at the stoichiometric ratio in
distilled water with citric acid. Ethylene glycol was then added,
and the solution was heated until self-combustion occurred.
The as-synthesized powders were subsequently calcined at
1100 °C for 6 h in air with ramping rate of 3 °C/min. The
powders were ground in an agate mortar and pestle and were
uniaxially pressed to produce 1 in. diameter target. The target
was sintered at 1300 °C in air for 20 h with ramping rate of 3
°C/min. All films with a thickness of about 20 nm were
deposited on single-crystal SrTiO; (STO) (100) substrates
using pulsed laser deposition (PLD). Highly epitaxial films of
(100) orientation were obtained in all three sets of
compositions to avoid microstructural effects on the
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segregation behavior. PLD was performed with a KrF excimer
laser at a wavelength of 248 nm and laser beam energy of 550
mJ/pulse at 10 Hz, at 815 °C with an oxygen pressure of 10
mTorr and with the target-to-substrate distance of 6 cm. After
deposition, the sample was cooled at 10 °C/min to room
temperature in an oxygen pressure of 10 Torr.*

2.1.2. Thin Film Characterization. A Veeco/Digital Instru-
ment Nanoscope IV was used to perform tapping mode AFM
for characterizing the surface morphology.

A Physical Electronics Model 700 Auger electron spectros-
copy (AES) was used to identify the surface cation content,
with the ability to detect lateral heterogeneities in cation
compositions with high spatial resolution at the nm-scale.
Incident electrons of 25 keV and 10 nA were used for both
SEM imaging and the Auger electron excitation. The Ba MNN,
Sr LMM, La MNN, and Mn LMM Auger emissions were
measured for quantifying the surface cation composition using
peak-to-peak intensities of the tight scans. The sampling depths
of these AES electrons are ~4.0 nm for Ba MNN, ~8.5 nm for
Sr LMM, ~4.0 nm for La MNN, and ~4.0 nm for Mn LMM.*>*

Angle-resolved X-ray photoelectron spectroscopy (AR-XPS)
was used to identify the cation chemistries with near-surface
depth resolution on thin films. The Omicron EA 125
hemispherical analyzer and Omicron DAR 400 Mg/Al dual
anode nonmonochromated X-ray source were used with Mg
Ka X-ray (1253.6 eV) operated at 300 W. CasaXPS 2.3.15
software was used for spectral analysis and compositional
quantification. While most samples were examined in their as-
annealed conditions, the as-deposited samples were examined
after removing carbon contamination from their surfaces prior
to the analysis. This was done by heating the samples in an
oxygen pressure of 5 X 107> mbar at 500 °C for 1.5 h in the
UHV chamber.! Spectra were acquired with emission angles
from 0° to 80° as defined relative to the surface normal. For the
excitation energy of 1253.6 eV, the sampling depths of these
photoelectrons at normal emission are ~6.5 nm for Sr 3d, Ba
4d, and La 4d, ~5.5 nm for Ca 2p, and ~4.0 nm for Mn 2p.54
At the emission angle of 80°, the sampling depth of each
element are ~20% of those at the emission angle of 0°, making
the measurements significantly more surface sensitive.

Although the high surface sensitivity obtained by AR-XPS
provides a unique benefit to explore the extreme surface
properties, it also results in incomplete information about the
actual amount of segregated dopants when there are significant
chemical and structural heterogeneities at the surface upon
segregation. As we present in the Results and Discussion,
dopant segregation after annealing resulted in the formation of
particles that were clustered at the surface with 20—400 nm in
width and 2—40 nm in height. Because the segregate particles
were much higher than the penetration depth of the AR-XPS
analysis, an apparent decrease of dopant cation content was
found from the AR-XPS quantification upon annealing, while
the spatially resolved AES showed a clear and significant
enrichment of dopant cations (Ba and Sr in particular) at the
surface. To compensate for this geometry-related artifact and to
more accurately obtain the amount (extent) of dopant
enrichment upon annealing, we combined the calculated the
cation composition from AR-XPS and the geometric
information from AFM. The procedure is described in
Supporting Information. All cation spectra acquired with two
emission angles were used to calculate the relative cation
intensity ratios after two sequential normalization procedures.
First, cation intensity ratios obtained from two emission angles
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were normalized by dividing cation intensity ratio at the
emission angle of 80° by that at the emission angle of 0°; e.g,
[Ba/Mn]g_gp-/[Ba/Mn]y¢ in case of the LBM films. By
dividing cation intensity ratios obtained, we minimized the
possible quantification errors, which arose from the different
attenuation depths of different binding energies of cations.
Second, all cation intensity ratios were presented with respect
to the as-deposited samples to compare the relative changes in
each cation composition as a function of temperature. This
ratio then provides the measure of dopant segregation at the
surface as a function of annealing. This series of normalization
procedures allows a direct comparison of the surface
segregation among the three sets of thin films.

STM was employed to investigate the surface morphology
and electronic structure on the thin films. The measurements
were performed in a modified UHV system (VT-STM,
Omicron Nanotechnology). Data were acquired in the
constant-current mode using etched Pt/Ir tips, with a sample
bias voltage of 1—2 V and a tunneling current of 10—50 pA.
The measurements were performed after sample cleaning at
500 °C for 1.5 h in ~3 X 107> mbar of oxygen. The sample was
then cooled down to room temperature slowly in the same
OXygen pressure.

Ex situ X-ray diffraction (XRD) 26— scans were performed
to determine the crystal structure, the phase purity, and the
strain states of the thin films. The measurements employed a
high-resolution four-circle Bruker D8 Discover diffractometer,
equipped with a Gobel mirror, four-bounce Ge(022) channel-
cut monochromator, Eulerian cradle, and a scintillation counter,
using Cu Kal radiation.

2.1.3. Annealing Conditions. The samples were annealed in
different oxygen pressures as a function of temperature.
Samples annealed in air were subjected to a heating ramp
rate of 10 °C/min and maintained at the set temperature for 1
h in a tube furnace. After annealing at the desired temperature
for 1 h, the samples were cooled down to ~300 °C with a
cooling ramp rate of 20 °C/min. The samples were then
directly transferred to the UHV chamber for subsequent XPS
analysis, preserving the surface states at elevated temperature
and minimizing the possible surface contamination. Separate
sets of samples were annealed for 1 h at each temperature in
lower oxygen pressures in the UHV chamber with the base
pressure of ~1 X 107 mbar and ~1 X 107 mbar. The XPS and
AES measurements were performed in ~1 X 10~° mbar for all
samples. XPS measurements on samples annealed in ~1 X 107°
mbar were performed in situ at high temperature. All other
measurements were performed upon cooling the samples.

