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Abstract:
This project had three key contributions as summarized here:

1) Electron tunneling characteristics on Lag 7Sro3MnO3 (LSM) thin-film surfaces were
studied up to 580°C in 10°mbar oxygen pressure, using scanning tunneling microscopy/
spectroscopy (STM/STS). A threshold-like drop in the tunneling current was observed at positive
bias in STS, which is interpreted as a unique indicator for the activation polarization in cation
oxygen bonding on LSM cathodes. Sr-enrichment was found on the surface at high temperature
using Auger electron spectroscopy, and was accompanied by a decrease in tunneling
conductance in STS. This suggests that Sr-terminated surfaces are less active for electron transfer
in oxygen reduction compared to Mn-terminated surfaces on LSM.

2) Effects of strain on the surface cation chemistry and the electronic structure are important
to understand and control for attaining fast oxygen reduction kinetics on transition metal oxides.
Here, we demonstrate and mechanistically interpret the strain coupling to Sr segregation, oxygen
vacancy formation, and electronic structure on the surface of Lag 7Sro3MnO3; (LSM) thin films as
a model system. Our experimental results from x-ray photoelectron spectroscopy and scanning
tunneling spectroscopy are discussed in light of our first principles-based calculations. A
stronger Sr enrichment tendency and a more facile oxygen vacancy formation prevail for the
tensile strained LSM surface. The electronic structure of the tensile strained LSM surface
exhibits a larger band gap at room temperature, however, a higher tunneling conductance near
the Fermi level than the compressively strained LSM at elevated temperatures in oxygen. Our
findings suggest lattice strain as a key parameter to tune the reactivity of perovskite transition
metal oxides with oxygen in solid oxide fuel cell cathodes.

3) 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, LnMnQOg3 (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 LaMnO3 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 in this work provides a predictive capability
to tailor the cathode surface compositions for high-performance SOFCs.
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We report on the electron tunneling characteristics on Lag 7Sro3sMnO3 (LSM) thin-film
surfaces up to 580°C in 10°mbar oxygen pressure, using scanning tunneling microscopy/
spectroscopy (STM/STS). A threshold-like drop in the tunneling current was observed at positive
bias in STS, which is interpreted as a unique indicator for the activation polarization in cation-
oxygen bonding on LSM cathodes. Sr-enrichment was found on the surface at high temperature
using Auger electron spectroscopy, and was accompanied by a decrease in tunneling
conductance in STS. This suggests that Sr-terminated surfaces are less active for electron transfer

in oxygen reduction compared to Mn-terminated surfaces on LSM.
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Perovskite-type mixed ionic-electronic conductor (MIEC) oxides are widely used as
Solid Oxide Fuel Cell (SOFC) cathodes,* and their surface structure plays an important role in
the electrocatalytic activity for oxygen reduction (OR).%* A particularly interesting material in
this context is LagSrxMnOs.s (LSM)*® — an MIEC with poor ionic conductivity. The
underlying OR mechanisms involving electronic and ionic charge transport on SOFC cathodes
are not fully understood?, and the impact of different metal cations on the catalytic properties of
the surface remains unclear.® Consequently, an improved understanding of the surface electronic
and chemical state and its relation to the OR at the atomistic level is essential to the design of
cathodes with enhanced electrocatalytic activity. In doing so, probing the surface electronic
properties in conditions representative of the reaction temperatures and pressures is needed.’

We investigated the correlations of the surface composition of Lag7Sro3sMnO3; (LSM)
model dense thin-films to their surface electronic structure and electronic and ionic exchange
characteristics. We deployed an in situ approach combining surface sensitive probes of electronic
structure and chemical state on the thin films — scanning tunneling microscopy and spectroscopy
(STM/STS) and Auger electron spectroscopy (AES). Utilizing these surface sensitive probes,
particularly the STM/STS, at as high temperatures and non-UHV conditions is thus far unique,
and facilitates to relate the chemical and electronic state of the model cathode surfaces closely to
the reaction environment of operational SOFC cathodes.

Lag 7Sro3MnO;3 polycrystalline dense thin films of 10-100nm thickness were grown on
single crystal (111) Yttria-stabilized Zirconia (YSZ) by pulsed laser deposition (PLD) at 800°C
in 50 mTorr of O,, and subsequently cooled to room temperature in 300 Torr O,.

The structural, electronic and compositional characterizations were performed in a UHV

surface science system (by Omicron GmbH). The analysis chamber is equipped with a variable-



temperature AFM/STM (Omicron VT25), retractable low-energy electron diffraction (LEED)
optics, electron gun and a cylindrical mirror energy analyzer (CMA) for AES. Auger electron
spectra were acquired using a normal incidence 4.8keV electron beam. The samples were
radiatively heated by a Pyrolytic Boron Nitride (PBN) heater during the annealing in oxygen for
cleaning the surface, and the high temperature STM/STS and AES experiments. The heaters
were degassed for cleanliness at high temperature prior to the experiments. A retractable oxygen
doser equipped with a high precision leak valve was used for direct dosing the sample surface
with oxygen during STM imaging and STS measurements. This set-up allowed to create a 10°
*mbar oxygen pressure, Po,, localized in the vicinity of the sample’s surface while the chamber
base was at Po,=10°mbar. AES to probe the sample cleanliness were performed at ~2x10°mbar
at ambient temperature. AES to identify the relative changes in the La, Sr, and Mn content on the
surface were performed at Po,=10° mbar in the chamber at sample temperatures from 20°C to
700°C.

The in situ cleaning of the as-grown films was performed by heating the samples to
500°C in oxygen at Po,=5x10" mbar for 30 min, which resulted in a significant reduction of the
carbon adsorbates below the detection limit of the AES energy analyzer. STM at room
temperature and high temperatures was performed in the constant-current mode using 80%Pt-
20%lr tips, with the tunneling current, I, in the 0.1 to 1 nA range and the sample at a bias
voltage, V, in the -1 to 3V range. During the STS measurements, the bias voltage was varied
from -3V to 3V in 20mV steps, with an acquisition time of 0.6 or 20 ms per voltage step for the
I-V and dI/dV data, respectively. All the I-V curves discussed here represent an average behavior

over the 15-20 subsequent spectra.



The STM performed on the 50nm-thick LSM film at room temperature (Fig. 1(a))
showed a textured surface structure. Two types of grains coexisted, without an apparent
crystallographic orientation in the topographic images. First is the large island-type flat grains,
with a size distribution from 70 to140nm, and clearly distinguishable step edges. The second
type consists of smaller grains, with a size distribution from 30 to 50nm. The overall peak-to-
valley height difference is 6 nm. The LSM film structure did not evidently change via grain
coarsening or surface roughening during the STM/STS experiments at 580°C in Pg,=10" mbar
(Fig. 1(b)) lasting up to 24 hours. The optimized conditions allowing for high resolution
imaging, down to step-edges (inset Fig.1(b)) at high temperature in non-UHV conditions were
obtained. This was necessary for the STS measurements to stably probe the electronic properties
of the LSM surface. All results presented in this paper belong to this specific sample.

Temperature-dependent in situ AES measurement in Po,=10°mbar revealed enrichment
of Sr and decrease of La on the surface (Fig.2(a)), resulting in an overall 15-27% increase in the
(La+Sr)/Mn ratio at 600-700°C (Fig.2(b)). Particularly due to the significant increase in the
(La+Sr)/Mn ratio above 1.0 accompanied with the Sr-enrichment, we attribute this evolution to a
thermodynamically favored Sr-rich phase on the LSM surface during the AES experiment
conditions. This observation is consistent with prior experimental results which report Sr
segregation on the LSM surface®® measured at room temperature in UHV conditions upon high
temperature annealing in air, and often accompanied by changes in the Mn valence state.™
Furthermore, these results are supported by recent ab initio hybrid density-functional
calculations,* which predict the stable coexistence of (Sr,La)O- and MnO,-phases on the surface
at room temperature and the (Sr,La)O-phase on the surface as energetically more favorable at

800°C and Po,=0.2 atm on LSM.



Electronic tunneling current on LSM surface exhibited a semiconductor-like band-gap
behavior at room temperature and a metallic nature at 400-580°C (Fig. 3(a) and 3(b), acquisition
time of 0.6 ms per voltage step). An increase in the tunneling conductance was found as the
temperature increased to 400°C and 500°C, followed by a decrease at 580°C. The increase in the
tunneling conductance reflected in the transition from a large band-gap (2.6eV) to metallic nature
can’t be caused mainly by the effect of the elevated temperature on a semiconductor.*® Thermal
excitation at 400°C is well below 2.6eV energy and cannot enable the transition to a metallic
conductance in this case. While yet uncertain, we hypothesize that this transition is due to a
structural transformation on the surface; for example, from an orthorhombic phase characterized
by a strong Jahn—Teller distortion as an insulating paramagnetic state to a rhombohedral phase
with a ferromagnetic metallic state.'***> The subsequent decrease in conductance from 500 to
580°C can also result from the thermodynamically driven changes in the surface structure and
composition of the LSM. While no diffraction pattern was observed by LEED in this work, we
identified a chemical change associated with Sr-segregation and A-site/B-site ratio changes on
LSM surface, as discussed above for the temperature-dependent AES results (Fig. 2).

