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ABSTRACT: Attaining fast oxygen exchange kinetics on perovskite and related mixed ionic and electronic conducting oxides is
critical for enabling their applications in electrochemical energy conversion systems. This study focuses on understanding the
relationship between surface chemistry and the surface oxygen exchange kinetics on epitaxial ﬁlms made of (La1−xSrx)2CoO4, a
prototypical Ruddlesden−Popper structure that is considered as a promising cathode material for fuel cells. The eﬀects of crystal
orientation on the surface composition, morphology, oxygen diﬀusion, and surface exchange kinetics were assessed by combining
complementary surface-sensitive analytical techniques, speciﬁcally low energy ion scattering, X-ray photoelectron spectroscopy,
Auger electron spectroscopy, scanning transmission electron microscopy, atomic force microscopy, and secondary ion mass
spectroscopy. The ﬁlms were grown in two diﬀerent crystallographic orientations, (001) and (100), and with two diﬀerent Sr
compositions, at x = 0.25 (LSC25) and 0.50 (LSC50), by using pulsed laser deposition. In the as-prepared state, a Sr enriched
layer at the top surface and a Co enriched subsurface layer were found on ﬁlms with both orientations. After annealing at elevated
temperatures in oxygen, the Sr enrichment increased, followed by clustering into Sr-rich secondary phase particles. Both the
LSC25 and LSC50 ﬁlms showed anisotropic oxygen diﬀusion kinetics, with up to 20 times higher oxygen diﬀusion coeﬃcient
along the ab-plane compared that along the c-axis at 400−500 °C. However, no dependence of surface oxygen exchange
coeﬃcient was found on the crystal orientation. This result indicates that the strong Sr segregation at the surface overrides the
eﬀect of the structural anisotropy that was also expected for the surface exchange kinetics. The larger presence of Co cations
exposed at the LSC25 surface compared to that at the LSC50 surface is likely the reason for the faster oxygen surface exchange
kinetics on LSC25 compared to LSC50. This work demonstrated the critical role of surface chemistry on the oxygen exchange
kinetics on perovskite related oxides, which are thus far underexplored at elevated temperatures, and provides a generalizable
approach to probe the surface chemistry on other catalytic complex oxides.

1. INTRODUCTION
1.1. Motivation. Over the past 20 years there has been a
growing interest in the oxygen exchange kinetics of (ABO3)
perovskite and perovskite related mixed conducting materials.
This interest is because the exchange kinetics is critical in many
© 2015 American Chemical Society

Received: June 18, 2015
Revised: June 29, 2015
Published: June 30, 2015
5436

DOI: 10.1021/acs.chemmater.5b02292
Chem. Mater. 2015, 27, 5436−5450

Article

Chemistry of Materials

Figure 1. (a) Oxygen tracer diﬀusion coeﬃcient, D*, and (b) oxygen tracer surface exchange coeﬃcient, k*, along the ab-plane and c-axis direction
reported in the literature for Ruddlesden−Popper 214 structured oxides.

into the rock-salt layers, as will be revealed by our results in this
paper.
1.2. Previous Results on Anisotropic Diﬀusion and
Surface Reaction Kinetics in 214 R−P Oxides. There have
not been a large number of studies on the anisotropy of the
oxygen exchange kinetic parameters for (La1−xSrx)2CoO4±δ;
however, there has been a considerable amount of literature on
oxygen diﬀusion in related materials with the 214 R−P
structure based on (La1−xSrx)2CuO4+δ and (La1−xSrx)2NiO4+δ.
This body of literature has been fully reviewed by Tarancon et
al.32 with respect to their application as solid oxide fuel cell
(SOFC) cathodes and recently complemented by the work by
Bassat et al.33 on Pr2NiO4 and Nd2NiO4. Thus, we will restrict
this section to a brief overview of the prior work that has been
done to investigate the anisotropy in both the diﬀusion
coeﬃcient and the surface exchange coeﬃcient in 214 R−P
oxides. One major factor to consider when reviewing these
materials is that the nature of the dominant oxygen defect can
change depending upon the level of substitution by strontium.
For low strontium substitutions the dominant oxygen defect is
an oxygen interstitial ion but for high strontium substitution
this changes to an oxygen vacancy. For the stoichiometry under
consideration here (x = 0.25 and 0.5 in (La1−xSrx)2CoO4±δ)
oxygen interstitials are the majority defects in air,34,35 and thus
we will focus on this regime.
There have been a number of simulations of oxygen
migration in the 214 R−P oxides.36−48 Perhaps the most
relevant of these is a recent paper dealing with molecular
dynamics (MD) simulation of interstitial migration in
La1.2Sr0.8CoO4.1 by Tealdi et al.48 As with previous MD
simulations of 214 materials,45,47 they showed that the oxygen
interstitials and the apical oxygen ions on the CoO6 octahedra
are involved in an interstitialcy mechanism conﬁned to the
(La,Sr)2O2 layers with an activation energy of 0.71 eV. This
gives a predicted anisotropy of the oxygen diﬀusion, although
Tealdi et al.48 did not give a value for the c-axis diﬀusion
because it was not observed during the MD simulations. Lattice
static calculations of the unsubstituted La2CoO4+d again show
the interstitialcy mechanism to be dominant and reported a
large diﬀerence in the activation energy parallel to (0.73−0.80
eV) and perpendicular to (1.37−1.39 eV) the La2O2 planes.44

