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ABSTRACT: In-depth probing of the surface electronic struc-
ture on solid oxide fuel cell (SOFC) cathodes, considering the
effects of high temperature, oxygen pressure, and material strain
state, is essential toward advancing our understanding of the
oxygen reduction activity on them. Here, we report the surface
structure, chemical state, and electronic structure of a model
transition metal perovskite oxide system, strained LaggSry .
CoOj3 (LSC) thin films, as a function of temperature up to
450 °C in oxygen partial pressure of 10> mbar. Both the tensile
and the compressively strained LSC film surfaces transition
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from a semiconducting state with an energy gap of 0.8—1.5 eV at room temperature to a metallic-like state with no energy gap at
200—300 °C, as identified by in situ scanning tunneling spectroscopy. The tensile strained LSC surface exhibits a more enhanced
electronic density of states (DOS) near the Fermi level following this transition, indicating a more highly active surface for electron
transfer in oxygen reduction. The transition to the metallic-like state and the relatively more enhanced DOS on the tensile strained
LSC at elevated temperatures result from the formation of oxygen vacancy defects, as supported by both our X-ray photoelectron
spectroscopy measurements and density functional theory calculations. The reversibility of the semiconducting-to-metallic
transitions of the electronic structure discovered here, coupled to the strain state and temperature, underscores the necessity of

in situ investigations on SOFC cathode material surfaces.

1. INTRODUCTION

The slow rate of oxygen reduction (OR) at the cathode is
considered to be the main barrier for implementation of high
performance solid oxide fuel cell (SOFC) systems at intermedi-
ate temperatures (500—700 °C).'~* Surface oxygen exchange is
the key process that limits the OR kinetics on the mixed ionic and
electronic conducting cathodes. The kinetics of oxygen exchange
on the surface depends on the electronic structure and surface
chemistry (i.e., cation concentration and oxygen nonstoichiometry)
driven by temperature and oxygen partial pressure.”” In addi-
tion to the temperature and oxygen partial pressure, there is
evidence from recent literature that lattice strain may also serve
as a thermodynamic and kinetic driving force for the surface
exchange and diffusion of oxygen ions, by influencing the inter-
face cation chemistry,® " surface oxygen stoichiometry,"” elec-
trical conductivity,'* and surface and bulk ionic transport.'>'*~*”
The strong coupling between the biaxial strain to the ionic con-
ductivity has been first shown in the fluorite structured SOFC
electrolyte material Y,O5-stabilized ZrO, (YSZ) Jaens sug-
gesting the possibility of a significantly enhanced strain-driven
ionic conductivity due to reduced migration energy barriers.
However, in situ studies of how the key descriptors of OR activity
evolve with temperature, oxygen pressure, and strain state have
been largely missing, except from a few recent studies.”” This is
because the functional conditions of SOFC cathodes at elevated
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temperatures and reactive gas pressures are too harsh for the
traditional vacuum-based surface science techniques.'® '
Herein we describe the temperature and strain effects on the
surface of strontium-doped lanthanum cobaltite, a widely studied
and promising SOFC cathode material,*>** using new develop-
ments in in situ scanning probe-based surface science methods.
We have recently demonstrated, using density functional theory
(DFT) calculations, that the epitaxial tensile strain can alter the
surface thermodynamics of LaCoO; by impacting the oxygen
adsorption and oxygen vacancy formation energies.'> Direct
experiments probing the effects of strain on the surface of the
LaCoOj; have yet been missing. The markedly enhanced oxygen
exchange rates on Sase et al.’s LagSrg4Co0O3/(La,Sr),Co0,
heterointerface system24 and on La O’ et al.’s Lag gSry ,CoO5 thin
films*® could potentially be explained bzr the driving role of lattice
strain in oxygen vacancy formation.'>*® These recent examples
together motivate our investigation of the surface chemical
state and electronic structure of LSC as a model system, not
only as a function of temperature but also as a function of
epitaxial lattice strain, in connection to surface reactivity with
oxygen. Furthermore, the impact of lattice strain on the surface
electronic structure and reactivity has been long demonstrated for
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low-temperature transition metal electrocatalysts.”” > The rela-
tion is explained on the basis of the center of the metal d-band
electronic states and the modified degree of hybridization of the
transition metal d-band and the adsorbed oxygen 2p electronic
states (for the case of oxygen adsorption and dissociation). On
transition metal perovskite oxides, however, the processes that
describe “reactivity” are associated with two cation sublattices
and an anion sublattice, which are more complex and not nearly
well explored compared to the transition metal surfaces. On the
basis of the motivating evidence summarized above, a direct
mechanistic understanding of the strain-driven chemical and
electronic states on transition metal oxide cathode surfaces for
accelerating OR kinetics is needed.