Electronic conductance of the LSM is associated with the Mn cation and its oxidation
state. A p-type conductivity in LSM arises as a result of hole-doping through the increase in
Mn*/Mn** ratio,®® which depends on the A-site cation substitution and oxygen non-
stoichiometry. We attribute the decreasing tunneling conductance measured with STS at 580°C
(Fig. 3) to the evolution of a Sr-rich phase accompanied by the relative decrease of Mn on the
surface as probed by AES at comparable conditions (Fig. 2). This result suggests that the A-site
rich and Mn-poor surfaces are less active for electron exchange in oxygen reduction on LSM.

We note that the STS and AES experiments reported here were carried out at different oxygen



pressures, 10°mbar and 10°mbar for STS and AES, respectively. Lag7Sro.3sMnO; retains oxygen
stoichiometry between Po,=10"-10°mbar at 800°C, and that this pressure decreases with lower
temperature,’” as in the experiments reported here. Therefore, both the AES and STS oxygen
pressure conditions reported here are expected to retain similar oxygen stoichiometry on LSM,
and thus the comparison between the AES and STS results are valid qualitatively.

The STS measured within the range from -3 V to +3 V with 20 ms acquisition time per
voltage step at Po,=10mbar and elevated temperatures revealed a sudden drop in the tunneling
current at a positive threshold bias (Fig. 4(a)). This differs from the STS spectra acquired with
0.6ms per voltage step (Fig. 3(b)). The threshold bias, Vi, decreased with increasing
temperature, and was 2.6, 2.3, and 1.5 V at 400°C, 500°C, and 580°C, respectively (Fig. 4(b)).
Similar threshold behavior was also observed on the 10 and 100 nm-thick LSM films (not
reported here). STM imaging and the STS I-V spectra with the 0.6 ms acquisition-time was fully
reproduced following the tunneling current drop in scans with a 20 ms acquisition time, thus
proving that the tip was not altered.

The acquisition-time-, temperature-, and bias-dependent character of the tunneling drop
on LSM suggests that the underlying phenomenon is an activated chemical reaction; with the
acquisition time-dependence related to the yield, and the temperature- and bias-dependence
related to the activation of the reaction. Since the surface is expected to have oxygen vacancies at
high temperature, but investigated in a Po, environment, we suggest that this chemical reaction
might be a localized oxidation induced by the tunneling bias. While here we report this behavior
for the first time for a perovskite surface at high temperature, a similar tip-induced nanometric
oxidation accompanied by the drop in tunneling conductance was extensively studied for Si and

GaAs surfaces at room temperature.’®*® The observation for the bias-induced oxidation was



supported by an analytical model based on the Cabrera-Mott theory.?® In the LSM surface
region, positive bias leads to an upward bending of the electronic bands®* and shifts the cation
electronic states to higher energy, as schematically shown in Fig. 4(b) inset. The bias-induced
band bending can increase the catalytic activity, resulting in the oxygen chemisorption localized
at the tip — LSM surface region at high temperature. The consequent formation of oxidized sites
is a possible mechanism explaining the tunneling drop in STS shown in Fig. 4. Recent ab initio
studies®? indicate that the favorable site for oxygen binding on LSM surface is atop Mn-cation.
The valence band maximum of LSM (from -3 to 0 eV) consists of Mn(3d)-derived states that are
split into t,y and e, bands.'*?* Due to the p-type conductivity of LSM, the electron transfer to
oxygen should take place from the ty, levels.?* The upward shift in the relative energies (Fig.
4(b)) of these Mn(3d)-derived states can increase the activity for the reaction with oxygen from
the gas phase.?>?® Based on this mechanism, we suggest that the threshold bias can serve as a
unique probe of the activation polarization in cation-oxygen bonding on LSM cathode surface.

In summary, we investigated the electron tunneling characteristics on LSM thin-film
surfaces using STM/STS up to 580°C in oxygen gas environment. To the best of our knowledge,
this is the first STM/STS investigation of LSM at as high temperatures and non-UHV conditions
close to the reaction environment of operational SOFC cathodes. A threshold-like drop in the
tunneling current was observed at positive bias in STS at high temperature, and is interpreted as
a unique indicator for the activation polarization in cation-oxygen bonding on the surface. AES
revealed Sr-enrichment on the surfaces from 500 to 700°C, and was accompanied by a decrease
in tunneling conductance in STS. This suggests that the Mn-terminated surfaces are more active

for electron transfer in oxygen reduction compared to the Sr-rich surfaces on LSM. These



findings can contribute to the atomic-scale understanding of the electrocatalytic properties on
LSM cathodes, and serve as a key for the design of desirable cathodes for SOFCs.
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Figure 1. (Color online) Topography (1x1 pm?) of the 50nm-thick dense thin-film LSM surface
imaged with tunneling conditions of 2 V and 1 nA at (a) room temperature in ultra-high vacuum,
and (b) 580°C, Po,=10"° mbar. The inset, 150x137 nm?, in (b) shows the step-edge resolution on

the island-type flat grains (the location of the inset is shown by dashed lines).
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Figure 2. (Color online) Temperature dependent AES in 10°® mbar oxygen pressure revealed (a)
Sr enrichment, accompanied by a decrease in La at the surface above 500°C, while Mn remained
unchanged. (b) (La+Sr)/Mn ratio showed an overall relative increase in the A site cations. The
quantification in the AES data was performed based on the Lamnn, Srimm, Mnvm, and Ok

transitions. The error bar range in the experimental data was estimated to be <2%.
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Figure 3. (Color online) Tunneling current spectra acquired on the surface of the 50 nm-thick
LSM at (a) room temperature, and (b) 400, 500 and 580°C with the acquisition time of 0.6 ms
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Figure 4. (Color online) (a) Tunneling conductance spectra acquired on the surface of the 50nm-
thick LSM at 580°C (acquisition time of 0.6 and 20 ms per voltage step), and (b) the threshold
bias as a function of temperature. The inset in (b) schematically shows the cation energy levels

(Emn) shifting upward (E’wun) at positive bias, and approaching the oxygen electronic levels (Eo).
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Abstract

Effects of strain on the surface cation chemistry and the electronic structure are important to
understand and control for attaining fast oxygen reduction kinetics on transition metal oxides. Here,
we demonstrate and mechanistically interpret the strain coupling to Sr segregation, oxygen vacancy
formation, and electronic structure on the surface of Lag 7Sro3MnO3 (LSM) thin films as a model
system. Our experimental results from x-ray photoelectron spectroscopy and scanning tunneling
spectroscopy are discussed in light of our first principles-based calculations. A stronger Sr enrichment
tendency and a more facile oxygen vacancy formation prevail for the tensile strained LSM surface.
The electronic structure of the tensile strained LSM surface exhibits a larger band gap at room
temperature, however, a higher tunneling conductance near the Fermi level than the compressively
strained LSM at elevated temperatures in oxygen. Our findings suggest lattice strain as a key
parameter to tune the reactivity of perovskite transition metal oxides with oxygen in solid oxide fuel

cell cathodes.
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The relation of surface cation chemistry and surface electronic structure to oxygen reduction
reaction (ORR) kinetics remains an outstanding question to this day in the search for highly active
cathodes for Solid Oxide Fuel Cells (SOFCs). While traditionally perovskite type transition metal
oxides have been extensively investigated as SOFC cathodes, more recent studies highlight the
potential of layered oxide cathodes.> On the surface of the perovskite structured La;xSryMnOs, a
widely used and studied SOFC cathode material,“**® the fractional presence of constituent cations can
deviate from the nominal bulk stoichiometry significantly,®** due to an enrichment of Sr or La cations
on the surface. It has been possible to control the bulk magnetic and electronic properties of perovskite
thin films by manipulating their lattice parameters with different growth conditions, hydrostatic
pressure, or use of substrates with a different lattice mismatch to the films.**® Furthermore, impact of
the lattice strain on the surface electronic structure and reactivity has been long demonstrated for low
temperature noble metal electrocatalysts.*®?° On the other hand, the role of lattice strain on the surface
cation and anion chemistry, electronic structure and ionic transport, which all influence the ORR
activity of SOFC-related oxides, is attracting its due interest only recently.

We have recently demonstrated, from first principles-based calculations, that the epitaxial
strain up to a critical tensile strain value favors oxygen-vacancy formation as well as oxygen
adsorption on another widely studied SOFC cathode, LaCoOs.%* Experiments validating the direct role
of strain on the reactivity with oxygen and oxygen transport in SOFC materials have been yet scarce.
Sase et al. showed that the oxygen surface exchange rate at the hetero-interface of Lag ¢Sro4C003/
(La,Sr),Co04 thin films is larger by three orders of magnitude compared to the single-phase cobaltite
surfaces.?? A reasonable hypothesis that could explain the enhanced oxygen exchange at that interface
region is the role of local strains. Studies on fluorite systems have suggested strong coupling of biaxial
strain also to the oxygen ion diffusion.?%

In this letter, we report our results, interpreted in light of our first principles-based calculations,
on the strain-induced changes in the surface chemical and electronic state of Lag7Sro3MnQO3 (LSM) as
a model system. We assessed two key parameters for reactivity with oxygen as a function of strain: 1)
Chemical environment on the LSM surface, in particular the segregation of Sr cations; experimentally
probed with angle resolved X-ray Photoelectron Spectroscopy, and computationally assessed through
segregation energy calculations. 2) Surface electronic structure; experimentally probed using Scanning
Tunneling Microscopy and Spectroscopy (both at ambient and in situ at elevated temperatures), and
computationally predicted with ab initio calculations.