of the important technological applications of these materials in
clean energy conversion systems. These applications include
electrodes for high temperature electrochemical devices,1−3 gas
separation membranes,4 gas conversion/reformation catalysts,5
for information storage and processing by redox based resistive
memories,6,7 and as active materials for sensors. Although the
factors governing the oxygen self-diﬀusion in these materials are
now fairly well understood,8 the exact mechanisms of the
oxygen surface exchange process and their dependence on the
surface structure remained elusive.9−11 Recent work on bulk
and thin ﬁlm materials has shown that the surfaces of these
materials change markedly at operating temperatures due to
cation segregation.12−22 In a number of recent studies the
dominance of the AO termination of the perovskite ABO3
(113) and the Ruddlesden−Popper (R−P) A2BO4 (214) has
been seen at the outermost surface layer.23−26 These
compositional changes can ultimately change the chemistry
and phase composition, morphology, and electronic structure
of the surface and were often associated with degradation of the
oxygen exchange kinetics at the surface. Furthermore, these
changes are time, temperature, and atmosphere dependent.16,27−29 It is clear that there is a need to understand and
hence manage or eliminate these detrimental changes to aid in
the durability of the devices mentioned above.
The motivation for this study was to investigate in detail the
relationship between surface chemistry and the surface
exchange process using a complementary multitechnique
approach on well-deﬁned epitaxial thin ﬁlms. These ﬁlms are
made of (La1−xSrx)2CoO4±δ, a prototypical R−P structure that
is considered as a promising fuel cell cathode, which exhibited
interestingly fast oxygen exchange kinetics when interfaced with
its perovskite counterpart La1−xSrxCoO3.30,31 Two diﬀerent
crystallographic orientations, (001) and (100), and two
diﬀerent Sr compositions, at x = 0.25 and 0.50, were studied
to assess the eﬀects of orientation on the surface composition,
morphology, and oxygen surface exchange and diﬀusion
kinetics. There is some evidence in the literature that these
214 R−P materials have intrinsically anisotropic kinetic
properties, with faster oxygen incorporation and diﬀusion
along the rock-salt layers. However, the complexity of the
surface chemistry may become an overriding factor to consider,
hiding such intrinsically anisotropic and faster exchange kinetics
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Figure 2. (a-b): X-ray diﬀraction 2θ−ω scans of (a) LSC25 (001) and LSC50 (001) ﬁlms on SrTiO3 (001) and (b) LSC25 (100) and LSC50 (100)
ﬁlms on SrLaAlO4 (100), in their as-prepared state (black data) and after annealing at 500 °C in 200 mbar O2 for 10.25 h (red data). (c-d)
Representative scanning transmission electron microscopy high-angle annular dark ﬁeld (STEM-HAADF) images of the cross-section of (c) LSC50
(001) on SrTiO3 (001) and of (d) LSC50 (100) on SrLaAlO4 (100). In (d) the interface can be identiﬁed due to the diﬀerences in atomic number
of the B-site cations. The crystal structure of the ﬁlms and substrates are visualized using the Vesta software,58 and the red, blue, and green spheres
represent the oxygen, B-site, and the A-site cations of the ﬁlm and substrate compositions.

crystals55 and epitaxial thin ﬁlms56 of La2NiO4. An anisotropy
(temperature dependent) of ca. 2 orders of magnitude is
apparent in the tracer diﬀusion coeﬃcients, D*, shown in
Figure 1 (a). The anistropy for the surface exchange
coeﬃcients, k*, shown in Figure 1 (b) is less strong than that
for diﬀusion. The largest anisotropy in k* is for the La2NiO4
thin ﬁlm work of Burriel et al.56 which is close to a factor of
100; however, the data of Bassat55 shows a lower value. One
point to note here is that for measurements of anisotropy
performed on oriented single crystals, there is a limit to the
extent of anisotropy that can be captured by this technique
because of the accuracy to which the crystals can be oriented
and cut.57 Similar limitations apply to measurements made in
individual grains of ceramics where the orientation has been
determined by EBSD.53 Thus, most measurements of the
diﬀusion in the slower c-direction probably represent an upper
limit (because of mixing with the ab-diﬀusion). The
determination of the surface exchange coeﬃcient is subject to
larger errors than the diﬀusion coeﬃcient.

Simulations of the interaction of molecular oxygen with the
surface of the 214 materials are more limited with only two
recent works using density functional theory (DFT)
simulations of perfect and defective surfaces of La2NiO4+δ49
and of (La1−xSrx)2CoO4+δ.34 The authors chose the (100) and
(001) surfaces for their simulation and showed that the surface
Ni and Co atoms are very important for the adsorption of the
oxygen molecule. The importance of transition metal cations in
the reactions involving oxygen is recognized also on several
other perovskite oxides.50−52 On the other hand, recent surface
analysis of these materials throws doubt on the full presence of
the transition metal cation at the surface.24,26 As will be shown
in this work, segregation of Sr to the top surface can block the
exposure of the transition metal cations to the oxygen gas and
inhibits the oxygen exchange reactions at the gas−solid
interface. In refs 34 and 49 the authors also showed that
defective surfaces are more reactive and that the oxygen
vacancies should be involved with the adsorption and reduction
of oxygen molecules at the surface. While in La2NiO4+δ49 the
authors did not give any indication in the expected anisotropy
of this process as only one surface was considered, in
(La1−xSrx)2CoO4+δ34 the authors predicted 100 times faster
oxygen chemical incorporation kinetics on the (100) surface
compared to the (001) surface.
Contrary to the theoretical studies there is a signiﬁcant body
of experimental results showing the anisotropy in the diﬀusion
and surface exchange for R−P oxides, determined by the
isotope exchange depth proﬁling (IEDP) method. This data is
summarized in Figure 1 with data from single crystals of
La2CuO4,53,54 Pr2NiO4,33 and Nd2NiO433 and from single