2.2. Computational Methods and Models. Similarly to
the experimental model systems, the elastic energy differences
were introduced by varying the dopant size with respect to the
host cation while keeping the same charge state. LaMnOj; and
SmMnO; were used as the host lattice and Ca, Sr, and Ba as the
dopants (see Table 1). Electrostatic energy differences were
introduced by constructing seven different models with varying
distribution of charged oxygen vacancies and A-site cation
vacancies.

2.2.1. DFT Calculations. We performed plane wave DFT
calculations using the Vienna ab initio simulation package
(VASP).>> We employed the generalized gradient approxima-
tion (GGA) parametrized by Perdew and Wang®® along with
the projector augmented wave (PAW) method” to describe
the ionic cores. To avoid the self-interaction errors that occur in
the traditional DFT for strongly correlated electronic systems,
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we employed the DFT+U method within Dudarev’s approach®®
accounting for the on-site Coulomb interaction in the localized
d orbitals, with an effective U-J = 4 eV.>*3*%° All calculations
used a plane wave expansion cutoff of 400 eV and included spin
polarization. Geometries were relaxed using a conjugate
gradient algorithm until the forces on all unconstrained
atoms were <0.03 e€V/A. The description of the surface
segregation energy calculation is presented in the Supporting
Information, and the same approach was reported in our recent
work on LSM.*

2.2.2. Analytical Models. Our DFT calculations for
segregation energy, E,., as described in Supporting Informa-
tion, can only provide the total energetics upon dopant
segregation in the system. To quantitatively decouple each
contribution and to investigate if indeed E,, can be described
as the sum of elastic energy, E ., and electrostatic energy,
E jectrostatio We calculated each of the two interaction energies
from conventional analytical models. By this analysis, the
relative importance of the elastic and electrostatic interactions
to the segregation can also be evaluated.

2.2.2.1. Elastic Energy. One of the main driving forces of
dopant segregation in solid solutions is the relaxation of the
strain energy generated around dopant cations with sizes larger
or smaller than the host cation. An analytic model for the elastic
energy of a misfitting solute was proposed by Friedel®" and
used here to calculate the elastic energy of dopants in the
perovskite Manganite oxides.

E B 247xGKr i (r, — rb)2
wsic T 3Ky + 4Gr,

(1)

where K is the bulk modulus of the solute, G is the shear
modulus of the solvent, and r, and r, are the cation radii of the
solute and solvent species, respectively. The equation was
deduced from the continuous linear elasticity for the elastic
energy released when an odd-sized atom is transferred from the
bulk onto the strain-free surface of the alloy. It was originally
developed for metal solid solutions,®" but has also been used to
predict an elastic strain energy contribution to the enthalpy of
segregation for oxide solutions.>”~*' Eq 1 has the advantage of
simplicity to estimate the elastic energy, but it has some
limitations. First, it can only be applicable to dilute solutions.
Second, the lattice strain due to the size mismatch should be
fully relaxed when a larger dopant segregates to the surface.

To systematically induce elastic energy differences in our
computational model, we varied the radius of selected dopant
cations with respect to the host cation on the A-site as shown in
Table 1. In eq 1, we used Shannon’s ionic radii>> that describes
the physical size of ions in a solid, considering the coordination
number and spin state. Among the pairs of dopants and hosts
we examined, Ba dopant in SmMnO; has the maximum size
difference, +29.8%, while Ca dopant in LaMnO; has the
minimum size difference, —1.5%. As shown in Table S1, the
bulk (shear) modulus for each dopant (host) was calculated in
a bulk molecular unit, AMnO, (A = La, Sm, Ca, Sr, and Ba),
using DFT. For the modulus calculations, we employed the
stress—strain approach® to directly calculate the stress tensor.
Once the stress tensor components were computed, the elastic
constants matrix was derived, from which we obtained the bulk
and shear moduli.

2.2.2.2. Electrostatic Energy. The charge interactions
between the dopants, the oxygen and cation vacancies, and
the polar surfaces were considered as another important driving
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force to cation segregation on the perovskite oxides. Here first
we justify how oxygen vacancies at the surface can contribute to
the electrostatic attraction of the A-site dopants to the surface,
based on the presence of a positively charged surface and a
space charge zone. Formation energy of oxygen vacancies is
typically smaller at the surface com3pared to the bulk of oxides,
including that on the LaMnO,.%7% For example, approx-
imately 10° times higher vacancy concentration at the surface
than in the bulk was predicted for LayoSry;MnO; under typical
SOFC operating conditions of pO, = 1 atm and 1173 K. In the
doped manganites, formation of oxygen vacancies (that are
positively charged) upon reduction of the material is associated
with electron release into the material. If electrons are localized
on the transition metal (Mn in LaMnOj;), then they
significantly contribute to electrostatic interactions. By perform-
ing Bader charge analysis upon DFT calculations, we confirmed
that in our models, electrons localize at the Mn cation upon
creation of an oxygen vacancy, as expected. If the created
oxygen vacancies and localized electrons stay together at the
surface layer, making an electroneutral surface, they would
contribute no net electrostatic attraction to charged dopant
defects. However, an increase of oxygen vacancies at the surface
layer makes a “positively charged surface” on the mixed ionic
electronic conducting (MIEC) oxides,”” similar to those
studied in our calculations. Such positively charged surface is
then accompanied by a decrease of oxygen vacancy
concentration and an increase of electrons beneath the surface
in the diffuse space char§e layer (associated with a positive
space charge potential).””**®” This configuration of a “positive
surface”, and “the electrons (negative) being more in the space
charge zone beneath the surface”, would further contribute to
the electrostatic attraction of the negatively charged dopant
defect (Ca**, Sr**, Ba®* on the La**-site) to the surface and its
repulsion from beneath the surface. Consequently, under all
conditions where the surface is positively charged and
accompanied by electrons localized in the space charge layer
beneath the surface, the MIEC surface would electrostatically
attract the negatively charged dopant defects. The spatial extent
and strength of the space charge zone depends on the material,
e.g., more extensive on SrTiO; compared to that on heavily
doped manganites whose Debye screening length (~1 nm)®® is
shorter than that of SrTiO;.