Epitaxial 10 nm thick LSM films, grown by pulsed laser deposition® on (001) SrTiO3 (STO)
and (001) LaAlO3; (LAO), are the model materials in this study. The XRD results (Figure S1) indicate
that both films are fully strained with the (001) out of plane orientation. The film on STO has
approximately 0.8 % in-plane tensile strain whereas the film on LAO is under -2.1 % in-plane
compression at room temperature. The expected strain in LSM films at the deposition temperature of
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850 °C is +0.6 % and -2.3 % based on the differences of the thermal expansion coefficients of LSM,
STO, and LAO. The surface of LSM films grown on both substrates, hereafter denoted as LSM/LAO
and LSM/STO, has well-resolved and atomically smooth terraces with different lateral sizes (Figure 1-
a, ¢). The height profiles on these terraces show that the height difference between each layer is
4.0+0.3 A (Figure 1-b, d), in good agreement with the lattice parameter of the LSM (3.88 A). The
overall morphology on these two substrates is similar, while the size of these terraces on LSM/LAO is

smaller.
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Figure 1: Surface morphology (a, c) and height profile (b, d) of the 10 nm thick LSM/LAO (a, b) and

LSM/STO (c, d) films at room temperature. Blue bars in (a) and (c) show the position of the line
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The La 3d, La 4d, Sr 3d and Mn 2p emissions in XPS, normalized by their corresponding
cross-sectional values, were used for assessing the relative presence of Sr on the A-site.>*° The La 4d
and Sr 3d emissions have similar kinetic energies, with a mean free path (MFP) of 20 A.° The La 3d
and Mn 2p also have similar kinetic energies, with an MFP of 12 A ? enabling a shallower probing
depth near the surface compared to the La 4d and Sr 3d. These spectra were measured at two angles,
0° and 70°, between the surface normal and the detector position - measurements at 70° are more
surface sensitive. To deduce the relative enhancement of Sr on/near the LSM surface, the Sr/(La+Sr)
ratio was assessed using both the La 3d and the La 4d emissions, the Srsq/(Lasq+Srsg) and
Srsa/(Lasg+Sraq) in Figure 2a and b, respectively, and the Mn/La ratio was assessed using the La 3d
emission, the Mnyy/Lasq in Figure 2c. All emissions reported in Figure 2 were evaluated at 70°.
Srag/(Lasgt+Srsg), shown in Figure 2a, is almost the same, 0.36-0.37, on LSM/LAO and LSM/STO, and
is larger than the bulk nominal value of Sr/(La+Sr)=0.3. This result implies that the near-surface
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region of both LSM films is Sr—rich, and the total Sr fraction on the A-site within the top nearly 20 A
depth is the same regardless of the sign or magnitude of strain. By using the Lazyq emission
(photoelectrons with a 10 A MFP, nearer the surface) in computing the Srag/(Lasq+Srsq), a larger
Sr/(La+Sr) value is found for LSM/STO (0.51+/- ???) compared to that for LSM/LAO (0.72+/- 77?)
(Figure 2b). This suggests a further enrichment of Sr, and an accompanying deficiency of La in the top
few layers of the tensile strained LSM grown on STO. The Mnyy/Lagq ratio (also with a MFP of 10 A)
in Figure 2c gives further evidence to the La deficiency on LSM/STO, and indirectly to the enhanced
tendency of Sr segregation onto LSM/STO.

35
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Figure 2: Relative intensities assessed from (a) Sraq/(Lagg+Sraqg), (b) Srag/(Lazg+Srag) and (c)
Mn,p/Lasg, all normalized by the corresponding cross-sectional values, for LSM/LAO and LSM/STO,
obtained from the spectra at the 70° emission angle. (The dashed lines are guide to the eye.)

We interpret the above result in light of our first principles-based calculations (in the
framework of Density Functional Theory (DFT)) of Sr segregation energy, Esg, and vacancy
formation energy, Eyac, as a function of strain. We assessed two models, one with 25% (Xs,=1/4) and
another one 50% (Xs,=1/2) Sr on the A site on the LSM surface as described with Figure S5 in
Supplementary Information. We included the role of surface oxygen vacancies in the evaluation of
Eseg, Using the Xs,=1/2 model. From the results shown in Figure 3a, we first note that Sr favors to
segregate to the surface regardless of the amount and sign of strain from -3.5% to +2%. If an
element’s atomic size is larger and/or its cohesive energy is less than that of the other constituents, it
segregates more easily to the surface.?” Here, the ionic radius of Sr (1.12 A) is larger than that of La
(1.06 A) and the surface tension of Sr (0.29 J/m?), which is representative of its cohesive energy, is
less than that of La (0.74 J/m?).?® In the range of strain values assessed here, the surface of the Xg,=1/4
model (black curve) shows the stronger tendency to enrich Sr compared to the Xs,=1/2 model (red
curve). Steric hindrance effects between the dopants allows them to segregate more to the surfaces
with low concentrations of Sr than with high concentrations.?® Furthermore, surface oxygen vacancy
induces Sr surface enrichment more strongly.*>*® More importantly, for all three cases shown in
Figure 3a, we predict that Sr segregation tendency increases as the strain increases from compressive
(-3.5%) to tensile (up to 2%). Consistently with this, and as a potentially additional driving force for

Sr enrichment, oxygen vacancy formation also becomes more facile in the same strain range. As
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shown in Figure 3b, The oxygen vacancy formation is more favorable at the subsurface (MnO; layer)
than on the top surface ((La,Sr)O layer), consistent with prior reports.* The strain response is
qualitatively similar for both the top surface and the subsurface layer, and favors easier oxygen
vacancy formation as the strain increases from compressive (-3.5%) to tensile (up to 2%). For
explaining the increasing tendency of Sr enrichment with strain, we take the space change around a Sr
atom as the key measure. Figure 3c shows the difference between the Sr-O bond length on the surface
and the Sr-O bond length in the bulk, obtained from the LSM model with Xs,=1/4 (Figure 3d) as a
function of strain. As the strain increases from compressive to tensile, the Sr-O bond length on the
LSM surface is stretched relatively more than that in the bulk. This creates relatively more space on
the surface, as shown by the increase of Ad(Sr-O). Relatively larger available space may enable easier
substitution of Sr on the surface, and thus, lower the segregation energy. These first principles-based
calculations qualitatively support and explain our experimental observations in Figure 2, favoring
more Sr on the surface of tensile strained LSM/STO. Our experimental and theoretical results are
qualitatively in good agreement and clearly show that the tensile strain facilitates Sr segregation to the

surface of LSM while the compressive strain relatively suppresses this behavior.
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Figure 3: (a) Surface segregation energies of Sr calculated from the LSM models with Xs=1/4,
Xsr=1/2, and Xs,=1/2 including a surface oxygen vacancy under different strain states. By our
definition, a more negative Es4 favors the Sr more strongly on the surface compared to in the bulk. (b)
Oxygen vacancy formation energy as a function of strain calculated from the LSM model with
Xsr=1/2, including one oxygen vacancy formed at the LaO layer (top surface) or at the MnO, layer
(subsurface). By our definition, a less negative E,, favors the formation of vacancy more easily on the
surface. (c) the difference between the Sr-O bond length on the surface, d(Sr-O)Surf, and the Sr-O
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bond length in the bulk, d(Sr-O)Bulk, as a function of strain, and (d) the Sr-O bond lengths shown in

the unit cell.

Electronic structure is strongly coupled to the surface reactivity of the material.** Here we
compare the electronic density of states using tunneling spectroscopy, probing the occupied and
unoccupied states on LSM surfaces near the Fermi level both at room temperature and at an elevated
temperature in oxygen. LSM surfaces at room temperature exhibited an energy gap between the
occupied (negative sample bias) and unoccupied (positive sample bias) states (Figure 4a), with a
smaller gap of 0.9+£0.2 eV on LSM/LAO compared to 2.1+0.2 eV on LSM/STO. In prior tunneling
studies on LSM and related perovskite thin films, differences in electronic characteristics at room
temperature or below were attributed to the co-existence of paramagnetic insulating and ferromagnetic
metallic regions on the surface, and were related to the differences in the local Mn-O bond lengths,
nanoscopic disorder,*® oxidation,* and formation of oxygen vacancy defects.*> We note that our LSM
films of ~10nm thickness are fully strained and the observation of semiconducting-like energy gap at

room temperature is in good agreement with previous reports on fully strained manganite films,**3°

k™37 on textured LSM films on zirconia substrates with a large lattice

and with our recent wor
mismatch to LSM. The larger band gap found on LSM/STO compared to that on LSM/LAO may, in
part, be related directly to the strain state differences (both magnitude and sign) on these films.

