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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;Sry 3MnO;
(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 simulations. A stronger Sr enrichment tendency and a more facile oxygen vacancy
formation prevail for the tensile-strained LSM surface. At 500 °C in 10~ mbar oxygen, both
LSM film surfaces exhibit a metallic-like tunneling conductance, with a higher density of
electronic states near the Fermi level on the tensile-strained LSM surface, contrary to the
behavior at room temperature. Our findings illustrate the potential role and mechanism of lattice
strain in tuning the reactivity of perovskite transition-metal oxides with oxygen in solid oxide fuel
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cell cathodes.

SECTION: Surfaces, Interfaces, Catalysis

he relation of surface cation chemistry and surface electronic

structure to oxygen reduction reaction (ORR) kinetics re-
mains 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, _,Sr,MnQ3, a widely used
and studied SOFC cathode material,">® the fractional presence
of constituent cations can deviate from the nominal bulk stoichi-
ometry significantly’ '® because of 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 con-
ditions, hydrostatic pressure, or use of substrates with a different
lattice mismatch to the films.'*~'® Furthermore, the 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 adsorp-
tion on another widely studied SOFC cathode, LaCoQ;.*"
Experiments validating the direct role of strain on the reactivity
with oxygen and oxygen transport in SOFC materials have been
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yet scarce. Sase et al. showed that the oxygen surface exchange
rate at the heterointerface of Lag ¢Sro 4C0Q5/(La,Sr),CoOy, thin
films is larger by three orders of magnitude compared with 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 simulations, on the strain-induced changes in
the surface chemical and electronic state of La ;Sro ;MnO5 (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 and
oxygen vacancy formation, experimentally probed with angle-
resolved X-ray photoelectron spectroscopy and computationally
assessed through segregation/formation energy calculations and
(2) surface electronic structure, experimentally probed using
scanning tunneling microscopy and spectroscopy (both at ambi-
ent 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) SrTiO; (STO) and (001) LaAlO5 (LAO),
are the model materials in this study. The XRD results (Figure S1 of
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the Supporting Information) indicate that both films are fully
strained with the (001) out of plane orientation. The film on
STO has 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
850 °C is 0.6 and —2.3% based on the differences of the thermal
expansion coeflicients 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 1a,c). The height profiles on these
terraces show that the height difference between each layer is 4.0 &
0.3 A (Figure 1b,d), in good agreement with the lattice parameter of
the LSM (3.88 A). The overall morphology on these two substrates
is similar, whereas the size of these terraces on LSM/LAQ is smaller.

To assess the strain dependence of Sr content and its chemical
environment on/near the surface, La 4d and Sr 3d emissions in
XPS were analyzed for LSM/STO and LSM/LAO. The La 4d
and Sr 3d emissions have similar kinetic energies, with a mean
free path (MFP) of 20 A*'® in LSM. These spectra were
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Figure 1. (ac) Surface morphology and (b,d) height profile of the
10 nm thick (ab) LSM/LAO and (¢, d) LSM/STO films at room
temperature. Blue bars in panels a and ¢ show the position of the line
profiles in panels b and c.

measured at two emission angles, 0 and 70°, between the surface
normal and the detector position; measurements at 70° are more
surface-sensitive, with a mean probing depth of 7 A from the
surface. The Sr/(Sr + La) ratio is taken as a first measure of
Sr enhancement near the surface and was quantified using the
total La 4d and Sr 3d emissions normalized by their correspond-
ing cross-sectional values from the Scofield table. The Sr/(La + Sr),
evaluated at 70° in Figure 24, is almost the same, 0.36 to 0.37, on
both 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 region of both LSM films is Sr-rich, and the total Sr
fraction on the A-site (A = La, Sr) of LSM within the top nearly
7 A depth is the same regardless of the sign or magnitude of strain.