In this study, we probed the impact of temperature and lattice
strain on the surface electronic structure and the chemical state as
important determinants of oxygen reduction activity on epitaxial
LSC films as a model system. Both the tensile and the compres-
sive strained LSC film surfaces transition from a semiconducting
state at room temperature to a metallic-like state at elevated tem-
peratures, as captured by in situ scanning tunneling microscopy
and spectroscopy (STM, STS). The tensile strained LSC surface
exhibits a more enhanced electronic DOS near the Fermi level
following this transition, indicating a more highly active surface
for electron transfer. We hypothesize that the governing reason
for the enhanced DOS on the tensile strained LSC is the
easier formation of oxygen vacancy defects when LSC is tensile
strained. This hypothesis is supported by both our X-ray photo-
electron spectroscopy (XPS) results and our DFT calculations of
oxygen vacancy formation energies. The results represent an
initial set of in situ correlations of chemical and electronic state to
the temperature and strain state together on dense thin film
perovskite cathodes, which are not possible to capture by ex situ
measurement alone. The organization of the rest of this paper is
as follows. In section 2, the experimental methods and simulation
details are described. In section 3, experimental results on the
temperature-dependent surface chemistry and electronic struc-
ture are presented, accompanied with discussion about their
physical meaning and significance. Finally in section 4, we
summarize our major observations and conclusions.

2. METHODS

LSC films with thicknesses of ~20 nm on single crystal SrTiOs
(STO) and LaAlO; (LAO) were fabricated by pulsed laser deposition
(PLD), using a KrF excimer laser at a wavelength of 248 nm. Laser beam
energy was set at 550 mJ per pulse at 10 Hz pulse frequency. The
optimum growth conditions for these epitaxial films were at 750 °C with
O, pressure (Poz) of 20 mTorr, with the substrate located at a distance of
6.0 cm away from target. After deposition, the sample was cooled at
10 °C/min to room temperature under a Po, of 10 Torr.

Ex situ X-ray diffraction (XRD) 20— scans, X-ray reflectivity (XRR)
measurements, and in situ reciprocal space mapping (RSM) were
performed to characterize the crystal structure, thickness, and strain
states, respectively, of the LSC films. RSM was performed both at room
temperature and at 500 °C in air. The measurements employed a high-
resolution four-circle Bruker D8 Discover diffractometer, equipped with
a Gobel mirror, four-bounce Ge(022) channel-cut monochromator,
Eulerian cradle, and a scintillation counter, using Cu Ka; radiation.

In situ X-ray photoelectron spectroscopy was used to identify the
surface cation chemistries as a function of temperature. The Omicron
EA 125 hemispherical analyzer and Omicron DAR 400 Mg/Al dual
anode nonmonochromated X-ray source were used for XPS measure-
ments, and CasaXPS 2.3.15 software was used for peak fitting and

quantification (See Supporting Information for peak fitting details).
Carbon contamination was removed from the surfaces of the air-exposed
LSC films by heating them in an oxygen pressure of 10~ * mbar at 450 °C
for 1.5 h in the UHV chamber. Spectra were acquired over 25—450 °C
and at 10~ mbar with emission angles from 0° to 60° as defined relative
to the surface normal plane. The Sr 3d, La 3d, and Co 2p emissions
were measured and used in the analysis. For the excitation energy of
1253.6 eV, the sampling depths of these photoelectrons at 0° emission
angle are ~6 nm for Sr 3d, ~3 nm for La 3d, and ~3 nm for Co 2p.30
At the emission angle of 60°, the measurements are more surface
sensitive, since the sampling depths of each element are half of those at
the emission angle of 0°.

High spatial resolution probing of the surface morphology and
electronic structure was achieved by using a modified variable-tempera-
ture scanning tunneling microscope by Omicron GmbH from room
temperature up to 450 °C in 10> mbar oxygen. STM was performed in
the constant-current mode using Pt/Ir tips, with a sample bias voltage of
2V and a feedback tunneling current of 200—500 pA. A retractable oxy-
gen doser was used for directly exposing the surface with oxygen during
imaging and tunneling spectroscopy measurements.