We assess the qualitative and direct relation between the epitaxial lattice strain and the
electronic structure, in particular the energy gap, on LSM surface by performing density of states
(DOS) calculations on LSM (001). Previous DFT calculations show that LSM is half-metallic at 0
K.%% To overcome or minimize the OK-limitation in comparing the DOS predictions to our
experimentally measured DOS at finite temperature, we need to at least represent the finite
temperature magnetism of LSM*® in our simulations. For this purpose, we imposed in our models the
spin states of Mn (ug=1.0) known to be predominant at room temperature.*® This approach allows us
to model the LSM closer to its finite temperature structure* than the OK ground state. As shown in
Figure S6, the total DOS for each strain in LSM has a band gap, implying that our approach represents
the band gap character of LSM at room temperature. Although our calculation results do not match
quantitatively to our experimentally measured values of the energy gap, they qualitatively capture the
trend that the band gap increases as the epitaxial strain changes from compressive to tensile (Figure
4b). It is known that DFT systemically underestimates band gaps due to the inherent lack of derivative
discontinuity and delocalization errors, but the resulting qualitative trends are considered reliable.*
The strain dependence of the energy gap that we obtained by the DFT calculations is therefore
reasonably consistent with and supports our tunneling spectra results at room temperature. On the

basis of our experimental and theoretical observations, we conclude that the bi-axial lattice strain can
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induce direct changes in the surface electronic structure of LSM, determined here as the differences in

the energy gap between the occupied and unoccupied states.
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Figure 4: (a) Tunneling spectra on LSM/LAOQO (blue, solid line) and LSM/STO (red, dashed line),
showing the energy gap, Eg, for both samples. (b) The band gap obtained from the DFT calculations of
total density of states on LSM (001) as a function of strain.

The picture, however, reverses for the tunneling conductance and density of states at elevated
temperatures, presented in Figure 5 at 500°C. Both of the abovementioned films exhibit no gap
between the occupied and unoccupied states (Figure 5¢) at 500 °C, but a significantly larger tunneling
conductance and DOS (represented by dI/dV) prevails on LSM/STO surface. The transition from the
presence of an energy gap to a metallic-like electronic structure may arise from the delocalization of
the charge carriers at elevated temperatures, possibly accompanied by a transition from the
ferromagnetic insulator to a paramagnetic metal (for x>0.3) structure,*’ or due to the formation of
oxygen vacancies on the surface that create defect states in the band gap.**** The thermal excitations
at 500°C are not sufficient to enable the closure of 0.9-2.1 eV energy gap. Moreover, and importantly
for the focus of this paper, this transition at high temperature is stronger with a larger density of states
near the Fermi level for the tensile strained LSM/STO compared to the compressively strained
LSM/LAO. Taking the density of states near the Fermi level (OV sample bias) as a measure of
reactivity,*® our results suggest that tensile strain state on LSM may favor electron transfer to and
reactivity with oxygen at elevated temperatures in solid oxide fuel cells. We hypothesize that this
difference in the electronic structure on LSM surface, directly or indirectly due to the strain state,
could arise from the following two possible mechanisms. The first mechanism is associated with the
formation of oxygen vacancies on the surface,** which modifies the d band structure of the
neighboring transition metals and can induce states in the gap.***®> More facile formation of oxygen
vacancies on the tensile strained LSM/STO, as shown in Figure 3b, and thus, an increase of the defect
states that enhances the density of states near the Fermi level is a reasonable explanation. The second
mechanism is related to the possible phase changes or restructuring on LSM** as a function of
temperature and Sr content.“’ The precise role of surface defects and restructuring in governing the
high temperature electronic structure and reactivity of strained LSM requires further experimental and
theoretical investigation.
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Figure 5: The surface structure on (a) LSM/LAO and (b) LSM/STO was stable at 500 °C in 10" mbar
oxygen, with no evident change in morphology. (c) The tunneling spectra (dI/dV, proportional to the
density of states) on LSM/LAO (blue, solid line) and LSM/STO (red, dashed line), taken at 500° C in

10 mbar of oxygen.

In summary, we demonstrated the effects of epitaxial strain on the surface cation chemistry and
the surface electronic structure of LSM as a model system, both at room temperature and at elevated
temperatures. A larger tendency for Sr enrichment is prevalent for the tensile strained LSM surface,
owing to the relatively larger space available for the Sr cation on the surface compared to that in the
bulk with increasing tensile strain. While the electronic structure exhibits the presence of an energy
gap between the occupied and unoccupied states at room temperature, favoring a smaller band gap for
the compressively strained LSM, the picture reverses at elevated temperatures. At 500 °C in 10 mbar
of oxygen, both LSM film surfaces exhibit metallic-like behavior, and the tensile strained LSM has
enhanced density of states near the Fermi level compared to the compressively strained LSM. These
results illustrate the importance of lattice strain in controlling the high temperature surface chemistry
and electronic structure for oxygen reduction activity on SOFC cathodes. In-depth probing and
analysis of such correlations on a broad range of materials and conditions are essential towards
advancing our understanding of how the surface state, including the presence of strain, relates to the
oxygen reduction activity on oxide cathodes. Integration of surface sensitive in situ techniques and

first principles-based simulations, as demonstrated here, is a necessary approach for this goal.

Experimental Methods

X-ray diffraction (XRD) measurements were performed employing a PANalytical Expert Pro
MPD diffractometer to determine the phase purity and the strain states. Scanning tunneling
microscopy / spectroscopy (STM/STS) at room temperature as well as at elevated temperatures was
used to investigate the surface morphology and electronic structure of the strained films. The
measurements were performed in a modified ultra high vacuum (UHV) system designed by Omicron

Nanotechnology, Inc., with a variable temperature scanning tunneling microscope. Chemical state of
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the surfaces were probed using angle resolved X-ray photoelectron spectroscopy (XPS) using a five-
channel hemispherical electron analyzer, equipped in the same chamber with the STM. Casa XPS
software was used to assess the spectra and calculate the relative intensity of each constituent by
employing the Shirley background. Total intensity of each constituent was normalized by their
corresponding cross section values from Scofield’s table. Carbon contamination was removed from
the surfaces of the air-exposed LSM films by heating them in oxygen pressure of 5x10° mbar at 500
°C for at least 30 min in the UHV chamber. All the STM, STS, and XPS results reported here were
obtained after the cleaning process. Pyrolytic Boron Nitride (PBN) heater was used to evenly heat the
LSM films during the cleaning process as well as during the STM experiments at high temperatures.
STM measurements were performed in the constant-current mode using Pt/Ir tips, with a bias voltage

of 1-2 V applied to the tip and a tunneling current of 200-500 pA.

Computational Method

Plane wave DFT calculations were performed using the Vienna ab initio simulation package
(VASP)* to assess the surface Sr segregation energetics, from -3.5% (compressive) to +2% (tensile)
on LSM. We employed the generalized gradient approximation (GGA) parameterized 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, we employed the DFT+U method, with a correction parameter of U-J = 4 eV.* Alll
calculations used a plane wave expansion cutoff of 400 eV and included spin polarization. The DFT-
optimized cubic lattice constant of LSM was 3.93 A, in good agreement with the experimental value
of 3.88 A. This bulk structure of LaMnO; was cleaved along the (001) plane, with the (La,Sr)O-
terminated surface, to construct a surface consistent with our PLD-grown epitaxial films. 2D-planar
lattice strain was imposed by elongating the simulation cell in the x and y directions and relaxing the
cell configuration and dimension in the z direction. The slab model is 15.5 A thick and contains 9
atomic symmetric layers with the middle 3 layers constrained in their bulk positions. The symmetric
slab was chosen to avoid the fictitious dipole moment. We have chosen a (2x2) surface unit cell and a
4x4x1 Monkhorst-Pack k-point mesh, which gives a convergence of ~0.5 meV/atom. For the DOS
calculations, the k-point mesh is increased to 8x8x1 centered at I" using the tetrahedron method with

Blochl corrections.>
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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, LnMnQOj3 (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.
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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 LaMnO3; 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 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**

16-19 20,21 22,23

> magnetic*®™?, catalytic and ferroelectric materials. In particular, cation segregation on
perovskite oxide surfaces impacts tremendously the reactivity and stability of solid oxide fuel
cell (SOFC) cathodes.***#242> 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 intermediate 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 temperatures, in oxygen partial pressure, and under electrochemical
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
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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;«SryMnO3; (LSM) and La;4SrCoO3; (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

%031 “and phase separation in the form of Ruddlesden-Popper (RP) phases®

A-site at the surface
or dopant-oxides (e.g., SrO).>>3* At the surface of LSM, the concentration of Sr dopant was
shown to increase with decreasing oxygen pressure®! and increasing 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 originates 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: 1) the size mismatch
between the dopant and host cations and the associated elastic energy minimization by pushing
the larger or smaller dopant to free surfaces or interfaces'®'*®4”: and 2) the charged defect
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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)MnOs is the origin
of the segregation of Sr at the surface of LSM.* On the (100) surface of La,Sr;xMnOs, AO
planes with a uniform distribution of Sr and La cations take a charge of +e(1-x) per A-site.
Terminating such a set of charged planes leaves an effective surface charge of +e(1-x)/2 per A-
site. 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 demixing phenomenon when the material is subjected
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 perovskite oxides,
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LnMnO3, 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 quantitatively 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 computational models;

in particular, the dopant size, the lattice parameter, and the distribution of charged vacancies.
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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 sub-lattice 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 temperatures,
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
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 sub-

sections 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 LaggDo.MnO;
(D=Ca, Sr, Ba) with the same crystallographic orientation were used as 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, LaggCap2MnO; (LCM),
LaggSro2MnO3 (LSM), and LaggBag,MnO3; (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
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the results to doped SmMnO3, where a larger mismatch between the host and these dopants

prevailed compared to the LaMnOj3 system.