To obtain quantitative information about the differences in
the chemical environment on LSM surfaces as a function of
strain, the Sr 3d core level photoemission line shapes were
analyzed. As shown in Figure 2b, the Sr 3d emission deviates
from the theoretical line shape and was deconvoluted to show
that it has two Sr core level binding environments on both LSM/
LAO and LSM/STO. These are represented by one doublet of Sr
3d located at the lower binding energy, LBE (132.0 & 0.2 eV),”
and a second doublet located at the higher binding energy, HBE
(133.4 £ 0.2 eV).”” The LBE component has a larger contribu-
tion in the total Sr 3d emission and is attributed to the Sr cations
fully coordinated within the bulk of the perovskite lattice
(Stjattice)- As the emission angle increases from 0 to 70°, the
contribution of the HBE component increases, implying that
the HBE binding environment is related to the Sr cations on the
surface (Sryuace) of LSM.'%?”?® The Srysce contribution is
different among the Sr 3d emissions on LSM/LAO and LSM/
STO, as evident from the different line shapes of the spectra in
Figure 2b. Figure 2c shows the intensity ratio of the Srgfce to
Stlattice 0 LSM/STO relative to that on LSM/LAO, quantified as
the ratio [(Srsurface/sr]atﬁce)LSM/STO]/[(Srsurface/srlattice)LSM/LAO])
as a function of the emission angle. The increase in the surface Sr
component with the increasing emission angle is more pro-
nounced on LSM/STO compared with that on LSM/LAO. This
ratio changes from 0.93 % 0.05 at 0° emission to 1.23 = 0.06 at 70°
emission and shows that the Srg,gc binding environment has a
larger presence on LSM/STO. The exact nature of this HBE
Stgurface cOmponent of the Sr 3d emission varies in different reports.
Two major possibilities for the origin of the HBE component in
our results are the SrO or Sr—OH phase formation on the
surface”>” and the under-coordinated Sr cations on the perovskite
LSM surface with an AO-termination layer.”>*" Our STM mea-
surements (Figure 1) do not show a significant variation in the
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Figure 2. (a) Relative intensity of Sr/(La + Sr), (b) Sr 3d spectra and the two curve-fitted doublets at the high binding energy for Sty (blue/dashed
line) and at the low binding energy for Sty (red/solid line), shown for LSM/LAO and LSM/STO at 70° emission angle, and (c) the relative increase
in the Srgyface component of the Sr 3d spectra from 0 to 70° emission angle on LSM/STO with respect to that on LSM/LAO.
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Figure 3. (a) Surface segregation energies of Sr calculated from the LSM models with X, = 1/4, 1/2, and 1/2 including a surface oxygen vacancy under

different strain states. By our definition, a more negative Eqq

favors the Sr more strongly on the surface compared with in the bulk. (b) Oxygen vacancy

formation energy as a function of strain calculated from the LSM model with X, = 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)
Difference between the Sr—O bond length on the surface, d(Sr—O)Surf, and the Sr—O 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.

morphology or in the step heights that could be correlated to a
discernible presence of SrO or Sr—OH surface phase. Therefore,
we believe that the HBE intensity in the Sr 3d emission more likely
originates from the presence of the under-coordinated Sr on the
perovskite surface. Therefore, the enhanced presence of the Srg,,.
face O LSM/STO suggests a further enrichment of surface Sr
driven by the tensile strain state of the LSM film. However, the
relative changes in Srg,pee constitutes only about 4 to 5%
difference within the total Sr 3d, which is beyond the resolution
of the Sr/(Sr + La) quantification in Figure 2a.

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, Eqg, and vacancy formation
energy, E,,, as a function of strain. We assessed two models, one
with 25% (Xg, = 1/4) and another one 50% (Xg, = 1/2) Sr on the
A site on the LSM surface, as described in Figure S4 in the
Supporting Information. We included the role of surface oxygen
vacancies in the evaluation of E,, using the Xg, = 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 4-2%. If an element’s atomic size is larger, its
cohesive energy is less than that of the other constituents, or
both, then 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 with the X, = 1/2 model (red curve). Steric hindrance
effects between the dopants allow 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%). As shown in Figure 3b, oxygen
vacancy formation also becomes more facile in the same strain
range, potentially serving as an additional driving force for Sr
enrichment. 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 as a function
of strain, obtained from the LSM model with Xg. = 1/4
(Figure 3d). 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 in 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
agreement and show that the tensile strain can facilitate Sr
segregation to the surface of LSM while the compressive strain
relatively suppresses this behavior. Quantitatively, however, the
Sr segregation energies predicted by our DFT calculations are
large and exhibit significant dependence on strain. These calculated
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Figure 4. (a) Tunneling spectra on LSM/LAO (blue, solid line) and
LSM/STO (red, dashed line), showing the energy gap, E,, for both
samples at room temperature in ultra high vacuum. (b) The band gap
obtained from the DFT calculations of total density of states on LSM
(001) as a function of strain.

segregation energies overestimate the total Sr enrichment as well as
its strain dependence on the surface of LSM compared with our
results from the angle-resolved XPS measurements. This quantita-
tive difference is potentially due to the lack of finite temperature and
kinetic effects in our models and suggests that the lattice strain alone
is not the dominant driving force for Sr-related enrichment and
restructuring of cations on the LSM surface.