All dopants used here, Ca, Sr, and Ba have a formal charge of
+2, while the hosts have +3 charge. The oxygen vacancies have
a formal charge of +2, and the A-site (Ln) cation vacancies have
—3 charge state.*”% Assuming that LnMnOy; is purely ionic, we
calculated electrostatic energy by Coulomb’s law as below:

_ U,
Eelectrostatic - Z -
4neR,,

@)
where Q; and Q, are two charges separated by a distant R}, in a
medium of dielectric constant e. We took &, = 56.17¢,
caculated by Islam et al.”>”" as a static dielectric constant of
LnMnO;, where g, is the vacuum permittivity. From this
equation, it is expected that a surface oxygen vacancy of formal
charge +2 attracts the dopant that substituted the host (this
complex has a formal charge of —1), driving the dopant toward
the surface on the host sublattice. We considered the sum of
the charge interactions between a dopant and all the ions (La,
dopant, Mn, and O) within the separation distance between the
two charged defects we modeled in Figure 2, not just the
interaction between the two point charge defects at the surface
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and in the bulk. This approach then resembles the generalized
Born (GB) method,”” taking into account at least partially the
screening imposed by other atoms than the two point charges.
A more accurate GB method could be used here to improve the
precision of the calculated electrostatic energy contribution to
the total segregation energy.

The DFT models used in our simulations are limited in size
(an inherent limitation of DFT beyond our work), and thus, we
cannot capture explicitly the space charge zone described
above. Instead, we impart the electrostatic energy differences by
varying the distribution of oxygen and A-site cation vacancies in
the DFT model (Figure 1). In this way, we also generalize the
role of electrostatic interactions in cation segregation regardless
of the strength of space charge in a given composition. Seven
models were constructed with different configurations of
oxygen and cation vacancies through the thin film models.
While at the low oxygen pressure, the concentration of oxygen
vacancies dominates, and in the high oxygen pressure range, A-
site cation vacancies are expected to be dominant over the
oxygen vacancies in these compounds.”>”* Furthermore, A-site
deficient perovskites were often intentionally synthesized to
attain better interface stability and performance.”>”” In Figure
1, the models are listed in the order of increasing attractive
interaction to the dopant at the surface. For example, in model
1, a surface cation vacancy (of charge —3) repels the dopant on
the A-site (of charge —1) from the surface. In addition, an
oxygen vacancy (of charge +2) near the dopant in the bulk
attracts the dopant. As a result, the dopant prefers to remain in
the bulk. On the other hand, in model 7, a surface oxygen
vacancy attracts the dopant. Simultaneously, a cation vacancy
near the dopant in the bulk prefers the host cation relative to
the dopant cation. Therefore, segregation of the dopant to the
surface is very favorable due to the combination of the
attractive interaction toward the surface and the repulsive
interaction from the bulk. Although we cannot consider every
possible configuration of defect distributions here, these models
can describe a trend in the interaction between the dopant and
charged vacancies in the context of segregation: model (2) a
cation vacancy at the surface; (3) an oxygen vacancy in the
bulk; (S) an oxygen vacancy at the surface; (6) a cation vacancy
in the bulk; (1) the combination of (2) and (3); and (7) the
combination of (5) and (6). There is a dopant in the bulk
without any vacancies in model 4, which is assumed to
represent the segregation purely due to elastic strain energy and
surface polarity.

5 6 7
2+ 2+
A A
Tt
® o8]
o % |

Figure 1. Seven models to represent different electrostatic interactions
that are induced by controlling the distribution of charged oxygen and
cation vacancies in DFT and analytical models. The blue sphere
represents the dopant. Cation vacancy, V{//, has a formal charge of 3—,
and the defect complex of dopant D*2 in V{// has 1— charge, while V;
has 2+ charge state. The numbering from 1 to 7 is in the order of
increasing attractive electrostatic force to the dopant at the surface.
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Figure 2. (a) AFM amplitude images of the Ba-, Sr-, and Ca-doped LaMnOj thin film surfaces as a function of annealing temperature. Each column
represents the surface morphology after annealing in air for 1 h at the temperatures stated on the top. Each row represents the surface morphology of
LBM, LSM, and LCM. (b) The volume per unit area of the surface particles, calculated from the AFM images, as a function of annealing temperature

for LCM, LSM, and LBM.

3. RESULTS AND DISCUSSION

We first present our experimental results which show that: 1)
the smaller dopant (Ca) segregates less and maintains a more
uniform surface structure compared to the larger cations Sr and
Ba (elastic effect), and 2) the low oxygen pressure reduces the
extent of dopant segregation due either to the chemical
expansion of the lattice (elastic effect) and/or a reduction of
the space charge (electrostatic effect) in the doped LaMnO,
films. Next, we computationally assess the dopant segregation
quantitatively, explain the governing mechanisms in our
experimental findings on LaMnOj; surface, and extend
predictively to other materials, in particular the SmMnOs.
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3.1. Experimental Results. 3.1.1. Heterogeneous Surface
Structure upon Dopant Segregation Correlates with Dopant
Size. First we report the surface structure upon annealing in air
(high oxygen pressure) as a function of temperature. Doped
LaMnO; film surfaces showed substantial structural changes
upon thermal annealing at elevated temperatures in air, with a
clear dependency on the size mismatch between the dopant
and host cations. Figure 2a shows the surface morphology of
doped LaMnO; films as a function of annealing temperature
(shown at selected temperatures) obtained by tapping mode
AFM. As-deposited film surfaces were very uniform and smooth
with an RMS roughness of <1 nm. Annealing at high
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temperatures, however, induced structural changes in the form
of surface particles on the film, and the extent of these
structural changes followed the order of the size mismatch
between the dopant and host cations. Later we will show that
these particles are made of dopant-oxides. For LBM films, the
surface particles appeared by 430 °C and grew larger and higher
upon annealing at higher temperatures. For LSM films, they
appeared by 630 °C and grew larger with annealing
temperature similarly to LBM films. For LCM films, in
contrast, no structural change was found up to 830 °C within
the AFM resolution. The temperature at which the particle
formation was observed, and the dimension of these surface
particles suggests that the LBM films are most active to form
such surface phases, followed by LSM and LCM films.
Furthermore, the actual amount (volume) of rearranged cations
in the form of surface particles also followed the order of the
size mismatch. Figure 2b shows the volume of the surface
particles per projected unit area (calculated from the AFM
images taking into account both the areal size and height
profiles) as a function of annealing temperature. The volume of
surface particles was the largest on LBM films, followed by
LSM, and none for LCM. We note that the size mismatch
between the dopant and host cations on the A-site follows the
same order, the largest for Ba and the smallest for Ca. This
correlation suggests that the elastic energy difference in the
system due to the dopant-host cation size mismatch plays an
important role in cation rearrangements at the surface; the
larger size mismatch drives cation segregation more actively
toward the surface to minimize the elastic energy in the system
and ultimately form the surface phases. All the chemical analysis
presented in the following sections support this argument.
3.1.2. Heterogeneous Surface Chemistry upon Dopant
Segregation Correlates with Dopant Size. The changes in
surface chemistry, concurrently with the structural changes
presented above, were also found to be significant and
correlated strongly with the size mismatch between the dopant
and host cations. Figure 3 shows the normalized cation
intensity ratios from the near-surface region of the doped
LaMnO; thin films with the three dopants. The detailed
quantification and normalization process was described in
Section 2.1.2. Dopant-to-Mn (D/Mn) ratios increased with the
annealing temperature (Figure 3a). The chemical changes upon
annealing were larger with the larger size mismatch between the
dopant and host cations, consistently with the structural
changes observed by AFM. LBM films (the largest size
mismatch) showed the greatest increase in D/Mn ratios,
followed by LSM films. LCM (the smallest size mismatch) films
showed the smallest extent of dopant segregation at the surface.
The observed dependency of structural and chemical changes
on the size mismatch among the A-site cations substantiates
that the elastic energy minimization plays a key role in cation
rearrangements as a driving force. However, clearly the size
mismatch is not the only player, because even Ca was found to
enrich at the surface despite the fact that its size deviates from
La only a very small fraction. Moreover, Figure 3b shows that
the dopant-to-La (D/La) ratios also increased with annealing
temperatures similarly to the behavior of D/Mn ratios in Figure
3a. The increase of D/Mn and D/La ratios concurrently with
the appearance of surface particles indicates that these surface
particles are mainly composed of the dopant cations. The high-
resolution analysis of the core level photoemission spectra of
the dopant cations with different emission angles was
performed to enable a quantitative analysis of the chemical
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Figure 3. Normalized cation intensity ratios quantified by AR-XPS and
AFM as a function of annealing temperature. (a) D/Mn and (b) D/La
ratios.