2. EXPERIMENT METHODS
(La 1 − x Sr x ) 2 CoO 4 with two diﬀerent Sr doping levels,
(La0.75Sr0.25)2CoO4 (LSC25) and (La0.5Sr0.5)2CoO4 (LSC50), were
grown by Pulsed Laser Deposition (PLD). PLD was carried out at 700
°C with O2 pressure (PO2) of 10 mTorr. The laser beam energy was
set at 400 mJ per pulse, and the pulse frequency was 10 Hz. After
deposition, the samples were cooled to room temperature with a
cooling rate of 5 °C/min under 2 Torr oxygen pressure. Single-crystal
SrTiO3 (001) (STO, a = c = 3.905 Å) and SrLaAlO4 (100) (SLAO, a
= 3.756 Å, c = 12.636 Å) (MTI Corporation, Richmond, CA) were
used as the substrates to produce LSC25 and LSC50 ﬁlms with (001)
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Table 1. LSC25 and LSC50 Samples, Heat Treatment Conditions, and Analysis Techniques Presented in This Work
samples
LSC25 (001)/
SrTiO3
LSC25 (100)/
SrLaAlO4
LSC50 (001)/
SrTiO3
LSC50 (100)/
SrLaAlO4

heat treatment for each sample
as-prepared
400 °C, 200 mbar O2 (with <1 wppm water
content), for 10.25 h
500 °C, 200 mbar O2 (with <1 wppm water
content), for 10.25 h

analysis for each sample
cation composition: LEIS (outmost surface to near surface), XPS (near surface), and depth
proﬁling
surface structure and phase separation: AFM (surface structure), AES (local composition
with lateral resolution at the surface)
bulk structure: HR-XRD (orientation and lattice constant)
composition and atomic structure: STEM/EDS
oxygen exchange and diﬀusion kinetics: SIMS (with 18O tracer)

and (100) crystal orientations, respectively. These diﬀerent
compositions and orientations are referred to as LSC25 (001),
LSC25 (100), LSC50 (001), and LSC50 (100) in the rest of the paper.
Two sets of samples were prepared: thin ﬁlms with the thickness of
39−45 nm and thick ﬁlms with the thickness of 81−84 nm. All the
results presented in the main text are for the thin ﬁlms unless speciﬁed.
The thicker ﬁlms gave consistent results, which are shown in the
Supporting Information.
The crystal structure of samples were measured by high resolution
X-ray diﬀraction (HR-XRD), which used a high resolution four circle
Bruker D8 Discover diﬀracometer, with a Göbel mirror, four-bounce
Ge(022) channel-cut monochromator, Eulerian cradle, and a
scintillation counter, using Cu Kα1 radiation. The HRXRD results
showed that the LSC25 and LSC50 ﬁlms grown on STO and SLAO
substrates exhibited only the (001) and (100) diﬀractions (Figure 2 (ab)), respectively. The (001) ﬁlms on STO are with the ab-plane
parallel to the surface and c-axis perpendicular to the surface, while
(100) ﬁlms on SLAO are with their c-axis parallel to the surface, as
shown in Figure 2 (c-d).
The surface chemistry, structure of the ﬁlms with diﬀerent doping
levels, and crystal orientations were compared in their as-prepared
state and after annealing at diﬀerent temperatures in 200 mbar O2 gas
environment with less than 1 wppm water content (see Table 1).
The surface and near-surface chemical composition was investigated
by low-energy ion scattering spectroscopy (LEIS) using a Qtac100
spectrometer (ION-TOF GmbH, Münster, Germany). Uniquely, this
technique provides elemental information on the outermost layer of
atoms by analyzing the kinetic energy distribution of noble gas ions
backscattered from the surface.59 Diﬀerent analytical beams (i.e.,
typically 3 keV He+ and 5 keV Ne+ beams) can be provided by a high
brightness plasma source, impacting the surface at normal incidence.
The scattered primary ions are collected for all azimuthal angles at a
scattering angle of 145°, and the resultant energy spectrum can be
related to the elemental (and isotopic for light elements) composition
according to the kinematics of the scattering event. The primary ion
beam is rastered over a large area (typically 1 mm2) while keeping the
ion ﬂuence below ∼5 × 1013 ions cm−2 to avoid signiﬁcant surface
damage during the spectrum acquisition. Due to the extremely high
surface sensitivity of the LEIS technique, the samples were in situ
cleaned after being loaded into the instrument in order to remove any
contamination. The details of the surface cleaning procedure are
provided in Supporting Information S1.
The low-energy sputtering source is used for depth proﬁling analysis
in order to determine the near-surface cation distribution (up to a
depth of ∼10 nm). This source provides an Ar+ beam that impacts in a
pulsed mode at 59° to the surface normal, alternating with the primary
beam analysis cycle during the dual-beam depth proﬁling. The
sputtered area is 1.5 × 1.5 mm2. The cation surface coverages were
estimated by using a back-calibration procedure assuming that the
cation plateau signals at the end of the depth proﬁle correspond to the
bulk stoichiometric values, following the procedure described
elsewhere.26,60
The near surface chemistry was also studied by angle resolved X-ray
photoelectron spectroscopy (XPS), using the PerkinElmer PHI-5500
ESCA spectrometer with monochromated Al Kα (1486.65 eV) X-ray
radiation equipped with charge neutralization. The cation compositions on the samples were quantiﬁed based on the La 3d, Co 2p, and
Sr 3d peaks using the CasaXPS software. The spectra were taken at