Because our experimental results on the surface electronic structure at
elevated temperatures were interpreted on the basis of the role of oxygen
vacancies, we assessed the oxygen vacancy formation on the LSC
surface using first-principles based calculations in the framework of
DFT. The generalized gradient approximation (GGA) parametrized by
Perdew and Wang31 along with the projector augmented wave (PAW)
method* was used to describe ionic cores. To avoid the self-interaction
errors that occur in the traditional DFT for strongly correlated electronic
systems, the DFT+U method accounting for the on-site Coulomb
interaction in the localized d or f orbitals was adopted, with an effective
U-J = 3.3 €V that was previously used accurately for LaCoO4.>* 3 All
calculations used a plane wave expansion cutoff of 400 eV and included
spin polarization. Further computational details of the model can be
found in our recent reports.12’35’36 Oxygen vacancy formation energy is

calculated as®”>®

1
Evac = E{Esurf/vac - Esurf/ba.re} + :uO(TJ Poz) (1)

where E,,. is oxygen vacancy formation energy, Eguf/vac is the total
energy of a symmetric slab with a vacancy on both surfaces of the slab,
Equrf/bare is the total energy of a slab without a vacancy, and yo(T,Poz) is
the chemical potential of oxygen in the gas phase (O atoms in O,
molecules). The oxygen vacancy formation energy we calculated here is
for the removal of a neutral oxygen atom from the lattice. The chemical
potential term depends on temperature and pressure and is typically
taken from experimental data.*® At 0 K, the vacancy formation energy
corresponds to enthalpy of formation with the £ (T,Po,) equal to half of
the DFT-calculated total energy of an isolated O, molecule.

3. RESULTS AND DISCUSSION

3.1. Structure of the Strained LSC Films. The bulk crystal of
the perovskite LSC has a rhombohedral unit cell, a = b = 5.447 A,
¢ =13.178 A, which is related to the average perovskite structure
with a pseudocubic lattice constant of a, (by.) = 3.851 A. Two
different single-crystal substrates SrTiO3 (100) (STO,a=3.905 A)
and LaAlO; (100) (LAO, a = 3.793 A) were used to produce a
1.4% tensile and —1.5% compressive strain within the pseudo-
cubic LSC, respectively, at room temperature. At the experi-
mental temperature of up to 450 °C and the growth temperature
of 750 °C, the expected tensile strains induced by STO decrease
to 1.0% and 0.7%, respectively, while the compressive strains
induced by LAO increase to —1.9% and —2.2%, respectively, due
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Figure 1. The 26— scans in logarithmic intensity scale of (a) LSC/STO and (b) LSC/LAO show only /00 diffraction peaks of LSC. X-ray diffraction
reciprocal space maps were measured at 500 °C for (c) LSC/STO and (d) LSC/LAO thin films. The arrows in parts c and d show the 103 reflections of
the LSC thin films and the substrates. The dashed vertical lines in parts ¢ and d indicate that the average in-plane lattice parameters of both films match
the in-plane lattice parameters of their substrates, which confirms fully strained LSC films at 500 °C (the same signature as those measured at room

temperature in Figure S1 of the Supporting Information).
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Figure 2. LSC surface morphology on (a) STO and (c) LAO showed
layered structures at room temperature, imaged by scanning tunneling
microscopy. Height profiles of (b) LSC/STO and (d) LSC/LAO
showed a step height of 4.0 & 0.3 A, which matches well the LSC lattice
constant (3.85 A). Blue bars in parts a and ¢ show the position of the line
profiles in parts b and d.

to the different thermal expansion coefficients of the film and the
substrates.

XRD 20— scans (Figure 1a,b) of the as-deposited LSC films
grown on both substrates, hereafter denoted as LSC/LAO and
LSC/STO, exhibited only h00 diffraction peaks, indicating that
single-phase LSC layers were successfully grown on both substrates,

intensity [a.u.]