Table 1. Size mismatch, denoted as (Rgopant-Rnost)/Rnost (%), between the dopant and host cations

in LaMnO; and SmMnO3. Shannon’s ionic radii>® are used as the cation radii, R.

) Dopant cation
Host cation caZ P 5% B
La* -15 +5.9 +18.4
Sm* +8.1 +16.1 +29.8

Constituent powders were prepared by a modified Pechini or polymer precursor synthesis
method.>® High purity La(NOs)s'6H,0 (99.9 % purity), Ca(NOs),"4H,0O (99.98 % purity),
Sr(NOs)2 (99.97 % purity), Ba(NO3), (99.999 % purity), and Mn(NO3)2:4H,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 till self-combustion
occurred. The as-synthesized powders were subsequently calcined at 1100 °C for 6 hrs 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 inch diameter target. The target was sintered at 1300 °C in
air for 20 hrs with ramping rate of 3 °C/min. All films with a thickness of about 20 nm were
deposited on single-crystal SrTiO3 (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 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 Instrument Nanoscope IV was used to perform tapping mode atomic force

microscopy (AFM) for characterizing the surface morphology.
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A Physical Electronics Model 700 Auger electron spectroscopy (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 5x10™ 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.>* At the emission angle of 80°, the sampling depth of each element are
approximately 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, 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
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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 were normalized by dividing cation intensity
ratio at the emission angle of 80 ° by that at the emission angle of 0 °; for example,
[Ba/Mn]o-so-/[Ba/Mn]e—p- 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

allow a direct comparison of the surface segregation among the three sets of thin films.

Scanning tunneling microscopy (STM) was employed to investigate the surface morphology
and electronic structure on the thin films. The measurements were performed in a modified
UHYV 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 hr in ~3x10
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 Gébel mirror, four-
bounce Ge(022) channel-cut monochromator, Eulerian cradle, and a scintillation counter, using
Cu Kal radiation.
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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 hr in a tube furnace. After annealing at the desired temperature for 1 hr, 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 hr at each temperature in lower oxygen pressures
in the UHV chamber with the base pressure of ~1x10"® mbar and ~1x10° mbar. The XPS and
AES measurements were performed in ~1x10”° mbar for all samples. XPS measurements on
samples annealed in ~1x10"° 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.
LaMnO3; and SmMnOg3 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 concentration and distribution of charged oxygen vacancies and A-site

cation vacancies.

2.2.1. Density functional theory calculations

We performed plane wave DFT calculations using the Vienna ab initio simulation package
(VASP).>®> We employed the generalized gradient approximation (GGA) parameterized 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, 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. 32980 Al 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
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all unconstrained atoms were less than 0.03 eV/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, Eseqr, as described in Supporting Information, can
only provide the total energetics upon dopant segregation in the system. To quantitatively
decouple each contribution and to investigate if indeed Esq can be described as the sum of
elastic energy, Ecpsiic, and electrostatic energy, Eejectrostatic, 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.

247GKr,r, (r, —1,)?

Sawstc =~ 3Kr, +4Gr, @)
a b

where K is the bulk modulus of the solute, G is the shear modulus of the solvent, and r, and ry
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.
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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 SmMnOs; has the maximum size difference, +29.8%, while Ca dopant
in LaMnOg3 has the minimum size difference, -1.5%. As shown in Table S1 in Supporting
Information, the bulk (shear) modulus for each dopant (host) was calculated in a bulk molecular
unit, AMnO3 (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 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 compared to the bulk of oxides, including that on the LaMnOs3.>*
% For example, approximately 10° times higher vacancy concentration at the surface than in the
bulk was predicted for Lao.1SrosMnOs under typical SOFC operating conditions of pO,=10° 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 LaMnQj3), then they significantly
contribute to electrostatic interactions. By performing 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
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then accompanied by a decrease of oxygen vacancy concentration and an increase of electrons
beneath the surface in the diffuse space charge 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,
for example more extensive on SrTiO3 compared to that on heavily doped manganites whose
Debye screening length (~1 nm)®® is shorter than that of SrTiOs.

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 LnMnOjs is purely ionic, we calculated electrostatic

energy by Coulomb’s law as below;

QQ
Eelectrostatic = Z_ 472'?9R21 ) (2)
2

where Q; and Q- are two charges separated by a distant Ry, in a medium of dielectric constant &.

I 70,71

We took £=56.17 &, caculated by Islam et a as a static dielectric constant of LnMnOs,

where &, 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 to toward the surface on the host sub-lattice. 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 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
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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, 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, (5) 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.
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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 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.

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 LaMnOs films. Next, we computationally assess the
dopant segregation quantitatively, explain the governing mechanisms in our experimental
findings on LaMnO; surface, and extend predictively to other materials, in particular the
SmMMnOs.
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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 2(a) shows the surface morphology of doped
LaMnO;s 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 less than 1 nm. Annealing at high 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 they 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 suggest 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 2(b) 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.
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Figure 2. (a) AFM amplitude images of the Ba-, Sr- and Ca-doped LaMnOs thin film surfaces
as a function of annealing temperature. Each column represents the surface morphology after
annealing in air for 1 hr 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.
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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 LaMnOs; 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 3(a)). 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 3(b) shows that the dopant-to-La (D/La) ratios also
increased with annealing temperatures similarly to the behavior of D/Mn ratios in Figure 3(a).
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 environment as
a function of depth from the film surface in a non-destructive 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 non-perovskite coordination at the surface. (see Figures S3 and S4 in Supporting

Information).
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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 ratios and (b) D/La ratios.

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 4(a-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 4(e-f) 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
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particles was found compared to that on the as-deposited films, substantiating 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, 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 S5 in Supporting
Information). The LCM films, however, showed no noticeable formation of surface particles

after annealing up to 830 °C, as shown in Figure 2.
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Figure 4. (a) SEM image on the annealed LBM films, and AES elemental maps deduced from
(b) Ba MNN, (c) La MNN, and (d) Mn LMM. Point spectra on top of surface particles (solid
markers) and away from surface particles (open markers): () normalized cation intensity ratio

in full scale, and (f) plot that is zoomed into the maximum intensity ratio of 10 from (e).
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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 hr. 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 no noticeable formation of
such heterogeneous secondary 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.

0
Figure 5. Cation intensity ratio maps on the three films after annealing at 800 °C for 1 hr. (a)
Ba/Mn on LBM, (b) Sr/Mn on LSM, and (c) Ca/Mn on LCM.

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 rearrangements, 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 LaMnOs films is minimized and a thermodynamic
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equilibrium is reached by pushing the misfit dopants to the surface and relieving the
accumulated strain in the film during annealing.”® The relatively higher chemical stability of the
Ca-doped LaMnOs 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 LaMnOs
compared to the Ba** and Sr** cations. Indeed, the Ca-doped LaMnOjs 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: 1) structurally by expanding or

contracting the oxide films, by the so-called ‘chemical expansivity” phenomenon’®*®?

(associated
with the elastic energy), and 2) 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.”®*®% The changes in the lattice parameter
directly couples 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
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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 re-distribution of positively charged

oxygen vacancies and negatively charged electrons couple to the electrostatic energy.
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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 1x10°® Torr, and (e) 800 °C in 1x10 Torr. Surface morphology of LSM films after
annealing at (f) 830 °C in 760 Torr, (g) 850 °C in 1x10°® Torr, and (h) 800 °C in 1x10™° Torr.

To assess the effects of oxygen pressure during annealing on the surface chemistry and
structure, three oxygen pressures were considered, 760 Torr (air), 1x10° Torr, and 1x10°° 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 6(a)
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and (b) for the LBM and LSM films, respectively. The changes in surface morphology (Figure
6(c-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 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 1x10° Torr oxygen, for example, LBM films showed sizeable changes in the
chemistry and structure at the surface, while LSM films did not show any discernible changes at
or below 1x107® 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 LageSro4Coo2Feos0s,2® 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 Lag75Sr0.25Crp5Mngs03ss 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 (as-deposited, annealed in
760 Torr, and annealed in 1x10 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
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prepared by PLD are usually oxygen deficient with larger out-of-plane lattice parameters.2>8%

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 1x10™ 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.”#®%°! 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 1x10® Torr,
however, increased the 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.



49

—— As-deposited
1 (a) LBM —— Annealed in 760 Torr E (b) LSM
Annealed in 1x10° Torr ] STO (100)
c=4.007 A c=3.942 A '

§ STO (100)
I c=38834

i

c=3.993 A\

Intensity (a.u.)

Intensity (a.u.)

il

i

42 43 44 45 46 47 48 49 50 42 43 a4a 45 46 47 48 49 50
(s}
20 (%) 20 (')

(d) ——LBM
—e— | SM 4
——LCM

(c) LCM

A

STO (100)
c=3.943 A 8

c=3.858 A 3.95]

—

Annealed in

c=3.933 A 3.907 1x109 Torr

As-deposited

ol

ol

Intensity (a.u.)

3.85

Out-of-plane lattice parameters (A)

Annealed |
TR g T, in760 Torr ]
R r T T T - U 380 ] T o | -y - o ) - o J | o | | -y -~

42 43 44 45 46 47 48 49 50 10" 10° 107 10° 10° 10" 10' 10°  10°

20 (°) Pressure (Torr)
Figure 7. The high-resolution XRD patterns with out-of-plane lattice parameters at each process
step of (a) LBM, (b) LSM, and (c) LCM films. Black, red, and blue lines represent the as-
deposited, annealed in 760 Torr, and annealed in 1x10° Torr, respectively. (d) Out-of-plane

lattice parameters of three films at each process step as a function of pressure.