three photoelectron emission angles, 90°, 45°, and 20°, with increasing
sensitivity to the surface at lower emission angles. The probing depth,
estimated as three times the inelastic mean free path of photoelectrons
(3×IMFP), at 90° was about 8, 5, and 5 nm for Sr 3d, La 3d, and Co
2p, respectively. Changing the emission angle to 45° and 20° decreases
the probing depth down to 71% and 34%, respectively, of that at 90°.
The binding energies were calibrated using the C 1s peak at 284.8 eV
as the internal reference peak.
A Veeco/Digital Instrument Nanoscope IV was used to perform
tapping mode atomic force microscopy (AFM) for characterizing the
surface morphology. AFM images were processed using the Nanoscope software version 5.31R1 (Digital Instruments).
A Physical Electronics Model 700 scanning nanoprobe Auger
electron spectroscopy (AES) instrument was used to detect lateral
heterogeneities in cation compositions with high spatial resolution.
Electron beam settings of 20 keV and 10 nA were used for both SEM
imaging and the Auger electron excitation. The La MNN, Sr LMM,
and Co LMM Auger emissions were measured for quantifying the
surface cation composition of the LSC ﬁlms. The smoothing and
diﬀerentiation of the AES spectra collected were carried out using the
Savitsky−Golay algorithm. Quantiﬁcation of the AES diﬀerential
spectra is performed using peak-to-peak intensities of the tight-scans of
the noted emissions from the constituent cations. The probing depths
(3×IMFP) are about 8.0 nm for Sr LMM, 4.0 nm for La MNN, and
4.5 nm for Co LMM emissions. We used the standard sensitivity
factors (Physical Electronics Inc., 2006) for the chemical quantiﬁcation
with AES, and the actual sensitivity factors for these emissions in the
LSC25 and LSC50 ﬁlms may vary from the provided standards.
Therefore, rather than the absolute values of the surface chemical
content, the qualitative trends should be taken into account regarding
the AES results.
The scanning transmission electron microscopy (STEM) samples
were prepared with a Helios NanoLab 600 dual-beam focused ion
beam (FIB) instrument. In order to prevent any ion beam damage to
the surface, all samples were capped with approximately 100 nm of Au
layer prior to FIB milling. High resolution STEM images were taken
on an FEI aberration (probe)-corrected Titan 80-300 instrument
operated at 300 kV. A high-angle annular dark ﬁeld (HAADF)
detector was used to obtain image contrast that is predominantly
incoherent. This is commonly referred to as Z-contrast imaging as the
intensity of scattering from each resolved atomic column depends
strongly on the atomic number (approaching ∼Z2).61,62 X-ray energy
dispersive spectroscopy (EDS) was performed on an FEI aberration
(image)-corrected Titan G2 60-300 equipped with a quad silicon drift
detector. All the EDS analyses were carried out by the Cliﬀ-Lorimer
method using experimental k-factors obtained by using the bulk ﬁlm as
an internal standard of stoichiometry as in LSC50.
In order to evaluate the orientation dependence of the oxygen
diﬀusion and surface exchange properties of the LSC ﬁlms, isotopic
exchange experiments were performed using the same methodology as
described in ref 56 (Supporting Information S2). Prior to the
exchange, the ﬁlms were annealed at the testing temperature in
research grade 16O2 (>99.9995%) to ensure that equilibrium was
established. Short 18O exchanges (between 10 and 45 min) were
performed on uncovered LSC50 and LSC25 thin ﬁlms (39−45 nm)
over the temperature range of 290−575 °C using the transverse
conﬁguration (oxygen diﬀusion perpendicular to the ﬁlm plane) to
evaluate their surface exchange properties (see Figure S1(a)). For each
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Figure 3. Cation compositions deduced from LEIS for (a) LSC25 and (b) LSC50 ﬁlms with (001) orientation (top row) and (100) orientation
(bottom row) for each. The depth proﬁles show the surface and near-surface restructuring as a function of the thermal history of the ﬁlms (left to
right, as-prepared, 400 and 500 °C for 10.25 h).
conﬁguration (oxygen diﬀusion parallel to the ﬁlm plane) (see Figure
S1(b)). In this case the ﬁlms had been previously covered with a dense
and uniform Au thin ﬁlm, which prevents oxygen exchange from the
top surface, and a trench had been opened using a diamond tip to
allow oxygen exchange from the side of the trench. All the exchanged
samples were measured by time-of-ﬁght SIMS (ToF-SIMS) on a ToFSIMS5 machine (ION-TOF GmbH, Münster, Germany) equipped
with a bismuth LMIG pulsed gun incident at 45°. A 25 keV Bi+

of the temperatures, the oxygen exchange was always carried out
simultaneously on two samples of the same composition with two
diﬀerent orientations (001) and (100). In order to evaluate the oxygen
diﬀusion in the transversal conﬁguration, thicker samples were
required. Therefore, an additional exchange was carried out for 85
min at 500 °C for the thick LSC50 ﬁlms (81−84 nm). In the case of
the LSC25, another exchange was carried out for 65 h at approximately
500 °C on two thin (001) and (100) ﬁlms using the longitudinal
5440
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Figure 4. Comparison of Co/(La+Sr) and Sr/(Sr+La) quantiﬁed by LEIS and XPS for LSC25 (001) and (100) and for LSC50 (001) and (100)
ﬁlms: (a) Co/(La+Sr) and (b) Sr/(La+Sr) from the top surface quantiﬁed by LEIS; (c) Co/(La+Sr) and (d) Sr/(La+Sr) quantiﬁed by XPS, with
photoelectron emission angles at 20°, 45°, and 90°, corresponding to the probing depths (3 × IMFP of photoelectrons) from near surface (∼2−3
nm) to the bulk (∼5−8 nm), respectively.
primary ion beam was used to generate the secondary ions using burst
alignment mode (eight pulses) for analysis and a Cs+ beam (2 keV)
incident at 45° for sputtering. For each exchanged sample the
distribution of the oxygen isotopes (18O and 16O) as well as other
characteristic relevant secondary ion species, LaO−, SrO−, CoO− (for
the ﬁlm), in addition to TiO− and LaO− (for the substrates) samples
were acquired in selected regions. More details on the 18O exchange
depth proﬁling experiment can be found in Supporting Information
S2.

perovskite-related materials, which showed preferential segregation of the divalent cations.12,29 Annealing of the ﬁlms at 400
and 500 °C gave rise to a mixed La−O and Sr−O dominated
surface, with only a small amount of transition metal, Co,
detected on the outer surface for any of the LSC compositions
or orientations under study. An apparent decrease of the Sr
while an increase of the La was observed (Figure S2 dashed
lines, Figure 4 (a-b), and color bar in Figure 5). These results
might seem contradictory to the increased Sr segregation that
may be expected upon annealing. However, as it will be evident
later in this paper, we attribute the apparent decrease of the Sr
surface coverage to the formation of Sr-rich particles that
cluster at the surface (more detailed discussion in section 3.2).
LEIS depth proﬁling demonstrated that the Sr cations
segregate toward the surface preferentially over the La cations,
whereas the Co cations are located below the outer surface
(Figure 3). This behavior is similar to recent results on
polycrystalline perovskite-related materials.26 Furthermore, the
depth proﬁles here show that the layered R−P LSC ﬁlms
undergo restructuring at the near-surface region, with a Coenriched region at an estimated depth of around 2−5 nm. The
Co/(Sr+La) ratios underneath the Sr-enriched surface layer are
larger than those corresponding to a 214 R−P phase ((B:A
ratio)214 = 0.5). According to the Co/(Sr+La) ratios (>0.5)
obtained at the near surface region, these Co-enriched phases
may correspond to a diﬀerent stacking sequence with more