environment as a function of depth from the film surface in a
nondestructive way."** This analysis helps to deduce if the
dopant segregation is associated with a secondary phase
formation or if it takes place on the perovskite-terminated
lattice. The concomitant increase of surface components with
the total increase of dopant content at the surface indicates that
the segregated dopant may form a nonperovskite coordination
at the surface (see Figures S3 and S4).

Formation of dopant-enriched secondary phases, which was
inferred from the analysis in Figures S3 and S4, was further
supported by subsequent localized measurements of chemical
composition using AES. Figure 4a—d shows the elemental maps
on LBM films annealed at 830 °C. Brighter color represents
higher intensity of each element. A higher concentration of Ba
and lower concentrations of La and Mn were found in the
surface particles. Figure 4ef shows the localized chemical
intensity ratios acquired on top of surface particles (solid
markers) and away from those phases (open markers). A
significantly higher concentration of Ba in surface particles was
found compared to that on the as-deposited films, substantiat-
ing that these particles are mainly composed of Ba in secondary
phases. Away from those phases, however, the concentration of
Ba was lower than that on the as-deposited films, indicating the
depletion of Ba on those regions. From this we conclude that
the dopant cations separate out from the near-surface region,
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Figure S. Cation intensity ratio maps on the three films after annealing at 800 °C for 1 h. (a) Ba/Mn on LBM, (b) Sr/Mn on LSM, and (c) Ca/Mn

on LCM.

cluster, and form the surface phases with a heterogeneous
distribution, causing the depletion of dopant cations away from
the surface particles. This behavior is similar to the Sr
segregation structure that we found on LSC films in our
prior work." The LSM film surfaces in this work also behaved
similar to the LBM films—agglomeration of Sr to form the
surface particles and depletion of Sr on the rest of film surface
(see Figure SS). The LCM films, however, showed no
noticeable formation of surface particles after annealing up to
830 °C, as shown in Figure 2.

We now turn our attention to the dependence of the
geometry and chemistry of the surface heterogeneities on the
dopant size. Figure 5 compares the D/Mn intensity ratios
deduced from AES maps on the three films after annealing at
830 °C in air for 1 h. LBM and LSM films showed formation of
surface particles that were secondary phases with dopant
enrichment in them, while LCM films showed a uniform
distribution of cations. Lateral dimension of these surface
phases reveals that they were the largest on LBM films and that
no noticeable formation of such heterogeneous secondary
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phases existed on LCM films. This behavior is consistent with
the AFM analyses of surface particles in Figure 2. D/Mn ratios
show that the dopant enrichment at the surface is the highest
on LBM films and the least on LCM films, consistently with the
AR-XPS analyses shown in Figure 3.

From the structural and chemical analysis presented thus far,
we conclude that: (1) the size mismatch between the dopant-
host cations contribute significantly to the segregation of the
dopant cations and secondary phase formation at the surface;
(2) the larger size mismatch results in more cation rearrange-
ments; and (3) dopant cations separate out more actively than
the host cation to form dopant-rich secondary phases that are
distributed heterogeneously at the surface. This dependency on
the size mismatch substantiates that the elastic energy
minimization plays an important role in cation rearrangements
as a driving force. The larger ionic radius of the Ba*" and Sr**
than the La*" ions is associated with larger lattice distortions
compared to that with Ca®". The elastic energy in the doped
LaMnO; films is minimized, and a thermodynamic equilibrium
is reached by pushing the misfit dopants to the surface and

dx.doi.org/10.1021/ja3125349 | J. Am. Chem. Soc. 2013, 135, 7909—7925
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Figure 6. Normalized cation intensity ratios from point analyses using AES on (a) LBM and (b) LSM films. Surface morphology of LBM films after
annealing at (c) 830 °C in 760 Torr, (d) 850 °C in 1 X 1076 Torr, and (e) 800 °C in 1 X 107 Torr. Surface morphology of LSM films after
annealing at (f) 830 °C in 760 Torr, (g) 850 °C in 1 X 107 Torr, and (h) 800 °C in 1 X 10~ Torr.

relieving the accumulated strain in the film during annealing.”®
The relatively higher chemical stability of the Ca-doped
LaMnO; film surface can then be ascribed to the relatively
small size of Ca®" that is very close to the size of La**. Thus, it is
easier to accommodate Ca®" in the bulk LaMnO; compared to
the Ba®* and Sr** cations. Indeed, the Ca-doped LaMnOj films
showed a relatively smaller amount of dopant segregation, but
there still existed Ca enrichment at the surface at elevated
temperature despite its matching size to La®*. This is where the
electrostatic interaction must also be taken into account.