26[°]

Figure 3. X-ray reflectivity data measured on LSC/STO show the
presence of well-defined Kiessig fringes that demonstrate the structural
coherence of the film.

with the 100 planes of the films parallel to the substrate surfaces.
XRD reciprocal space maps measured at 500 °C in air around
the 103 Bragg reflection of the pseudocubic LSC thin films
(Figure 1c,d) confirm that the LSC film is fully strained by the
STO substrate, since the in-plane components of the reciprocal
lattice vectors for both the film and the substrate are exactly
matching. The in-plane components of the reciprocal lattice
vectors are nearly identical also for the LSC film deposited on
LAOQ substrate. However, the 103 reflection of the LSC film on
LAO substrate is more diffuse compared to the film on STO,
which may stem from a strain gradient through the film thickness,
the presence of a defective structure in the substrate, small crys-
tallite size, and lattice imperfections in combination with slight
changes in the orientation of the diffraction vector for different
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crystallites. (At room temperature, both films also show fully
strained coherence with the substrates. See Figure S1 of the
Supporting Information.)

The surface of the LSC films grown on STO and LAO has
well-resolved, atomically smooth terraces (Figure 2a,c), indicat-
ing a layered structure with an overall root-mean-square rough-
ness of less than 1 nm. The height difference of 4.0 £+ 0.3 A
between each layer (Figure 2b,d) is consistent with the lattice
parameter (3.85 A) of the LSC. The continuity of these films
was confirmed by XRR measurement, which showed well-defined
finite-size peaks, the Kiessig fringes (Figure 3). The presence of
these well-defined fringes demonstrates the structural coherence
between the top of the film and the film/substrate interface.
From the analysis of the XRR peaks, the thickness and surface
roughness of the films were found to be 19 nm and about 1 nm,
respectively. The color-contrast shown in the STM images for
both films (Figure 2a,c) corresponds to a peak-to-valley height
difference of only 1—2 nm, consistent with the XRR results. The
layer-by-layer nature of the surfaces of these two sets of films is
similar to each other, enabling a comparison between them that
may have only minimal (if any) artifacts due to morphology
differences.

3.2. Surface Chemistry of the Strained LSC Films at Room
Temperature. The Sr content on the A-site [quantified as Sr/
(Sr + La)] and the relative presence of A-site versus B-site cations
[quantified as (Sr + La)/Co)] on the LSC surface were assessed
by analyzing the Sr 3d, La 3d, and Co 2p emissions in the angle-
resolved XPS measurements. At the emission angle of 60°, the
(Sr + La)/Co ratios on the surface of LSC/STO and LSC/LAO
are 3.02 £ 0.15 and 2.64 £ 0.10, respectively, which suggest
primarily AO-terminated surfaces (A = La, Sr). The Sr/(Sr + La)
ratios at 60° of 0.44 &= 0.02 and 0.41 £ 0.02 found for LSC/STO
and LSC/LAO, respectively, show an enhanced presence of Sr
cations on the A-site on both of the LSC film surfaces. The bulk
composition of a thick (~400 nm thick) LSC film was found by
energy dispersive X-ray spectroscopy (EDS), showing that the
Sr/(Sr + La) is 0.21 4= 0.02 and the (La + Sr)/Co is 0.93 4= 0.05.
The bulk film composition determined by EDS is nearly the
nominal stoichiometry, considering the quantification accuracy
of 4—59% for EDS.* This confirms that the surface compositions
that are rich in Sr and in A-site cations identified by XPS are not
artifacts of PLD throughout the film. Furthermore, the surface
and subsurface contributions to the Sr 3d spectra, namely, the
Steurface aNd Stiuuice, Were identified. We use the Sryyface/ STiattice
ratio as another measure of the segregation tendency of Sr on the
perovskite surface (see Figure S2 of the Supporting Information
for detailed analysis). The Styusface/ Stiattice ON the tensile strained
LSC/STO is 1.3, larger than 1.1 on the compressively strained
LSC/LAO. The enhanced presence of the Sty e and the larger
Sr/(Sr + La) ratio on LSC/STO suggest a small further enrichment
of surface Sr driven by the tensile strain state of the LSC film.*®
It is not only the composition but also, and perhaps more impor-
tantly so, the atomic structure of the surface that is important in
determining the surface electronic structure and reactivity. When
Sr enriches on the LSC, the surface can evolve and form different
atomic structures. In the simplest case, Sr replaces La on the surface”
while retaining a perovskite-terminated structure. Surface phase
separations in the form of SrO*"** and Ruddlesden—Pog)per
(RP) phases, for example (La,Sr),MnO, on (La,Sr)MnO;* are
also possible. Each of these phases has a characteristic and
distinct lattice parameter that should reflect as step height differe-
nce on the surface. Our STM images (Figure 2a,c) showed that
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Figure 4. Tunneling spectra (dI/dV) taken at room temperature,
representing the surface occupied and unoccupied electronic states in
the electronic structure near the Fermi level (0 eV) on LSC/STO and
LSC/LAO; the tensile strained LSC/STO has a larger energy gap (Eg)
than the compressively strained LSC/LAO.