3. RESULTS AND DISCUSSION
3.1. Segregated Surface Chemistry. 3.1.1. Composition
Proﬁle from Outmost Surface to Bulk Quantiﬁed by LEIS.
The LSC thin ﬁlms were analyzed in as-prepared condition and
after annealing and isotopic exchange treatments described
previously (Table 1) in order to investigate the cation
segregation that takes place during the PLD deposition process
itself and during the thermal annealing.
The outermost surfaces of the as-prepared ﬁlms show
predominant coverage of the surface by Sr for all the
compositions and orientations, with a higher Sr coverage for
the LSC50 compared to the LSC25 (ﬁrst point of LEIS depth
proﬁles in Figure 3). Also see Supporting Information Figure
S2 for the surface spectra. This surface termination indicates
that the Sr cations segregate during the PLD deposition (Figure
3, depth proﬁles of the as-prepared samples). This behavior is
in agreement with previous LEIS studies on perovskite and
5441
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Figure 5. Surface topography (3D image) characterized by AFM and the cation composition of the outermost surface composition quantiﬁed by
LEIS (the color bar on top of each AFM ﬁgure), for LSC25 (a) and for LSC50 (b), in their as-prepared state and after annealing at 400 and 500 °C
in O2 for 10.25 h.

perovskite layer in the structure (An+1BnO3n+1 n > 1), similarly
to those found previously on LNO single crystals.63 The
thicknesses of the higher order R−P phases increased with
higher annealing temperatures due to the increased amount of
Sr-segregation out to the surface, as observed in Figure 3 and

Supporting Information Figure S3. The Co enriched layer in
LSC50 was thicker than that in LSC25, which is consistent with
more Sr segregation at the surface of LSC50.
The LEIS results here and the XPS, AFM, and Auger results
shown in the later sections were all obtained from the thin ﬁlms
5442

DOI: 10.1021/acs.chemmater.5b02292
Chem. Mater. 2015, 27, 5436−5450

Article

Chemistry of Materials
with 39−45 nm thickness. The sample sets with 81−84 nm ﬁlm
thickness showed consistent results (seen in Figure S3) as the
thin ones.
3.1.2. Near Surface Chemistry Quantiﬁed by XPS. Angle
resolved XPS was also used, complementarily to LEIS, to
quantify the chemical composition from the near surface with
diﬀerent probing depths for the LSC25 and LSC50 ﬁlms with
the (100) and (001) orientations in their as-prepared states and
after annealing, as shown in Figure 4. Figure 4 (a) and (b)
shows the outermost surface composition of LSC25 and LSC50
quantiﬁed from LEIS, for comparison to XPS near-surface
results shown in Figure 4 (c) and (d). The relative presence of
B-site versus A-site cations (quantiﬁed as Co/(Sr+La)) in
Figure 4 (c)) and Sr fraction at the A-site (quantiﬁed as Sr/(Sr
+La) in Figure 4 (d)) were assessed by analyzing the Sr 3d, La
3d, and Co 2p photoelectron emissions at 90°, 45°, and 20°
emission angles. We also recall here that, even though we vary
the relative depth sensitivity by varying the emission angle, by
its nature the XPS data is always exponentially more sensitive to
the near-surface region, even in the data coming from 90° with
the deepest probing depth. Therefore, the composition data in
Figure 4 (c) and (d) as a function of emission angle should be
interpreted as a trend but not as a quantiﬁed composition for a
speciﬁc depth (angle).
It can be seen from Figure 4 (c) that the Co/(Sr+La) ratios
for both LSC25 and LSC50 ﬁlms are less than 0.5 for all the
samples. This means that the surface is Co-deﬁcient on all the
samples. The results for measurements with photoelectron
emission angles of 90°, 45°, and 20° are compared in Figure 4
(c) and (d). As the probing depth decreases (from bulk toward
the surface), the Co/(Sr+La) ratios decrease. This trend
indicates that such Co deﬁciency is more prominent at the top
surface. As shown in Figure 4 (c), the (100) ﬁlms presents
slightly lower Co/(Sr+La) ratios than the (001) ﬁlms, for both
LSC25 and LSC50. The Sr/(Sr+La) values for both LSC25 and
LSC50 ﬁlms (Figure 4 (d)) are larger than the bulk
composition, which are 0.25 and 0.5 for LSC25 and LSC50,
respectively. As the probing depth decreases (from bulk toward
the surface), the Sr/(Sr+La) ratio increases. These results
indicate that Sr segregation toward the surface is more than La,
although both La and Sr are apparently increasing toward the
surface. The Sr/La ratios seem to decrease with annealing
temperature, as shown in Figure 4 (b) and (d) for LEIS and
XPS results. Such apparent decrease is considered to be due to
the clustering of Sr enriched particles at the surface and is not
an indication of a lowering of Sr segregation to the surface,
which will be discussed more in section 3.2.
3.1.3. Comparison of the LEIS and XPS Results for Cation
Composition at/near the Surface. We can see that the Co/(La
+Sr) and Sr/(Sr+La) ratios quantiﬁed by XPS in 3.1.2 and ones
from LEIS in 3.1.1 are qualitatively consistent with each other.
Both measurements showed that the surface of the LSC ﬁlms is
Co-deﬁcient regardless of orientation and composition and that
the relative presence of Co at surface of LSC25 is more than
that at LSC50. Furthermore, surface Sr enrichment was found
in both LEIS and XPS measurement. The Sr/(Sr+La) ratio at
the outmost surface quantiﬁed by LEIS (Figure 4 (b)) appears
to be higher than that at the near-surface (20°) quantiﬁed by
XPS (Figure 4 (d)), which conﬁrms that the most extensive Sr
segregation is at the top surface. Both the LEIS and the XPS
signatures indicated that the Sr signal from the surface
decreased with annealing temperature. However, both LEIS
and XPS are laterally averaging techniques, without any spatial