3.1.3. Oxygen Pressure Affects the Dopant Segregation
via Lattice Parameter and Charged Defect Distribution. We
hypothesized that the elastic and electrostatic energy
minimization together are responsible for describing the
aforementioned cation rearrangements at the surface at elevated
temperature. Here we provide another parameter, the oxygen
pressure, as a means to deduce partially the effect of the elastic
and electrostatic interactions of the dopants with the surface.
The quantitative assessment of the contribution of the elastic
and electrostatic energy to the cation rearrangements will be
discussed with the theoretical and computational results in the
Section 3.2 in detail.

By varying oxygen partial pressure, we impact the material
structurally by expanding or contracting the oxide films, by the
so-called ‘chemical expansivity’ phenomenon’® % (associated
with the elastic energy) and chemically by altering the
distribution of charged point defects and localized electrons
(associated with the electrostatic interaction). First, the oxygen
pressure during annealing changes the lattice parameters of
perovskite oxide films: the higher oxygen pressure incorporates
oxygen into the lattice and contracts the lattice, while the lower
oxygen pressure expands the lattice upon oxygen loss.”¥*37%
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The changes in the lattice parameter directly couple to the
elastic energy of the thin films as the driving force for cation
rearrangements. Second, because the formation energy of
oxygen vacancies is typically smaller at the surface compared to
the bulk of oxides,**** a high concentration of oxygen vacancies
is expected on the top surface compared to bulk. Beneath the
positively charged surface of a mixed ionic electronic conductor
oxide, a space charge layer can exist with an increase in electron
concentration. By decreasing the oxygen pressure and reducing
the doped Manganite films, the electronic charge carrier density
increases, and thus the Debye screening length would decrease.
Therefore, one can expect a decrease in the spatial extent and
strength of the space charge region in reducing conditions.
Such changes in the redistribution of positively charged oxygen
vacancies and negatively charged electrons couple to the
electrostatic energy.

To assess the effects of oxygen pressure during annealing on
the surface chemistry and structure, three oxygen pressures
were considered, 760 Torr (air), 1 X 107 Torr, and 1 x 107°
Torr. Normalized cation intensity ratios were acquired by a
point analysis of AES on top of surface phases (or from the
background film surface if no secondary features existed). The
extent of dopant segregation was found to be largest for thin
films annealed in air (760 Torr) and to decrease with
decreasing oxygen pressure, as shown by the D/Mn and D/
La ratios in Figure 6ab for the LBM and LSM films,
respectively. The changes in surface morphology (Figure 6c—
h) were the largest after annealing in the highest oxygen
pressure, while no noticeable changes were observed in the
lowest oxygen pressure. Combined structural and chemical
investigation clearly demonstrates the effects of the oxygen
pressure during annealing: the higher oxygen pressure drives
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of three films at each process step as a function of pressure.

cations more toward the surface with segregation and
secondary phase formation. Note that the dependency of
cation rearrangements on the size mismatch among the host-
dopant cations was still prevalent in the different oxygen
pressures. After annealing in 1 X 107 Torr oxygen, e.g, LBM
films showed sizable changes in the chemistry and structure at
the surface, while LSM films did not show any discernible
changes at or below 1 X 107 Torr.

This dependency of surface segregation on oxygen pressure
found on the LBM, LSM and LCM films in this work was
similar to that found on Lay4Sry4Cog,Fey303,% whose
underlying reasons were not presented before. We make
another analogy here to a recent result reported on the effect of
electrochemical potential on the Sr segregation on
Lag75St0,5CrosMng 5055 thin film model electrodes.®” In that
work, cathodic polarization (reducing condition) was found to
decrease the strontium surface concentration, while anodic
polarization (oxidizing condition) increased the strontium
accumulation at the electrode surface. However, the underlying
mechanisms were not clarified.

As noted above, there are two possible mechanisms that we
hypothesized, by which the lower oxygen pressures can impact
the surface dopant segregation: via the chemical expansion of
the lattice and via the change in the concentration and
distribution of oxygen vacancies. In support of the first,
substantial changes of the out-of-plane lattice parameters were
found as a function of oxygen pressure. Figure 7 shows the
high-resolution XRD patterns for the LBM, LSM, and LCM
films with out-of-plane lattice parameters at each process step
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(as-deposited, annealed in 760 Torr, and annealed in 1 X 107°
Torr). The lattice parameters decreased after annealing in the
high oxygen pressure due to oxygen incorporation into the
lattice and increased after annealing at low oxygen pressure due
to oxygen loss from the lattice. The out-of-plane lattice
parameter of the as-deposited films (e.g,, 3.993 A for LBM)
being higher than that of the bulk (e.g, 3.891 A for LBM)
showed that the films were oxygen deficient. It is known that
manganite films prepared by PLD are usually oxygen deficient
with larger out-of-plane lattice parameters.”>*%®  After
annealing at 830 °C in 760 Torr, the out-of-plane lattice
parameter decreased (e.g., to 3.883 A from 3.993 A for LBM).
Annealing in the high oxygen pressure oxidizes Mn** to Mn**
upon oxygen incorporation, resulting in the decrease of the out-
of-plane lattice parameter.*®~”" After annealing at 800 °C in 1
X 1077 Torr, in contrast, the out-of-plane lattice parameter
increased (e.g, to 4.007 A from 3.993 A for LBM). At the low
oxygen pressure, the oxygen vacancy formation in the films
reduces Mn*" to Mn’", resulting in an expansion of lattice unit
cell. %% 7! The in-plane lattice parameters were expected to
remain constant upon annealing because of the epitaxial
coherency to the substrate.*> The changes in the out-of-plane
lattice parameters directly affected the volume in the films and,
hence, the elastic strain energy in the system. This directly
levers the tendency to cation rearrangements at the surface.
Decrease in the out-of-plane lattice parameters upon annealing
in 760 Torr (or upon oxygen uptake) drives the cations to
segregate toward the surface to minimize the elastic energy in
the system. Annealing in 1 X 107° Torr, however, increased the
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Journal of the American Chemical Society

0.0, :x' LaMnO, |[—=—Cal 4 SmMnQO, |[—m—cCal] ® LaMnO,
= @®—Sr L] & SmMnO
-0.24 " —A—Ball °~, 3
—~ 04 TTA S=w _ . ] No .
S g 8= N ..
o -0.81 A—A_ & g 'H.H‘l——r.h P e
5-08 —aA . 5 -
w” -1.0 A—a—an ] .
A2 ~
. (a) (b) | (©)
’ 1 2 3 4 5 5] 7 1 2 3 4 5 00 04 02 03 04
Model Model Rdopant-RhOSt (A)

Figure 8. Surface segregation energies of Ca, Sr, and Ba dopants on (a) LaMnO; and (b) SmMnOj surfaces within the different electrostatic
interaction models (1—7) described in Figure 1. Recall that the electrostatic attraction of the dopant to the surface increases from models 1 to 7. (c)
Eqqy for model 4 on LaMnO; and SmMnO; as a function of Rypant — Rpos- The model 4 is illustrated in the inset.

out-of-plane lattice parameters. Such chemically expanded
lattice provides more space to accommodate the larger dopant
cations in the bulk lattice, reducing the dopant elastic energy
and suppressing the dopant segregation at the surface.