the step height difference matches well with the perovskite LSC
lattice constant. This information combined with the XPS result
discussed above suggests that the LSC surfaces reported here
retain a perovskite-like structure and are terminated with the AO-
layer on which Sr replaces La to a greater extent than the bulk
nominal Sr-content. No evidence for the presence of SrO or RP
phases was found on the surface. However, since we could not
obtain atomic resolution laterally on these surfaces, we cannot
eliminate the possibility of lateral surface reconstructions.

3.3. Surface Electronic Structure of the Strained LSC Films
at Room Temperature. The surface reactivity of a material is
governed by its electronic structure.”***~*” Tunneling spectros-
copy measurements to identify the surface electronic structure of
the differently strained LSC films were performed as a function of
temperature in situ from room temperature up to 450 °C in 10°°
mbar oxygen pressure. At room temperature LSC surfaces exhi-
bited an energy gap between the occupied and unoccupied states
(Figure 4), favoring a narrower gap (0.8 = 0.2 eV) for the
compressively strained LSC film than the tensile strained LSC
film (1.5 & 0.2 eV). The semiconducting behavior of LSC/LAO
and LSC/STO surface at room temperature is contrary to the
reported bulk electronic properties of La;_,Sr,CoO; Mineshige
et al.*® showed that La,_,Sr,CoO5 has an insulator-to-metal tran-
sition for & > 0.25 at room temperature. STM/STS is a surface
analysis tool, and our LSC thin films with x ~ 0.4 on the top
2—3 nm of surface exhibit a semiconducting instead of a metallic
structure, suggesting a different behavior of surface states com-
pared to the bulk LSC behavior. Rata et al. demonstrated
that a strain-induced cooperative Jahn—Teller-type (JT) defor-
mation of the CoOg octahedra may provide a localization
mechanism in tensile LSC films on STO substrates, and thus,
induce an insulating state."® This cooperative JT distortion has
also been reported as an efficient localization mechanism for the
ey electrons in ferromagnetic manganites.49753 Furthermore, our
recent DFT calculations on Lag,Sry sMnO5 (LSM) showed that
the lattice strain directly impacts the surface energy gap and it
increases as the epitaxial strain changes from compressive to
tensile.’® The correlations of JT distortions and strain with the
electronic structure are consistent with our tunneling spectra
results here exhibiting a larger energy gap for the tensile state at
room temperature. We believe that the different energy gaps on
these LSC film surfaces likely arise due to a direct effect of the
biaxial lattice strain on the crystal and electronic structure of LSC.
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Figure S. (a) Energy gap measured by scanning tunneling spectroscopy and (b) cation chemistries from X-ray photoelectron spectroscopy (normal
emission angle) for the tensile strained LSC/STO and compressively strained LSC/LAO surface as a function of temperature from room temperature
(rt) to 450 °C and back to rt. The dashed connecting lines are a guide for the eye. The surface structure of (c) LSC/STO and (d) LSC/LAO films at 450
°C shows the stability of the layered structure without evident changes in the film surface morphology.