resolution of chemical heterogeneities at the surface. Therefore,
if Sr enrichment is accompanied by clustering into secondary
phases and dewetting of the surface, LEIS and XPS that skims
the surface in a laterally averaged manner cannot capture the
total quantity of Sr that is accumulating and separating out of
the base phase in a heterogeneous manner at the surface.
Section 3.2 below presents such lateral heterogeneities and the
evidence to the actual increase of Sr segregation with increasing
temperature.
3.2. Segregated Surface Structure and Phase Separation. 3.2.1. Surface Topography Characterized by AFM. The
LEIS and XPS results showed that, after annealing at 400−500
°C in O2, the Sr content at the top surface decreased, while the
Co content increased. To understand the reason for this
behavior, the morphology of the ﬁlms was studied by AFM.
Figure 5 shows the surface topography of LSC25 and LSC50
ﬁlms in the as-prepared states (left) and after annealing at 400
°C (middle) and 500 °C (right) in O2 for 10.25 h. On top of
each AFM image, the colored bar chart represents the
corresponding outermost surface composition of the same
sample quantiﬁed by LEIS. As a reference for comparison, the
bar chart for the bulk nominal composition of LSC25 and
LSC50 is also shown at the top of Figure 5 (a) and (b). After
annealing in O2, the surface of both LSC25 and LSC50 ﬁlms
became rougher, because of the formation of particles at the
surface (see Figure S2 for the AFM images). We identiﬁed that
these particles are Sr-enriched phases by AES measurements,
which will be shown in the following section 3.2.2.
As shown in Figure 5 (a) and (b), the surfaces of LSC50 are
rougher than that of LSC25. The surface roughness increases
with annealing temperature (Figure S5 (a)). Due to the higher
level of Sr segregation on LSC50 ﬁlms, the roughness on
LSC50 is larger than LSC25 for both orientations. The average
surface coverage of the particles was also analyzed, as shown in
Figure S5 (b). The larger roughness on LSC50 is a result of the
larger size and coverage of the particles at the surface. For
LSC50, there are more particles on the surface of the (100)
oriented ﬁlm than that on (001) oriented one.
As shown in Figure 5 and Figure S4, the Sr segregation at the
surface is accompanied by the formation of particles at the
surface after annealing at high temperature in O2. As will be
seen in the next section 3.2.2, these particles are made of Sr-rich
oxides. The average height of these particles is on the order of
10 nm, and many particles are as high as tens of nm, beyond
the probing depth of LEIS and XPS without sputtering.
Therefore, the amount of Sr at the surface measured by XPS
and LEIS is an underestimate as a result of such clustering of
Sr-rich secondary phases.
The average height of particles observed by AFM on the
annealed LSC25 and LSC50 ﬁlms (∼10 nm) appears larger
than the depth of the Sr enriched layer (<6 nm) identiﬁed by
the LEIS depth proﬁling (Figure 3). As will be shown by the
results from AES and STEM analysis (section 3.2.2 and section
3.2.3), we have identiﬁed the Sr rich particles to be SrO2, a
phase that is stable only up to 800 K and unstable under
electron beam (Figure S6). Therefore, it is possible that the
sputtering of these relatively unstable particles by Ar+ ions
during the LEIS depth proﬁling process is faster than the
particle-free zones of the base LSC ﬁlm. This preferential
sputtering of the particles can give rise to a seemingly thinner
Sr segregation layer than the size of thse Sr-rich particles.
3.2.2. Composition of Surface Phases Quantiﬁed by
Nanoprobe AES. To examine the chemical composition of
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O2 for 10.25 h. The particles are larger on the LSC50 compared
to the LSC25 ﬁlms, consistent with the AFM analysis presented
in Figure 5 and Figure S5.
Using the results of the AES analysis we estimated the
relative variations in the Sr/Co across the surfaces of the
LSC25 (100) and LSC50 (100) ﬁlms (Figure 6 (c-d)). On both
compositions, the signiﬁcant increase in the Sr/Co is evident
for the particles compared to the particle-free zones of the
surface. This result is in line with our previous observations on
La1−xSrxCoO327 and La1−xSrxMnO319 by using the same
technique, suggesting that the segregated particles are made
largely of SrOx or related compounds, accompanied by small
amounts of La-oxide, Co-oxide, or La−Co-oxide. The
mechanisms behind the Sr enrichment at the perovskite oxide
surfaces, based on electrostatic and elastic interactions, are also
discussed in detail in our previous report.19
Because of the insulating nature of SrOx, we and others in the
literature think that the segregated Sr-rich particles do not
participate in oxygen exchange process and block the
surface.21,64 In order to evaluate the eﬀect of nominal Sr
content in LSC ﬁlms on the oxygen reduction reaction rate, it
can be useful to compare the Co content in the particle-free
zones of the surface, which should be actively participating in
the oxygen reduction reaction. As seen in Figure 6 (c) and (d),
the estimated Sr/Co composition ratio is higher for LSC50 in
comparison to that on LSC25, with 8.5 and 4.6 for LSC50 and
LSC25, respectively. From this ﬁnding, we can say that the
excess Sr at the ﬁlm surface is present not only as phaseseparated particles (which can be up to tens of nm high (Figure
S7 and Figure 6)) but also on the seemingly particle-free zones.
Furthermore, the calculated average Co/(Sr+La) within the
particle-free zones on LSC25 was 0.09, almost twice higher
than 0.05 on LSC50. This ratio tells us that the amount of Co
exposed at these particle-free zones at the surface (where ORR
takes place) is more on the LSC25 compared to that on the
LSC50 ﬁlms. This is also consistent with the presence of more

the segregated particles observed by AFM (Figure 5) at the
surface of the LSC25 and LSC50 ﬁlms, we performed AES
analysis with ∼10 nm resolution coupled with SEM imaging.
The SEM image and the corresponding elemental maps
deduced by AES on the LSC25 (100) ﬁlm annealed at 500
°C are given as an example in Figure S7. It is clear that the
particle regions which have high Sr content correspond to
lower Co and La levels at the surface. Figure 6 (a-b) shows the

Figure 6. (a-b) Scanning electron microscopy image of the LSC25
(100) (a) and LSC50 (100) (b) after annealing at 500 °C for 10.25 h
and (c-d) corresponding Sr/Co composition ratio maps deduced by
AES for LSC25(100) (c) and LSC50(100) (d). The scale bar reﬂects
Sr/Co cation ratio variations.