In relation to the second mechanism by which oxygen
pressure can affect dopant segregation, we provide the
following discussion. Annealing at high temperatures reduces
the oxide film and creates oxygen vacancies. The concentration
and distribution of created oxygen vacancies depend on the
oxygen pressure during the annealing. Approximately 10° times
higher vacancy concentration at the surface than in the bulk
(107 on surface and 107 in bulk) was predicted for
LaggSrg;MnO; under typical SOFC operating conditions at
pO, = 1 atm and 1173 K.®* Such higher concentration of
oxygen vacancies at the top surface form a positive core
compared to the bulk of the film. The space charge effects with
a positive surface and a negative subsurface>”**” (discussed in
Section 2.2.2.2) results in a strong Coulombic attraction of the
dopant cations to segregate toward the surface (see Figure S6
and bottom right in Figure 12). Note that the width of this
space charge layer is expected to be narrow because of the short
(~1 nm) screening length for heavily doped LaMnO;%®
Annealing in the very low oxygen pressures (107° to 107°
Torr), on the other hand, creates a large concentration of
oxygen vacancies throughout entire thickness of the oxide films
because of the reduction in the free energy of vacancy
formation at the low oxygen chemical potential. Furthermore,
the concentration gradient of oxygen vacancies when annealed
in the low oxygen pressures increases, e.g,, going from 107° in
the bulk to 107" at the surface of Lay4Sry;MnOj; at pO, = 1077
atm and 1173 K.** Therefore, we expected a greater segregation
of the dopant as the oxygen pressure decreases. However, we
observed the opposite: dopant segregation decreased signifi-
cantly with lowering the oxygen pressure in our experiments.
This can be attributed to two possible hypothesis: first one
related to the weakening of the electrostatic driver, and the
second one related to the dominating extent of chemical
expansion discussed above. The first can arise due to a change
in the distribution of localized electrons. By decreasing the
oxygen pressure and reducing the doped manganite films, the
charge carrier density increases, and thus the Debye screening
length would decrease. Therefore, one can expect a decrease in
the spatial extent and strength of the space charge region
beneath the surface in reducing conditions and a weakening of
the electrostatic attraction of the negatively charged dopant
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defects to the surface. The second hypothesis is based on the
lattice expansion in reducing conditions. The observed lattice
expansion of these manganite films in the low oxygen pressure
(recall Figure 7) is substantial. Such a large chemical expansion
(keeping the dopant cations in the bulk lattice) can dominate
even if there were an increase of electrostatic attraction to the
dopant cations and suppress the cation segregation tendency at
the surface in low oxygen pressure. In this experiment, we have
direct experimental proof for the chemical expansion effect, and
we believe that one to be the dominant mechanism reducing
the segregation at the lower oxygen pressures that we surveyed.
We excluded the possibility that the lower formation
enthalpies of oxides and/or carbonates cause the different
tendency to cation rearrangements. The standard formation
enthalpies of bulk oxides and carbonates, however, provide no
evidence to describe the observed trends in cation rearrange-
ments (Table S2). Furthermore, the surface carbonate phases,
including BaCO;, SrCO;, CaCOj, La,(CO;);, and MnCO;,
could be excluded on our samples due to the absence of a C 1s
peak corresponding to the carbonate signature at temperatures
above 500 °C (Figure S7). Lastly, when independent samples
were annealed in pure O,, the formation of secondary phase
particles and the substantial increase in the D/Mn and D/La
ratios at the surface were found again (Figures S8 and S9), very
similar to the films annealed in air reported here. This similarity
substantiates that the secondary phase formation involves
mainly O, and not CO,. As a result, we deduce that the
secondary phases at the surface were dopant-enriched oxides
and/or hydroxides rather than dopant-enriched carbonates.
3.2. Computational Results. As discussed above, it is
difficult to quantitatively separate out the structural and
chemical effects of the oxygen pressure on the dopant
segregation at the surface in experiments, while both effects
can play a significant role. However, we turn now to
computational results to show explicitly that charged defect
interactions also play an important role in the segregation of
dopants and explain quantitatively the concerted role of both
the elastic and electrostatic energy on this phenomenon. We
note that the space charge effects described above are beyond
the size scales that can be captured by DFT models currently.
Therefore, we assessed the eftect of charged defect distribution
from the surface to the bulk of the LnMnO; films using
hypothetical models without having to constrain the near-
surface configuration as a space charge. In this way, we also
generalize the role of electrostatic interactions in cation
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segregation regardless of the strength of space charge in a given
composition.

3.2.1. Dopant Segregation Driven by Elastic and Electro-
static Energy. Dopant segregation energy, E,,, for the seven
electrostatic interaction models with the three dopants on both
LaMnO; and SmMnO; surfaces obtained from our DFT+U
calculations and eq S1 are shown in Figure 8ab. For both
materials, two distinct trends are found: (1) the larger dopant
cation segregates more strongly toward the surface; and (2) the
model where the dopant experiences the larger electrostatic
attraction to the surface and the larger electrostatic repulsion
from the bulk shows a stronger tendency to enrich the dopant
at the surface. For model 4, where there are no charged defects
in the system, the negative segregation energy arises from the
elastic energy effect as well as the electrostatic interaction of the
dopant with the polar surface® on the LnMnO, films.
According to eq 1, elastic energy depends on the size difference
between the host and dopant cations. If we plot E,.,, from the
DEFT calculations for model 4 on each surface as a function of
Riopant — Rposy we observed an almost linear correlation
between them (see Figure 8c). For both the LaMnO; and
SmMnO; surfaces, therefore, the largest dopant, Ba (blue marks
and line in Figure 8a,b), introduces the largest elastic energy
into the system and, thus, is associated with a larger (negative)
segregation energy and strongest tendency to enrich at the
surface. The radius of Sm cation is smaller than that of La, and
this causes a larger size difference of the host with respect to the
dopants. Therefore, the segregation tendency of all three
dopants on the SmMnOj; surface was greater than that on the
LaMnO;. Importantly, we note that the predicted dependency
of the segregation energy on the dopant size was well consistent
with the surface chemical and structural analyses on the doped
LaMnO; films in our experiments, reported in Figures 2—6.
This consistency with the experimental results as well as the
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predictive extension of this behavior to SmMnO; by our
calculations confirm that indeed the elastic energy minimization
is an important contributor to dopant segregation on perovskite
oxides.