3.4. Surface Chemistry and Electronic Structure of the
Strained LSC Films at Elevated Temperatures. Investigation
of how the surface electronic structure is driven by elevated tem-
peratures is of essence to understand the electron transfer and
oxygen reduction properties on SOFC cathodes, as well as in
other high-temperature applications of transition metal oxides.
Here we report the temperature dependence of the energy gap
and electron tunneling conductance (representative of the DOS)
on the surface of the tensile and compressively strained LSC films,
probed in situ from room temperature up to 450 °C in 10~ > mbar
of oxygen pressure. The energy gaps on both films reduce with
increasing temperature, and the LSC/LAO has a smaller average
surface energy gap than the LSC/STO from room temperature
up to 200 °C (Figure Sa). The LSC/LAO already exhibits metallic-
like regions with E; = 0 eV at 200 °C, while both LSC film
surfaces become entirely metallic at 300 °C. The LSC surfaces
remain metallic up to 450 °C and return reversibly back to a state
with the same energy gap upon cooling down to room tempera-
ture in the same oxygen pressure. This reversible transition from
the presence of an energy gap to a metallic-like state in the surface
electronic structure of LSC, which we name as a semiconductor-
to-metal transition (SMT), is unexpected, because the thermal
excitations up to 200—300 °C alone are not sufficient to enable
the closure of the 0.8—1.5 eV energy gap. Furthermore, tunnel-
ing spectroscopy measurements on other perovskite surfaces>* >’
conducted at room temperature after heating to elevated tem-
peratures did not show such a drastic and reversible evolution in
the electronic structure. Because those measurements were not
performed in situ at the high temperatures, reversible changes in
electronic structure may have been missed.

17700

Such reversible SMT's were also observed in our recent studies
of the surfaces of LSM films on LAO, STO, and YSZ>*° and on
the surfaces of Sr(Ti,Fe)Os films on YSZ*® in situ at elevated
temperatures (studied only at rt and at 500 °C, without a sys-
tematic identification of the intermediate transition temperatures
and the cause of the transitions). We believe that the complete
disappearance of the energy gap at moderately elevated tem-
peratures is intrinsic to the LSC film surfaces here and is not an
artifact of the substrates. This is because both LAO and STO are
insulating under these experimental conditions,” and the LSC
films are ~20 nm thick, which does not allow tunneling from the
substrates, even if they were to become metallic. Furthermore,
the morphologies of both LSC films up to 450 °C remained
stable, with the same layered structure as in their initial condition
(Figure Sc,d). Therefore, a bulk phase change to a metal structure
does not take place in LSC under these experimental conditions.

3.5. Underlying Mechanisms of the SMT and Its Depen-
dence on the Lattice Strain. The transition from the presence
of an energy gap to a metallic-like electronic structure may arise
from the formation of hole-rich regions on the surface due to Sr
cation segregation at elevated temperatures,6O as cation dynamics
can take place at high temperature on oxide surfaces.”' However,
the temperature at which we observe the disappearance of the
energy gap is too low to enable significant cation mobility that
may alter the surface cation compositions.>”*> Supporting this,
XPS on both the LSC/STO and LSC/LAO (Figure 5b) did not
show any evidence of surface cation movement up to the tem-
peratures at which the transition completely took place (300 °C).
Therefore, we believe that the surface cation enrichment or deple-
tion on LSC is not responsible for the SMT that we discove-
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Figure 6. Tunneling spectra (dI/dV) at (a) 300 °C and (b) 450 °C, representing the DOS, and (c) Co 2p region of the photoelectron spectra on LSC/
STO and LSC/LAO at 300 and 450 °C after 90 min of annealing (including the measurement time). Satellite peaks (Sat.) represent the enhanced
presence of Co”" oxidation state in addition to the Co" state. The Co 2p spectra show enhanced formation of Co>" on the tensile strained LSC/STO

films compared to the LSC/LAO at elevated temperatures.

red at 200—300 °C. Instead, the origin of the SMT on both LSC
surfaces here could be attributed to the following three possible
mechanisms.

The first mechanism is associated with the Co spin state
transitions as a function of temperature:*>®> the conversion of
low-spin to intermediate-spin Co ions at T = 650K causes a tran-
sition from semiconducting to metallic state. The temperature at
which the SMT on the LSC film surfaces takes place here, around
200—300 °C (473—573 K), is not too far from the temperature
for the conversion of low-spin states to intermediate-spin states
of cobalt ions as identified by Senaris and Goodenough.63 The
second mechanism is associated with the broadening of the elec-
tronic bandwidth at the elevated temperature due to structural
changes that LSC undergoes. Mineshige et al.*® identified an
insulator-to-metal transition in bulk LSC with increasing tem-
perature, which correlates well with the reducing degree of the
tilting of the CoOjg octahedra and the increasing Co—O—Co angle,
which broadens the bandwidths of the Co 3d and O 2p bands.
When the bandwidths become larger than the charge-transfer
gap, a transition to metallic state takes place, and this is at the
Co—0—Co angle of ca. 165°.* For the undoped bulk LaCoOs,
this transition was found to take place at nearly 950 K. While this
is much higher than the SMT temperature we observe here, the
thin film epitaxial geometry or the Sr content may reduce the
structural transition temperature, although this is not confirmed.
The third mechanism is related to the formation of oxygen vacancies
at elevated temperatures. The 200—300 °C temperature range is