SEM images of the LSC25 (100) and LSC50 (100) ﬁlms, and
the corresponding Sr/Co composition ratio maps deduced by
AES are shown in Figure 6 (c-d) after annealing at 500 °C in

Figure 7. HAADF-STEM image of the cross-section of the near-surface region of the as-prepared LSC50 (001) (∼80 nm thickness), aligned with an
atomic structure rendering on the left and with the cation compositions obtained for the same ﬁlm in the same depth zone by LEIS on the right.
LEIS shows a Co enriched region near the surface, consistent with the n = ∞ stacking that gives LSC-113 perovskite as detected in STEM.
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Figure 8. (a-b) Representative HAADF-STEM images of particles, likely of SrO2 structure, at the surface (a) of LSC50 (100) and (b) of LSC50
(001). (c) A normalized EDS composition proﬁle across the particle and LSC50 (100) ﬁlm from image (a).

Co detected by LEIS at the outermost surface of LSC25 ﬁlms
compared to that on LSC50 for both the (100) and (001)
orientations (see Figure 5 bar charts). Given the importance of
the transition metal cations for oxygen reduction at oxide
surfaces,49−51 this diﬀerence can be critical in determining the
relative oxygen exchange kinetics at the LSC25 and LSC50
surfaces and will be discussed further in section 3.4.
3.2.3. Near-Surface Atomic Structure and Composition by
STEM and EDS. Most of the LSC25 and LSC50 ﬁlms with the
(001) and (100) orientations showed a perfect stacking
sequence of the 214 R−P phase (Figure 2 (c-d)) except from
two types of anomalous structures observed at the surface. In
summary, STEM and LEIS together identiﬁed the existence of a
perovskite layer at the near surface of the 214 R−P ﬁlms.
Furthermore, this is the ﬁrst time that the structure and
chemistry of the Sr-rich particles at the segregated surfaces of
perovskite and R−P related phases have been observed with
atomic resolution by STEM and EDX. While our preliminary
results suggest that the particles are most likely SrO2, the
precise identiﬁcation of the phase of these particles warrants
further investigation. The detailed explanation of these ﬁndings
follows below.
The ﬁrst anomalous structure found is the perovskite blocks
close to the surface of the LSC25 and LSC50 thin ﬁlms in both
the as-prepared and annealed materials. Figure 7 is a
representative HAADF-STEM image on [100] (or [010])
zone of the thick LSC50 (001) ﬁlm top surface. La (Z = 57)
and Sr (Z = 38) atoms share the same site in the R−P phase,
and both have a larger atomic number than Co (Z = 27).
Therefore, La and Sr atomic columns exhibit the greatest
intensities in the image, and the Co/O mixed atomic columns
have intermediate intensities. Comparing the schematic atomic
structure in Figure 7 with the HAADF-STEM image (and also
with Figure 2) reveals that most of the ﬁlm exhibits the 214 R−
P structures. However, in the near surface region, the top 1−2
nm of the ﬁlm (indicated by the arrow) is made up of three
perovskite unit cells (n = ∞, LSC-113) rather than the 214 R−
P structure (n = 1). Such perovskite structure at the near
surface is consistent with the Co enriched region observed in
LEIS depth proﬁle measurements, as also recalled in Figure 7
right-most panel.
The second type of anomalous structure that was observed in
all samples was the particles sitting at the surface. We believe
these particles are the same as those observed by AFM (see
Figure S4 and Figure 5). The particles on the surface of the

ﬁlms exhibit a completely diﬀerent structure than both the R−P
and the perovskite phases. On the zone axis orientation that
reveals the cubic structure in the majority of the ﬁlm, the
particle structure shows a quasi-hexagonal arrangement of
bright intensities. The arrangement of the bright intensities is
not strictly hexagonal. This could be a true characteristic of the
structure but was compounded by sample drift during image
acquisition, as evidenced by the slightly distorted lattice of the
bulk ﬁlm. Figure 8 (a-b) shows a typical morphology where
such particles are usually observed. The dome structure capped
by the Au layer has dark regions that are separated by an
extended structure from the particles reaching to the top of the
dome. Occasionally the particle was also observed to form at
the top surface where a fault boundary terminates, shown in
Figure 8 (b).
EDS analysis shows that the dark regions are characterized by
extremely low X-ray counts, suggesting the dark region is very
thin. Figure 8 (c) shows that when using the aforementioned
internal standard for EDS quantiﬁcation, the particle is
composed almost entirely of Sr and O, with a ratio of Sr/O
close to 1. One obvious possibility is that the particle could be
SrO, and it was imaged on the ⟨111⟩ zone axis giving rise to the
hexagonal arrangement of intensities in the STEM image.
However, the measured distance between the nearest bright
intensities for the particle is about 0.4 nm, whereas the
corresponding spacing calculated from the SrO structure would
be 0.21 nm. Therefore, the particle is not likely to be of the SrO
structure.
We examined a number of Sr and O containing compounds
to see if they match with the particle structure observed in
Figure 8. The absence of C, N, and S peaks in the EDS ruled
out compounds like SrCO3, Sr(NO3)2, and SrSO4. Sr(OH)2
was ruled out since the orthorhombic unit cell cannot produce
the intensities with quasi-hexagonal symmetry. We concluded
that the most likely identity of the particle is SrO2. The [100]
or [010] zone of the SrO2 structure can reproduce the
intensities of the quasi-hexagonal symmetry. The spacing
between the Sr rich columns on this zone is 0.35 or 0.4 nm,
qualitatively consistent with the measured value. While the ratio
of Sr/O for SrO2 does not agree with the measured value, it
should be noted that the measured compositions are based on
an untested assumption that the bulk ﬁlm has the strict
stoichiometry of (La0.5Sr0.5)2CoO4. Furthermore, particles have
been observed to shrink/decompose under electron beam,
which could skew the measured O composition (Figure S6).
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Figure 9. (a) Oxygen tracer diﬀusion coeﬃcient D* in LSC25, along the ab-plane (blue up triangles and red circles) and along the c-axis (red down
triangles and blue squares) at diﬀerent temperatures measured either in longitudinal conﬁguration (long) or in the transverse conﬁguration (trans)
on LSC25 (001) or LSC25 (100) ﬁlms (dashed lines are only guide to the eye). (b) The surface exchange coeﬃcients, k*, for LSC25 (001) ﬁlms
(closed blue squares), LSC25 (100) ﬁlms (closed red circles), LSC50 (001) ﬁlms (open blue squares), and LSC50 (100) ﬁlms (open red circles)
(dashed lines are only guide to the eye).