It is clear that the electrostatic interaction variation in our
models only depends on the distribution of oxygen and cation
vacancies. Therefore, it is independent of the size of the dopant
and host cations. We confirm this by plotting the changes in
Eq in Figure 8a,b relative to the E ., of model 4 where there
are no charged vacancies. In this case, all the relative
segregation energies for each dopant converge approximately
into one line that is consistent with the electrostatic energy
obtained by Coulomb’s law for each defect configuration (see
Figure S10). This result clearly demonstrates that the
electrostatic interaction of the dopant with the lattice defects
is also an important contributor to dopant segregation on
perovskite oxides.

3.2.2. Deconvoluting the Contributions of the Elastic and
Electrostatic Energy in Dopant Segregation. Our next goal is
to resolve quantitatively the contribution from the elastic and
electrostatic interactions to the dopant segregation at the
surface and to examine if indeed E, can be represented as the
sum of E i and Eeyposaticc AS we noted in the previous
section, it has been impossible to entirely decouple these two
contributions experimentally, even when we varied the oxygen
pressure. For this purpose, we used the analytical models
(Section 2.2.2) to calculate both the elastic and electrostatic
energies and compared them to the DFT-calculated total
segregation energies. For each dopant, the elastic energy is
constant over the seven electrostatic models but strongly
depends on the size difference between the dopant and the host
cations. On the other hand, the electrostatic energy is shown
with the same red curve in Figure 9a—f as function of the type
of the defect configuration model but independent of the
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dopant-host cation size mismatch. The two energy contribu-
tions are added (blue lines in Figure 9a—f) to compare them
with the DFT-calculated total Eg, (black line in Figure 9a—f).
Overall, the sum of two energy contributions was in reasonable
agreement with the DFT-calculated E, on both surfaces
within 0.16 & 0.15 eV, which demonstrates that the elastic and
electrostatic energies are two important contributors to the
segregation phenomenon. Especially for the Ba dopant, the
agreement was seemingly very good within 0.01 + 0.14 eV. For
Ca and Sr dopants, however, the sum of the two energy
contributions from the analytical models underestimated the
DFT-calculated E,, by 024 = 0.09 eV. Such deviation
between the DFT calculated E,, and that calculated from the
elastic and electrostatic energy models among all compositions
is attributed to the possibility of other contributors, such as the
surface polarization effect on manganites” >* that we did not
explicitly assess. However, we emphasize that the surface
polarization effect is inherently present in our DFT calculations.
This can be realized from the negative E,, value even for
model 4 in Ca-doped LaMnOj3, where no charged vacancies are
present and where the size of Ca and La is very close to each
other.

Inaccuracies in the analytical models are also among the
possible sources of the deviation between the DFT results and
the analytical model results. Friedel equation61 (eq 1) cannot
perfectly describe our system due to its limitations as noted
above; the dopant concentration in our model is not infinitely
dilute, and due to the limited size of our supercell, the lattice
strain energy induced by the larger dopant would not be fully
relaxed upon the segregation. In addition, for elastic energy
calculations, we have used Shannon’s ionic radii that are valid
for purely ionic systems; on the other hand, the perovskite
systems that we deal with here are not fully ionic. For
electrostatic energy, Coulomb’s law (eq 2) was employed, but it
is also valid for the purely ionic materials. In spite of these,
Figure 9 clearly shows that the elastic and electrostatic energies
are major contributors to the segregation of dopant on the
LnoMnO; surfaces.

Based on the results in Figure 9, it is possible to predict the
segregation energy to a large extent simply by the sum of the
elastic and electrostatic energies that can be calculated from the
analytic models described in Section 2.2.2. Using these models
can make an efficient route to estimate the trends in the
enhancement or depletion behavior of dopants on a range of

perovskite oxides without having to perform many of the
computationally expensive DFT calculations. For the different
types of perovskite oxides, the elastic and electrostatic
contributions to the E,, would vary. For example, LSC,
another widely studied SOFC cathode,”**™” is known to be a
relatively more elastic material than LSM with a Young’s
modulus (64.4 GPa for LagSry,CoO; at room temperature)
smaller than that of LSM (129 GPa for Lay,Sry3;MnO; at
room temperature).”” LSC also reduces more easily to form
more oxygen vacancies at the surface compared to LSM,'*
inducing larger electrostatic attraction to the dopants. We can
therefore expect that the elastic energy contribution to dopant
segregation on LSC is less, while the electrostatic energy
contribution is more compared to that on LSM.

3.2.2. Diffusion Kinetics of Dopant Cations. Sections above
discussed the driving forces to segregation in the context of
thermodynamics of this phenomenon. Kinetics of the unit
processes involved in the segregation is also important to
consider because at a given temperature and time, the surface
composition is an outcome of the combined effects of
thermodynamics and kinetics. For this purpose, the diffusion
of segregating cations must be carefully considered. We
performed Nudged Elastic Band (NEB) calculations for cation
diffusion with the vacancy exchange mechanism for each
dopant and host cation in the bulk and near the surface of the
LnMnO; system. The faster a cation diffuses, the quicker it can
enrich at the surface given a driving force to it to migrate to the
surface. Opposite to the results from the thermodynamic
driving role of the elastic energy (Section 3.2.1), the larger
cation was found to diffuse slower toward the surface with a
higher migration energy barrier (Figure 10). For example, Ba
dopant has ~1.9 eV higher migration barrier than Ca both in
the bulk and at the surface of LaMnOj;. This suggests that,
while Ba is more strongly driven to the surface due to elastic
energy minimization, its high migration barrier would lead to
slower segregation kinetics. At reduced temperatures, the
segregation process of the large cation may be kinetically
hindered.