reasonably high to initiate oxygen vacancy formation on the LSC
surface, given that the vacancy formation enthalpy at 0 K on LSC
surfaces is nearly 0.75 eV (lower than the vacancy formation
energy of 2 eVgL for the bulk LSC), and the free energy of
formation is reduced significantly further at the experimental
temperature and oxygen pressure.37 Oxygen defects in transition
metal oxides modify the d band structure of the neighborin%
transition metals and induce defect states in the band gap.6577
Here, the enhanced oxygen vacancy defect states may interfere
with the Co d band in a delocalized manner at elevated
temperatures and enable the transition from the presence of
an energy gap to a metallic-like state on the LSC surface. While
further experimental and computational investigations are re-
quired to pin down the primary governing mechanism, we
believe the oxygen vacancy defects are a more likely player for
the SMT on LSC films compared to the other two mechanisms
discussed above. This is in light of the following evidence on
the Co oxidation state as a function of temperature and film
strain state.

Furthermore, the transition to metallic state at high tempera-
ture is stronger with a larger DOS near the Fermi level for the tensile
strained LSC/STO compared to the compressively strained LSC/
LAO at 300 and 450 °C (Figure 6a,b). Taking the DOS near the
Fermi level (0 V sample bias) as a measure of reactivity,***’ our
results suggest that tensile strain state on LSC may favor electron
transfer to and reactivity with oxygen at elevated temperatures on
cathodes of solid oxide fuel cells. This is interesting and contrary
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to the room temperature state, at which the LSC/STO had a larger
energy gap, emphasizing the importance of probing the surface
electron transfer properties in situ. We note that the XPS results
showed no discernible difference in the surface cation content
between these two films at 300 °C and only small differences at
450 °C (Figure Sb). Furthermore, the STM images showed that
the surface structure remains stable up to 450 °C (Figure Sc,d).
Therefore, the possibility of cation redistribution and chemical
phase separation on the surfaces can be ruled out to be respon-
sible for the different electron transfer activities of the differently
strained LSC films at elevated temperatures. We attribute the
differences in the high-temperature DOS on LSC/STO and LSC/
LAO to the varying ease of oxygen vacancy formation driven by
strain. Strain state of the LSC films can influence the oxygen
vacancy formation energies and thus the equilibrium surface vac-
ancy concentrations at elevated temperatures.'>**”" Indeed, our
DFT calculations estimate a vacancy formation energy lower by
0.43 eV on the +1.0% tensile strained LaO-terminated LaCoOj
(001) surface compared to the —1.9% compressively strained
one (representative of the expected strain states of the LSC films
at 450 °C). Such a significant difference in the equilibrium surface
vacancy concentrations and defect configurations can influence
the way the electronic structure is modified.”>”

We take the Co oxidation state, observed by the Co 2p photo-
electron spectra (Figure 6¢), as a measure in quantifying the
relative presence of surface oxygen vacancies on the LSC films.
At room temperature, both film surfaces had mainly Co". This
is deduced from presence of a weak satellite feature at around
790 eV that is characteristic of a mixed Co”* and Co®" state as in
Co030,,”* and the smaller magnitude of this peak at 790 eV sug-
gests more dominance of the Co®" state. For the tensile strained
LSC/STO, the Co>" satellite peak75’76 at around 786 eV was
evident already at 300 °C (upon annealing for 90 min including
the measurement time), suggesting the enhanced formation of
Co>" due to the oxygen vacancies. At 450 °C, the Co>" satellite
structure on LSC/STO became more prominent, indicating the
increasing formation of oxygen vacancies. In comparison, the Co
2p spectra at 300 and 450 °C for the comgressively strained
LSC/LAO showed a mainly Co’" line shape”*”* without an evi-
dent Co™* satellite feature for the same duration of annealing. The
absence of Co>" satellite peaks in the spectra from LSC/LAO
may result from only a small amount of Co”* formation (that our
measurements were not sensitive to) or only the reduction of
Co*" to Co®" that could inherently not be distinguished from the
Co 2p emission by the sensitivity of the XPS technique. On the
other hand, the dI/dV data on LSC/LAO shows already a com-
plete SMT transition at those temperatures. (See the Supporting
Information for the formation of Co>* also on LSC/LAO only
upon more prolonged annealing, and for the partial reversibility
of the Co 2p spectra upon cooling down to room temperature).
This suggests an easier formation of oxygen vacancies on the
LSC/STO than on the LSC/LAOQ, consistent with our theore-
tical prediction of 0.43 eV lower vacancy formation energy for the
tensile strained (AO-terminated) LSC surface. This difference
results in a larger concentration of equilibrium oxygen defects
and, we believe, governs the more highly enhanced DOS near the
Fermi level for the tensile strained LSC/STO surface. Further-
more, the difference in the electronic structure as a function of
the amount of vacancies shows that the vacancies not only serve
as the preferred oxygen adsorption sites (as is the traditional
view””~”?) but also enhance the electron transfer properties on
the LSC surface for OR at elevated temperatures.