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 10”° in bulk) was predicted for
Lao1SrosMnOs under typical SOFC operating conditions at pO,=10° atm and 1173 K.2° 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
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subsurface?:¢7

(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 in Supporting Information, 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 LaMnO3.%® Annealing
in the very low oxygen pressures (10® - 10° 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, for example going from 10° in the bulk to 10* at the surface of
Lao.1Sro.sMnO3at pO,=10"° 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 significantly 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 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
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cation rearrangements (Table S2 in Supporting Information). Furthermore, the surface carbonate
phases, including BaCO3, SrCO3, CaCOs3, Lay(COs)3, and MnCOs3, 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 in Supporting Information). 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 in Supporting Information), 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 effect of
charged defect distribution from the surface to the bulk of the LnMnOj3 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 segregation regardless of

the strength of space charge in a given composition.

3.2.1. Dopant segregation driven by elastic and electrostatic energy

Dopant segregation energy, Esqr, for the seven electrostatic interaction models with the three
dopants on both LaMnO3; and SmMnQ; surfaces obtained from our DFT+U calculations and Eq.
(S1) is shown in Figure 8(a) and (b). For both materials, two distinct trends are found; (1) the
larger dopant cation segregates more strongly toward the surface; (2) the model where the
dopant experiences the larger electrostatic attraction to the surface and the larger electrostatic
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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 Esq from the DFT calculations for
model 4 on each surface as a function of Rgopant-Rnost, We observed an almost linear correlation
between them (see Figure 8(c)). For both the LaMnO3; and SmMnOj; surfaces, therefore, the
largest dopant, Ba (blue marks and line in Figure 8(a) and (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 SmMMnQO; surface was greater than that on the
LaMnOjs. 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 predictive extension of this behavior to SmMMnQOj3; by our
calculations confirms 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 Egeq in Figure 8(a) and (b)
relative to the Esq 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 in Supporting Information). 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.
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Figure 8. Surface segregation energies of Ca, Sr, and Ba dopants on (a) LaMnO3; and (b)
SmMnO; 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 model 1 to
model 7. (C) Eseqr for model 4 on LaMnO3; and SmMnO3 as a function of Ryopant-Rhost.- The model

4 is illustrated in the inset.

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 Esqy Can be
represented as the sum of Egjastic and Eejectrostatic- 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 (Sec. 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 9(a-f) as
function of the type of the defect configuration model, but independent of the dopant-host
cation size mismatch. The two energy contributions are added (blue lines in Figure 9(a-f)) to
compare them with the DFT-calculated total Eseq (black line in Figure 9(a-f)). Overall, the sum
of two energy contributions was in reasonable agreement with the DFT-calculated Esegr on both

surfaces within 0.16 £ 0.15 eV, which demonstrates that the elastic and electrostatic energies are
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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 Eseqr by 0.24 * 0.09 eV. Such deviation between the DFT calculated Esegr 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 Es value
even for model 4 in Ca-doped LaMnO3; where no charged vacancies are present and where the

size of Ca and La are very close to each other.
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Figure 9. Comparison of the DFT-calculated total segregation energy, Esey, With the one
calculated analytically as the sum of the elastic and electrostatic energy. The green, red, blue
and black lines denote the analytically calculated elastic energy, electrostatic energy, sum of
electrostatic and elastic energies and DFT-calculated Egeq, respectively, as a function of model
1-7.
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Inaccuracies in the analytical models are also among the possible sources of the deviation
between the DFT results and the analytical model results. Friedel equation® (Eg. (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 (Eqg. (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 LnMnOs

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 Sec. 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 Egqy would vary. For example, LSC, another widely studied SOFC
28,95-97

cathode,
modulus (64.4 GPa for LaggSrg,Co0; at room temperature®®) smaller than that of LSM (129

is known to be a relatively more elastic material than LSM with a Young’s

GPa for Lags7Sro.33MnO; 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
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cations must be carefully considered. We performed 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 LnMnO3; 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 (Sec. 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 LaMnQg3. 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.

Ca > Sr » Ba Ca » Sr » Ba
45 45
20l (a) LaMnO4 = 407 (b) SmMnO;
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Figure 10. Migration energy barrier, Ep, of cation vacancies in (a) LaMnOg3 and (b) SmMnO3 as
a function dopant cation (size mismatch between the dopant and host cations, Rgopant - Rnost) fOr
diffusion of the dopant between each atomic layer from the surface into the bulk.

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 LaGaOs;, and 4.00 eV in LaFeO3™™ for La vacancy

diffusion, and experimental activation energy of 4.98 eV in LaCrO5'% and 3.32 eV in LaFeO;'%®
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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 (i.e. from the first subsurface layer to the surface) than in the bulk, by ~1.5 eV on
both the LaMnO3; 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 electrochemical 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 Kkinetics 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 (i.e., 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
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
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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.”******2 Annealed LBM film surfaces also showed a similar contrast
between the AFM and STM images, presented in Figure S11 in Supporting Information.

(¢) AFM tip (d) STM tip
_ — — _ trajectory trajectory
—_——— ~S - ___\_-____r_f—

Figure 11. Surface morphology of LSM films after annealing at 830 °C in air (a) by AFM and
(b) by STM. The imaging mechanism is illustrated schematically (c) for AFM and (d) for STM.
The dashed line represents the tip trajectory. h represents the true separation distance between
the tip and the sample in AFM imaging, and it represents constant tunneling current that is
maintained by varying the separation distance if the surface is electronically heterogeneous.

4. Conclusion

We demonstrated that the dopant cations on the A-site segregate toward the surface of the
manganite based perovskite oxides: 1) to minimize the elastic energy due to a mismatch of the
dopant and host cation sizes, and 2) 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, LnMnOs, we varied the radius of the selected

dopants (Ca, Sr, Ba) with respect to the host cations (La, Sm) while maintaining the same
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charge. In annealing experiments, we varied the oxygen chemical potential, whose expected
impact is two-fold; elastic energy via the chemical expansion, and the electrostatic interactions
via the redistribution 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 thermodynamics, 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 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 LaMnOs in the low oxygen pressures
and contraction in the high oxygen pressures. In the former, the bulk lattice 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 electrostatic 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
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Figure 12. Illustration of the mechanisms that drive dopant segregation to the surface of
LNnMnO:s.

pressure. We believe the chemical 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

LnMnOs films are actually applicable to a wider family of perovskite oxide surfaces. Both the
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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 towards advancing our

predictive capabilities to design optimal SOFC cathode surfaces.

Supporting Information

Figure S1, chemical analysis on heterogeneous surfaces with combination of AR-XPS and
AFM; Figure S2, calculation of surface segregation energy with DFT-simulation; Figures S3
and S4, analysis of the high-resolution photoelectron spectra from the dopant core level
emissions; Figure S5, localized chemical composition and structure on the annealed LSM films;
Figure S6, schematic illustration of the local distribution of charged species at and near the
surface; Figure S7, C 1s peak analysis as a function of temperature at two emission angles,
Figures S8 and S9, surface structure and chemistry on LBM films upon annealing in different
gas conditions; Figure S10, DFT-calculated surface segregation energies of Ca, Sr, and Ba
dopant; Figure S11, surface structure of annealed LBM films images with AFM and STM; Table
S1, DFT-calculated bulk (shear) modulus; and Table S2, standard enthalpies of formation for
the possible secondary phases. This material is available free of charge via the Internet at
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Characterization of the Surface Electronic Structure of
Thin-Film Solid Oxide Fuel Cell Cathodes

Michael Weir, Stefan Krause, Lothar Weinhardt and Clemens Heske, UNLV
Overview

Catalytic reduction of oxygen is the limiting factor of solid oxide fuel cell (SOFC) performance.
In addition to high catalytic activity, candidate materials must be thermally stable and chemically
compatible with the electrolyte. Accordingly, many different variations of the perovskite family
are being investigated as potential cathode materials for SOFCs. The electronic structure and
chemical composition of the surface of these cathode materials will directly determine their
catalytic activity. Thus, investigation of the surface of thin-film model cathodes will lead to a
fundamental understanding of how to tune the electronic structure and related catalytic activity.
The high temperature at which SOFCs operate (600-1000 °C) allows chemical and physical
changes in the cathode materials that are not evident at room temperature. This concern has
motivated both ex-situ and in-situ heating experiments, whereby the changes in the surface
electronic structure as a function of temperature are elucidated.