Overall the migration barriers for these cations in the bulk of
the manganites were predicted to be large, ranging as ~2.2—4.2
eV. The considerably large migration barrier of cation vacancies
in the bulk perovskite oxides was also reported in the literature;
calculated values of 3.93 eV in LaMnO5,'"" 4.70 eV'%* or 4.52
eV'® in LaGaO;, and 4.00 eV in LaFeO;'®* for La vacancy
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diffusion, and experimental activation energy of 4.98 eV in
LaCrO;'® and 3.32 eV in LaFeO,'% for La diffusion. This
range of values is consistent with our DFT results in Figure 10.
More importantly, we found that the migration barrier of these
cations was significantly lower at the near surface (ie., from the
first subsurface layer to the surface) than in the bulk, by ~1.5
eV on both the LaMnO; and SmMnO; considered here.
Specifically, we examined the change in the diffusion barrier of
cation vacancies as a function of distance from the surface. For
both materials, the cation migration was more facile as the
position was closer to the top surface. This is attributed to the
easier relaxation and flexibility of the structure near the surface,
causing the dopant to migrate more easily than in the
bulk.'?”'%® As a result, the spatial extent of cation segregation
is expected to be limited to the near-surface region and is not
spread largely to the bulk of the material unless at very high
temperatures.

3.3. Implications to Electronic Properties and Electro-
chemical Activity. The heterogeneous chemistry observed at
the surface of the LBM and LSM films upon dopant
segregation is expected to be associated with a heterogeneously
distributed electronic and electrochemical behavior at the
surface. Here we attempt to infer the impact of cation
segregation and phase separation on the ORR kinetics at the
cathode surface. Specifically, we investigated the correlation
between the chemical heterogeneity and the electron-transfer
properties at the surface by contrasting the images obtained
from two scanning probe techniques, AFM and STM. The
result is demonstrated for LSM in Figure 11 that shows the
surface image of LSM films after annealing at 830 °C in air with
the two techniques. Interestingly, surface particles, which we
confirmed to be secondary phases, appeared with similar lateral
dimensions and shapes but with opposite height contrast—
protrusions with AFM scanning (i.e., higher profiles compared
to the film surface) and depressions with STM scanning (ie.,
lower profiles compared to the film surface). This contrast
originates from the different sources for height profile
information in these two techniques.'” AFM scanning is
associated directly with the true geometrical height. In contrast,
the STM scanning is associated with the density of states at
given bias voltage between the tip and the sample. Even if the
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feature is geometrically protruding from the surface, it appears
depressed if the feature is less conducting or insulating
compared to the rest of the film surface. This observation is
supported by the drastically different energy gaps between the
pristine LSM film and insulating SrO phases; 2.1-2.6 eV for
LSM films from our previous work’>* and 5.7—5.9 eV for
SrO."'® Therefore, this image contrast provides a direct
evidence that the secondary phases formed upon dopant
segregation are electronically more insulating than the rest of
the film surface. Such insulating phases hinder the charge
transfer on the cathode surfaces, lowering the rate of oxygen
reduction on the cathode."**"'"'"> Annealed LBM film
surfaces also showed a similar contrast between the AFM and
STM images, presented in Figure S11.

4. CONCLUSION

We demonstrated that the dopant cations on the A-site
segregate toward the surface of the manganite-based perovskite
oxides to minimize the elastic energy due to a mismatch of the
dopant and host cation sizes and to minimize the electrostatic
energy due to the interactions between the dopant and the
charged defects at the surface and in the space charge zone near
the surface, in addition to the surface polarity effects discussed
earlier.*” To systematically induce elastic energy differences in
the model system, LnMnO;, we varied the radius of the
selected dopants (Ca, Sr, Ba) with respect to the host cations
(La, Sm) while maintaining the same charge. In annealing
experiments, we varied the oxygen chemical potential, whose
expected impact is 2-fold: elastic energy via the chemical
expansion and the electrostatic interactions via the redistrib-
ution of charged defects near the surface. The integration of
XPS, AES, XRD, AFM, and STM in our approach enabled us to
characterize the extent of dopant segregation and structural
transformations at the surface of model dense thin films. DFT
calculations and analytical models enabled us to interpret our
experiments, to quantitatively decouple the contributions of the
elastic and electrostatic energy to the segregation thermody-
namics, and to assess the kinetics of dopant diffusion. We found
that the assessment of segregation energies based on the dopant
elastic energy and electrostatic energy is reasonably accurate
compared to the DFT results. This provides a practical means
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to predict and design perovskite oxide composition with
minimal detrimental effects of cation segregation. Our findings
on the dopant segregation behavior are summarized in Figure
12.

A smaller size mismatch between the host and dopant cations
was found to suppress dopant segregation. In this study, the
least segregation at the surface was predicted computationally
for the Ca—La pair (the most for the Ba—Sm pair), and the
same was observed experimentally. The diffusion kinetics of the
larger dopants, Ba and Sr, was found to be slower and can
kinetically trap the segregation at reduced temperatures despite
the larger elastic energy driving force. Because the cation
migration was found to be more facile closer to the top surface,
the spatial extent of cation segregation is expected to be
enhanced in the near-surface region. The dopant segregation is
significant at the high oxygen pressure and was found to
decrease in the low oxygen pressure at the same elevated
temperatures. This was attributed to two possible mechanisms.
First is the chemical expansion of the doped LaMnO; in the
low oxygen pressures and contraction in the high oxygen
pressures. In the former, the bulk Iattice expands to
accommodate the misfit large dopants and reduces the dopant
strain energy. Second is the change in the distribution of
charged species near the surface. In low oxygen pressure, the
space charge effect is expected to decrease because of an
increase in the charge carrier density, weakening the electro-
static attraction of the dopant defects to the surface. We
demonstrated direct evidence of the chemical expansion/
contraction effect on the cation segregation, using the lattice
parameters deduced from high-resolution XRD patterns as a
function of the oxygen pressure. We believe the chemical
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expansion to be the dominant factor that suppresses the
segregation at the lower oxygen pressures. Segregation of Ba
and Sr induced a heterogeneous structure and chemistry at the
surface, in the form of dopant-oxides. Image contrast between
the topography recorded by AFM and STM revealed that these
surface chemical heterogeneities were electronically insulating.
Such insulating secondary phases at the surface are expected to
hinder the charge transfer in ORR on the cathode surface.
We believe that the mechanisms that we identified to govern
the cation segregation on the doped LnMnOj films are actually
applicable to a wider family of perovskite oxide surfaces. Both
the elastic and electrostatic interactions must be quantitatively
taken into account in assessing the surface segregation of
cations on this fascinatingly complex and technologically
important family of materials. Systematic investigation of
chemical, structural, and electrical impact of dopant segregation
on such systems is important for a range of applications,
including oxygen permeation membranes, batteries, magnetic
and ferroelectric materials as well as fuel cells. Further in-depth
studies on how these cation rearrangements correlate to the
electrochemical activity and stability under a broader range of
conditions is essential toward advancing our predictive
capabilities to design optimal SOFC cathode surfaces.
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