Electronic structure is strongly coupled to the surface reactiv-
ity 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 with 2.1 &£ 0.2 ¢V 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 coexistence 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
~10 nm 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*”*' and with our recent work'>** on textured LSM films on
zirconia substrates with a large lattice mismatch to LSM. The
larger band gap found on LSM/STO compared with that on
LSM/LAO may partially 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 0 K limitation in comparing the DOS predictions
with 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 (g = 1.0) known to be predomi-
nant at room temperature.** This approach allows us to model
the LSM closer to its finite temperature structure*® than the 0 K
ground state. As shown in Figure SS of the Supporting Informa-
tion, 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
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Figure S. 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) 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.

do not match quantitatively 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 biaxial lattice strain can induce direct changes in the
surface electronic structure of LSM, determined here as the
differences in the energy gap between the occupied and un-
occupied states.

The picture, however, reverses for the tunneling conductance
and density of states at elevated temperatures, presented in
Figure § at 500 °C. Both of the above-mentioned films exhibit
no gap between the occupied and unoccupied states (Figure Sc)
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 to 2.1 eV energy gap. Moreover, and
importantly for the focus of this Letter, this transition at high
temperature is stronger with a larger density of states near the
Fermi level for the tensile-strained LSM/STO compared with the
compressively strained LSM/LAO. Taking the density of states
near the Fermi level (0 V 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 tem-
peratures 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 nei%hboring 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,
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and thus, an increase in 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.

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 with that in the bulk with increasing tensile strain.
Tensile strain also facilitates oxygen vacancy formation on LSM.
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 with the compres-
sively 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 toward
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.

B METHODS

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 per-
formed in a modified ultra high vacuum (UHV) system designed
by Omicron Nanotechnology, with a variable temperature scan-
ning tunneling microscope. The chemical state of the surfaces
was probed using angle-resolved X-ray photoelectron spectros-
copy (XPS) using a five-channel hemispherical electron analyzer,
equipped in the same chamber with the STM. CasaXPS$ 2.3.15
software was used to assess the spectra and calculate the relative
intensity of each constituent by employing the Shirley back-
ground. The total intensity of each constituent was normalized
by their corresponding cross section values from Scofield’s table.
We removed carbon contamination from the surfaces of the air-
exposed LSM films by heating them in oxygen pressure of 5 x
10> mbar at 500 °C for at least 30 min in the UHV chamber. All
STM, STS, and XPS results reported here were obtained after the
cleaning process. A 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 to 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) parametrized by
Perdew and Wang>* along with the projector augmented wave
(PAW) method™ to describe the ionic cores. To avoid the self-
interaction errors that occur in the traditional DFT for strongly
correlated electronic systems, we employed the DFT+U meth-
od, with a correction parameter of U — ] = 4 eV.>* All calculations
used a plane wave expansion cutoft 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 LaMnOj; was cleaved along the
(001) plane, with the (La,Sr) O-terminated surface, to construct a
surface consistent with our PLD-grown epitaxial films. Two-
dimensional 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 nine atomic symmetric layers with the
middle three layers constrained in their bulk positions. The
symmetric slab was chosen to avoid the fictitious dipole moment.
We have chosen a (2 X 2) surface unit cell and a 4 X 4 x 1
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 8 X 8 X 1 centered at I" using the tetrahedron
method with Blochl corrections.>

B ASSOCIATED CONTENT

© Ssupporting Information. X-ray diffraction patterns,
scanning tunneling spectra (STS) taken on Lay ,Sry ;MnO; films
grown on SrTiO; (STO) and LaAlO; (LAO), DFT model
construction and description, and calculated total density of
states on LSM(001) that show a change in the band gap value asa
function of strain. This material is available free of charge via the
Internet at http://pubs.acs.org.
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