Surface Chemical Composition:

In our project, La,SraxMnO3z (LSM) samples are grown using pulsed laser deposition (PLD),
with x reflecting the nominal bulk ratio between La and Sr. Samples referred to as LSM0O8020,
for example, are Lag gSro2MnO3 using the bulk stoichiometry. However, this does not have to be
the chemical composition of the surface. Every crystalline material will show a relaxation of the
surface due to the fact that half of the bonding partners of the bulk confirmation are missing. In a
compound such as LSM, it can also lead to a segregation or depletion of one element at the

LSMOB020/STO(100) XPS |
Mg K|
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Figure 1. XPS survey spectra of LaggSry,MnO; films on STO (100). Each spectrum represents a
different LSM film thickness.
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surface. One powerful aspect of X-ray Photoelectron Spectroscopy (XPS) is the use of survey
spectra to determine the chemical composition of the material surface. Furthermore, the relative
abundance of different chemical elements can be determined through the relative intensity of
various spectral lines. Figure 1 shows an example of XPS survey spectra for LaggSro2,MnOs3
grown on the 100 plane of SrTiO3; (STO). In this case, the expected elements are present (La, Sr,
Mn, O) as well two elements not intended for the thin film, C and Cr. Carbon is commonly found
on surfaces as a contaminant, especially when the sample has been exposed to air. The
chromium, however, was the result of a small misalignment of a laser in the PLD, which was
corrected for later samples. Confirming the elemental composition of the thin films is necessary
to allow reproducibility and correct interpretation of performance results. More detailed analysis
of the relative peak intensities reveals that Sr is enriched at the surface beyond the bulk
stoichiometry as well as La, whereas Mn is depleted. This is a general trend found across many
samples, while the magnitude of this enrichment varies.

In addition to the survey spectra, higher resolution XPS detail spectra were recorded for
regions of interest including C1s/Sr 3p, O 1s, and Sr 3d/La 4d as shown in Figure 2. Here, the
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Figure 2. ARXPS detail spectra of a 100 nm LSM film. The figure shows the normal emission

(0°) and the 70° off-normal detail spectra for the C 1s and Sr 3p region, the O 1s, and the Sr

3d and La 4d region. The off-normal spectra are more surface-sensitive and allow the

comparison of surface and bulk properties of the sample.
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sample surface was measured at normal emission (0°, more bulk sensitive) and 70° off-normal
(more surface sensitive). By comparison of the two spectra, one can identify surface components
and, if signals of different elements are in one window, changes in the relative stoichiometry at
the surface. In the C 1s and Sr 3p region spectrum one can clearly see strong changes in the
relative carbon-to-strontium ratio, which shows that the carbon is located mostly at the surface.
The O 1s region reveals a surface component of the oxygen, which is shifted about 2 eV to
higher binding energies.

The significant increase of this component with the strong carbon signal change being the
only counterpart (Mn 2p did not show surface components) in the displayed spectra implies the
existence of carbon oxide compounds, likely SrCOg, at the surface. The strontium-to-lanthanum
ratio stays constant and the change in the relative intensity of the La 4d component at 104 eV can
be attributed to an additional spectral contribution of another impurity, namely silicon (Si 2p), at
the surface (Si 2s is also visible in the survey spectrum, not shown; we note that the
concentration is very small and that a Si contribution could so far only be found in the surface
sensitive mode). Various treatments (annealing at 650 °C in 10°® mbar pO,, ion bombardment for
45 minutes with 500 eV Ar" ions) were found to remove the majority of the carbon species from
the surface. A variety of other contaminants were found over time, but in close collaboration
with the team at CMU we could identify sources of, e.g., sulfur and bismuth, which were then
consequently eliminated.

Substrate Effects:

Earlier work of the MIT group showed that the films on the electrolyte substrate YSZ (Yttria-
stabilized zirconia) are comparably rough and comprised of small grains. Therefore, other
substrates, such as NdGdO3; (NGO) and SrTiO3; (STO), were utilized, which show high degrees
of order and larger atomic terraces for thin LSM films. Figure 3 shows the detail XPS spectra (O
1s and C 1s/Sr 3p) of 10 nm LSMO7030 films on all three substrates. The first observable
common feature is the oxygen component at the side of higher binding energy (“higher BE”). It
is present for all surfaces and depends strongly on the emission angle, which identifies it as a
surface component. For the C 1s and Sr 3p spectra, the carbon high-BE component shows a shift
in position, while the intensity ratio of the two components remains the same. The strontium
signal reveals a shifted high-BE energy component in the surface sensitive spectrum. The small
but noticeable shift of the Sr 3p is connected to a second component in the Sr 3d (not shown) that
corroborates this finding. The intensity and size of the shift in the oxygen component seems to be
correlated with the size of the shift of the Sr 3p, which decreases from NGO to YSZ to STO.
From this data, it can be concluded that all of the investigated surfaces are terminated by a Sr-O
component, which, in the case of NGO, is also bound to carbon atoms. However, the dominance
of this termination varies between the different substrates, which could be explained by a
variation of the geometric structure of the films. Depending on the substrate, thin films can grow
with different preferred surface facets, which can lead to different local surface termination and
different behavior in the incorporation of the carbon impurity atoms during growth. Therefore,
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Figure 3. Comparison of detail XPS spectra (O 1s and C 1s/Sr 3p) of LSMO7030 thin films on
different substrates. All spectra show a high-BE oxygen component that is more pronounced in
the off-normal spectrum. A shift of a second carbon component is only present in the NGO case,
and the shift of the Sr 3p is weak, but noticeable in the case of YSZ and STO substrates.

these effects have to be kept in mind when interpreting and comparing thin films grown on
different substrates.

Film Thickness:

In the growth on any substrate, the crystal lattice parameters of substrate and film play an
important role. Any significant mismatch will introduce strain to the thin film lattice that will
decrease with growing thickness and therefore distance from the interface. STO has a larger
lattice constant, which leads to tensile strain in the ab-plane and compression in the c-axis.
Therefore, four different thicknesses (500 nm, 100 nm, 60 nm, 20 nm) of LSM were deposited
on STO to investigate if also the surface chemical composition shows a dependence on strain.
XPS detail spectra of this series are shown in Figure 4. These spectra show no consistent trends
with film thickness, only that one film (100 nm) is significantly different from the others.
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Figure 4. XPS detail spectra of LaggSro2MnO3; on STO (100) for four different film
thicknesses. The regions include Mn 2p, O 1s, La 3d, and Sr 3d/La 4d.

Specifically, there is less Mn and more La in the 100 nm sample. The Sr 3d peak also indicates a
different chemical state by the change in ratios between the two peaks. The higher binding
energy shoulder for the O 1s signal contains different dominant states. But with no consistent
trend, we conclude that film thickness does not affect the surface composition of LSM deposited
on STO.

Heating, ex-situ:

In addition to investigating synthesis-related changes in the thin-film cathodes, the high
operating temperature of SOFCs has motivated studies on the effect of temperature on these
films. A special vacuum chamber was commissioned to allow annealing in a controlled
atmosphere, followed by transfer to the measurement chamber without exposure to air. Avoiding
air exposure means that spectral differences will be caused by the material of interest and not by
changes in the laboratory atmosphere (e.g., temperature, humidity). The first of these studies
involved an ex-situ annealing treatment in 1 x 10° mbar pO, from 300 °C to 650 °C, as
summarized in Figure 5. This figure shows the evolution of the surface composition as a function
of annealing temperature with the data normalized to the as-received state. First, the most
dramatic change is the decrease of the relative carbon surface concentration and an increase of
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Figure 5. Relative changes of the La, Sr, C, and Mn XPS signal after ex situ annealing in 10°®

mbar pO..
the manganese intensity. This latter effect is due to the reduced attenuation of the Mn signal by a
successively reduced (carbonate) overlayer. The effect is more pronounced for Mn than for La
4d and Sr 3d, which reflects that the higher BE peaks (i.e., Mn 2p) have a lower kinetic energy
and thus are more surface-sensitive, i.e., more susceptible to attenuation in surface layers.
Consequently, the La 3d peaks, which are found at an even higher binding energy, show an even
more pronounced increase. Due to this dependence as a function of binding (kinetic) energy, it is
impossible to unambiguously distinguish the effect of reduced attenuation from a potential Mn
enrichment at the surface. Nevertheless, such an analysis can be performed for the La/Sr ratio.
Using the La 4d and Sr 3d region, the peaks of which are close together in binding energy, a
variation in the La/Sr intensity ratio directly relates to a change in the actual composition ratio as
well. This ratio (black squares) shows no significant variation up to 500°C and then slightly
increases (corresponding to a slight La enrichment of the surface). Even though the changes in
this energy regime are very small (~3-4%), it corroborates earlier annealing experiments in air
(up to 800°C), in which a 20% increase of the La/Sr ratio was found.
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Heating, in-situ:

This ex-situ heating experiment was complemented by an in-situ series. In-situ in this case means
heating in ultra-high vacuum (UHV) while measuring XPS at temperature. The vacuum
environment might lead to a depletion of surface oxygen, but is necessary to perform XPS
measurements. The advantage of an in-situ experiment is that it is possible to investigate
reversible effects that only appear at elevated temperatures. One such series was performed on a
100 nm thick LSM film on STO, heating from room temperature (RT) up to 800 °C in 100 °C
steps and then cooled back to RT. The first element of interest is oxygen, as it is generally
believed that the surface loses oxygen during heating in UHV. A change in the shape of the O 1s
signal after heating in pO, had been already observed in the previous annealing series. Figure 6
shows the same behavior for heating in UHV. A high-BE shoulder, which, based on our earlier
work and the Sr data discussed below, can be attributed to a strontium oxide component,
disappears with increasing temperature. The peaks are all normalized to the low binding energy
side of the peak to compensate for background and excitation source intensity changes that are
not related to a change in the oxygen content. A trend to an approximately 10% higher oxygen
signal at higher temperatures can be seen. Analysis of the total area of the O 1s peaks implies

L XPS O1s .
| MgK,

RT
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200°C

y 300°C

Intensity (a.u.)