It is worth mentioning that the strain response of the surface
chemistry and the electronic structure on the herein-reported
LSC thin films is qualitatively similar to our recent findings on
LSM,*® while here these effects have been more systematically
probed and analyzed as a function of temperature, precisely
pointing to the transition temperatures and mechanisms govern-
ing the changes in electronic and chemical state on the surfaces.
The electronic and ionic properties of LSM and LSC as SOFC
cathodes vastly differ, the former being an ion conduction-limited
oxide cathode® and the latter a surface exchange-limited one.*
Interestingly, these differently treated perovskite oxides respond
qualitatively similarly to strain in terms of the surface Sr segrega-
tion, oxygen vacancy formation, as well as electronic structure
transitions at elevated temperatures. The qualitative similarity
between the strain-response of LSC and LSM may render our
mechanistic results discussed here applicable for describing the
strain-stimulated behavior of a wider family of transition metal
perovskite oxides.

4. SUMMARY AND CONCLUSION

In summary, we showed that the surface electronic and chemi-
cal state of epitaxial Lag gSro,CoOj thin films varied over a range
of temperatures, and the extent of this variation depended on the
strain state of the films. Chemically, both the tensile strained LSC/
STO and the compressively strained LSC/LAO showed Sr-rich
surfaces, with slightly more Sr surface enrichment on LSC/STO.
We discovered a transition from a semiconducting (energy gap)
to a metallic-like state (no energy gap) on both films at ~200—
300 °C, with a more enhanced DOS near the Fermi level on the
LSC/STO surface for up to 450 °C in 10~ mbar oxygen. The
transition to the metallic-like state, and the relatively higher
enhancement of DOS on the LSC/STO, is most likely due to
the formation of oxygen vacancies that may induce states in the
energy gap in a delocalized manner at elevated temperatures. Our
DEFT calculations and Co 2p photoelectron spectra indicate a
lower vacancy formation energy and enhanced formation of sur-
face oxygen vacancy defects, respectively, on LSC/STO, support-
ing the increased DOS near the Fermi level found from tunneling
spectroscopy. We believe our results on LSC are descriptive of
the strain-response of the wider family of perovskite oxides.
Because the semiconducting-to-metallic transition is reversible, it
is impossible to capture it by ex situ electronic structure measure-
ments alone, underscoring the importance of the in situ measure-
ment capabilities. These results represent an initial set of in situ
correlations of the chemical and electronic state to the tempera-
ture and strain state on transition metal oxide cathodes. Further
in-depth probing and analysis of such correlations on a broader
range of materials and conditions are essential toward advancing
our understanding of how the surface state relates to the oxygen
reduction activity on SOFC cathodes and other oxides function-
ing at high temperatures.

B ASSOCIATED CONTENT

© Supporting Information. Figure S1, X-ray diffraction
reciprocal space map of LSC/STO and LSC/LAO thin films mea-
sured at room temperature; Figure S2, X-ray photoelectron spectra
of the Sr 3d region for the cleaned surfaces of tensile strained LSC
on STO and compressively strained LSC on LAO; Figure S3,
tunneling current versus bias data taken on LSC/STO and LSC/
LAO thin film surfaces at room temperature, 300, and 450 °C; and
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Figure S4, Co 2p X-ray photoelectron spectra on the LSC/LAO
film annealed at 450 °C for a prolonged time. This material is
available free of charge via the Internet at http://pubs.acs.org.
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