400°C
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Figure 6. XPS detail spectra for the O 1s region recorded at increasing temperatures (top to
bottom), as given on the right ordinate. A clear and irreversible change of the high BE
shoulder can be observed.
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that the oxygen content is independent of the temperature in this regime and that no detectable
oxygen depletion occurs. Note that the overall oxygen signal intensity returns to its original
(lower) RT value after complete cooldown. This is particularly interesting since some of the
oxygen atoms were bound in a strontium oxide environment before the annealing series. As is
evident from the O 1s spectra in Figure 6, however, this species does not return upon cooling to
room temperature. With these results we can thus conclude that the overall oxygen content is
higher, but constant, at temperatures above 100°C, and that a thermal cycle such as the one
performed here modifies the chemical environment of some of the oxygen atoms permanently,
while maintaining the overall amount of oxygen atoms on the surface. The experiments show
that heating in UHV does not appear to lead to oxygen depletion of the surface. We find
additional evidence for the presence of a strontium oxide species at the surfaces, which is
removed during annealing. The data confirms the trends of La, Sr, and Mn surface concentration
behavior in our earlier pO, annealing experiments and identifies them as irreversible.
Additionally, a decrease of the Mn signal was found, which was not visible when heating in our
earlier pO, annealing series due to (reduced) attenuation by the carbon-containing adlayer.

A second in-situ heating series was performed in order to correlate the surface chemical
composition with Scanning Tunneling Spectroscopy (STS) results from the MIT group, which
indicate that the bandgap of LSM changes from semiconductor to metallic behavior below 200°C
in UHV. To that end, the same LSM sample was shipped to UNLV and measured using three
different X-ray sources (Al K,, Mg K,, monochromated Al K,) at both normal and 45°. The
sample was annealed in the UHV system at UNLV using the procedure developed at MIT (1 x
10™ mbar pO,, 550 °C) in order to ensure the same starting point for the heating series. This
heating series was initiated at room temperature (24 °C) and took 50 °C steps from 50 °C to 300
°C. The sample was then cooled back to room temperature for the final measurement. Figure 7
shows the XPS survey spectra for the non-monochromatized Al K, source at normal emission.
The heating series is displayed at each temperature step from room temperature (24 °C, blue,
bottom) to the highest temperature (300 °C, red, second from top). The cooled sample was also
measured and is shown in black (RT2, top). First, we note that all of the expected elements from
the film are present (La, Sr, Mn, O), in addition to C and Mo. Much smaller signals from Na
(1071 eV), F (685 eV), and Fe (710 and 722 eV) indicate the presence of these elements in low
concentrations. Carbon is expected due to contamination from exposure to air during the various
shipping procedures. The sample holder is responsible for the Mo signal. The sample position
was adjusted to reduce the Mo 3d signal. However, the signal could not be fully removed due to
the small sample size and the sampling area of the electron analyzer.

We also note that the secondary electron background for the 300 °C measurement is
increased, especially for higher binding energies. This change in the background has been seen
before in previous heating series, but under different conditions. We continue to investigate this
phenomenon to determine the source. There are no significant indications of changes in the line
shapes of the primary emission lines, i.e., the La 3d and 4d, Sr 3d, and Mn 2p lines. Furthermore,
there are no immediately obvious changes in the relative concentrations of the different elements,
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Figure 7. Al K, Survey spectra of the LSM sample in-situ during heating. The spectra were
measured at room temperature (RT, 24 °C), every 50 °C from 50 °C to 300 °C, and then again
at room temperature after cooling (RT2). The heating series is represented by a transition from
blue to red with temperature, while the black spectrum was recorded after cooling. All spectra
were taken at normal emission. The spectra were normalized to (approximately) coincide in
their overall background shape before being offset for visibility. The spectra were also split
across three sections to emphasize low-intensity peaks.

in particular no evidence for a substantial Sr surface segregation due to the annealing in ultra-
high vacuum. A thorough analysis of the individual detail spectra of these regions is currently
performed to search for variations in the chemical environment of the various elements as a
function of annealing temperature. This measurement series has produced a (very large) dataset,
which is still under analysis.

Heating under atmosphere:
The in-situ studies were furthered by the design and testing of an in-situ cell capable of high
temperatures (500 °C) and controlled atmospheres (up to 1 bar), spearheaded by our



75

Membrane

(80-150 nm Vacuum Sample

Spacers

Figure 8. Scheme of the high-temperature in-situ gas/solid interface cell.

collaboration partners at the University of Wirzburg, Germany. This cell will be used for soft X-
ray Absorption Spectroscopy (XAS) and soft X-ray emission spectroscopy (XES) using the
custom SALSA (Solid and Liquid Spectroscopic Analysis) endstation at Beamline 8.0.1 of the
Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. The SALSA endstation
allows unique soft x-ray spectroscopy experiment in a dedicated experimental chamber for in-
situ cells. The soft X-rays used for both, excitation and emission, exhibit a limited penetration
depth even in a gas environment, and thus must be kept in the UHV environment of the
beamline. Nevertheless, using a thin membrane to separate the gaseous environment inside the
cell from the UHV of the endstation, it is possible to perform measurements under working
conditions.

The cell holds samples of varying thicknesses at a constant distance from the X-ray
window. Heating both the inlet gas and the sample is controlled by resistive external heaters.
High temperatures (500 °C) are achieved by thermal isolation through ceramic barriers in the
cell. Both inlet and outlet pressures are monitored and controlled externally. Initial cell testing
included successful measurements of gasses and troubleshooting with a solid sample. Work will
continue during future experimental campaigns at the ALS.

Successful in-situ experiments expand upon ex-situ knowledge. Therefore, in parallel
with the cell development, initial XAS and XES measurements were performed on LSM samples
on two different substrates, LaAlO; (LAO) and STO. The —A and -B films are nominally
identical samples grown and shipped in the same batch. The XAS spectra in Figure 9 include
data from both the films and the respective substrates. The spectra were normalized such that the
baseline data at 520 eV and the maxima of the first major peak (~ 536 eV and 531 eV for LAO
and STO, respectively) have equal intensity. Excitation energies were calibrated using the O K
edge of a ZnO reference sample. In each case, the spectra of the LSM films are shown in black
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Figure 9. Comparison of XAS spectra of three LSM films on an LaAlO; substrate (left) or a
SrTiOz substrate (right). Black and red spectra correspond to two different 10 nm
Lag sSro2MnO3 films, while the blue spectrum was obtained for the respective bare substrate.

and red, while the spectrum of the bare substrate is shown in blue. It is apparent that the majority
of the spectral structure found in the thin-film spectra stems from the underlying substrate.
However, some clear differences are also visible. The main difference for the LSM films on
LAO is the absence of the pre-edge feature (~530 eV, indicated by the arrow) in the substrate
spectrum. The substrate also has a somewhat sharper absorption onset at 532 eV, in particular
when compared to the LSM film LAO-A. We would like to point out a unique experimental
opportunity that arises from the presence of the pre-edge feature and the fact that it is exclusively
associated with the LSM film — when exciting resonantly into this absorption feature, it is
possible to probe the oxygen-related occupied electronic states (with XES) exclusively for the
LSM film, independent of the substrate. Furthermore, we point out that there is a clear difference
in this pre-edge feature between the two different samples (A and —B), indicating a sample-to-
sample inhomogeneity.

Comparison of the LSM/STO and STO-substrate data (Figure 9, right) also shows a
sharper onset at lower excitation energy (see arrow at ~529.5 eV). Even though this is not a
clearly separate pre-edge feature as in the case of LSM on LAO, it is nevertheless the same
LSM-related resonance that, with high-resolution excitation, can be used to predominantly probe
the oxygen atoms in the LSM film (and not the STO substrate). Note that this resonant excitation
is made more difficult by the fact that the absorption onset of STO is at lower energies than that
of LAO. Furthermore, several features, in particular minima (see, e.g., the black arrow at ~534.5
eV), are “smeared out” for the thin-film samples as compared to the bare substrate. This
indicates additional spectral contributions of LSM in these regions.
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Summary

Surface-sensitive measurement techniques provide valuable insights into the active surfaces of
Lag gSro2MnO3 (LSM) thin films, giving insights for the use of this material in SOFCs. In the
network created by the SECA program, XPS measurements have provided valuable feedback to
the growth and other characterization efforts. The close collaboration with CMU enables
significant reductions of impurities in the LSM thin films. Results from MIT and CMU show that
the crystallinity of the thin films depends strongly on the film thickness, while XPS
measurements show that the surface composition does not. With this knowledge, we can ensure
that results found on highly ordered thin films are also relevant for thicker films and infiltrated
systems. The choice of substrates shows a significant influence on the surface termination of thin
(10 nm) LSM films, as seen in the different Sr-C-O components.

Under this program, it has been possible to expand surface measurements, both XPS and
XAS/XES, toward in-situ studies of the effect of temperature and atmosphere on the surface
chemistry and electronic structure. The first of these studies shows no evidence of oxygen
depletion or strontium segregation within the limited information depth of XPS measurements.
Furthermore, the detailed investigation of all XPS signals reveals that also the La surface content
is elevated and that Mn is significantly depleted. Temperature-dependent measurements have
shown that the latter trend even continues upon heating. Therefore, the surface chemistry
deviates significantly from the intended bulk composition. Several exciting avenues of
investigation have been opened with the development of the in-situ capabilities and will be
pursued as the program moves forward.
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