ab-plane of the LSC25 (100) is almost 20 times faster than
along the c-axis (Table S1). Anisotropic oxygen diﬀusion along
the 2 main crystallographic directions (ab-plane and c-axis)
were measured for LSC25 between 250 and 500 °C in both the
transversal and longitudinal conﬁgurations (Figure 9(a)). The
large diﬀerence in oxygen diﬀusivity between the two
orientations in this composition is consistent with the previous
computational predictions which showed an interstitial oxygen
transport via an interstitialcy mechanism within the abplane.34,44,47,48
3.3.2. Orientation “Independent” Surface Exchange
Kinetics of Oxygen Quantiﬁed by 18O SIMS Analysis. We
assessed the surface oxygen exchange kinetics on the thin
LSC50 and LSC25 ﬁlms (thickness of 39−45 nm) with two
diﬀerent orientations ((001) and (100)) by exchanging them in
18
O at 290 to 575 °C and by measuring the 18O proﬁle in the
transverse conﬁguration. We then ﬁtted the normalized oxygen
isotope fraction obtained to the plane-sheet solution. At the
highest temperatures ﬂat or almost-ﬂat diﬀusion proﬁles were
obtained. Due to the thinness of the ﬁlms and to the diﬀerent
oxygen diﬀusion behavior in the top surface region
(approximately 5 nm), it has not been possible to extract
reliable oxygen diﬀusion coeﬃcients from these thin ﬁlms, and
only the surface exchange coeﬃcients were quantiﬁed. Figure
9(b) shows the temperature-activated behavior of the k*. It is
clear that for all the range of temperatures measured, the
oxygen exchange kinetics is not orientation dependent, as there
are no major diﬀerences between the (001) and (100) ﬁlms.
From these results, we can conclude that the segregated surface
chemistry overrides the crystal anisotropy for both the LSC50
and LSC25 ﬁlms. However, a clear diﬀerence in the surface
exchange coeﬃcients is observed when the composition is
changed; by decreasing the Sr content from 50 to 25% an
increase of approximately 3.5−8 times higher k* has been
measured in the 400−500 °C temperature range.
3.4. Discussion on Surface Chemistry and on
Comparison of Surface Techniques. 3.4.1. Lack of
Anisotropy in k* on LSC25 and LSC50 and Dependence of
D* and k* on Sr Doping Level. As shown in the 18O SIMS

It is worth noting that our experiments were carried out at
temperatures up to 500 °C in oxygen without the presence of
water vapor. Previous thermodynamic analysis of Sr-oxide
phases have shown that under these conditions SrO2 is stable.65
At higher temperatures (>527 °C)65 or in the presence of water
and CO2, the SrO2 may decompose into SrO or convert to
Sr(OH) 2 or SrCoO 3. 19,21,27 From a defect chemistry
perspective, SrO2 was also suggested to be the likely Sr-oxide
in previous work examining the surface segregation phase on
(La,Sr)(Co,Fe)O3.14
3.3. Surface Exchange and Diﬀusion Kinetics.
3.3.1. Anisotropic Diﬀusion Kinetics of Oxygen Quantiﬁed
by 18O SIMS Analysis. In order to evaluate the tracer oxygen
diﬀusion coeﬃcient (D*) of the LSC50 ﬁlms, we carried out
18
O exchange on the relatively thick ﬁlms (81−84 nm) at 500
°C. The normalized oxygen diﬀusion proﬁles obtained through
the thick ﬁlms after the 18O exchange for the 85 min are shown
in Figure S8(a).
The surface exchange coeﬃcients (k*) extracted from the ﬁt
are very similar: 1.94 × 10−9 cm/s and 1.72 × 10−9 cm/s for
LSC50 (100) and LSC50 (001), respectively. On the other
hand, we found a large diﬀerence for the oxygen diﬀusion
coeﬃcient among the two diﬀerent orientations: 1.20 × 10−13
cm2/s and 2.97 × 10−14 cm2/s for LSC50 (100) and LSC50
(001), respectively. As these measurements were carried out in
the transverse conﬁguration which limits the accuracy of the
determination of the diﬀusion coeﬃcient, it can be tentatively
concluded that the oxygen diﬀusivity along the ab-planes of the
LSC50 is at least 4 times faster than along the c-axis (Table S1).
In the case of the LSC25 ﬁlms, an isotopic exchange at
approximately 500 °C was carried out on thin ﬁlms (45 nm) in
the longitudinal conﬁguration. The normalized oxygen tracer
diﬀusion proﬁles obtained along the ﬁlm (from trench, parallel
to the ﬁlm plane) after the of 65 h exchange are shown in
Figure S8(b). The calculated D* and k* values are 3.58 × 10−12
cm2/s and 5.62 × 10−10 cm/s for LSC25 (001) and 1.99 ×
10−13 cm2/s and 2.93 × 10−10 cm2/s LSC25 (100), respectively.
As these measurements were carried out in the longitudinal
conﬁguration we conclude that the oxygen diﬀusivity along the
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analyses (Figure 9(a) and Table S1), LSC25 and LSC50 ﬁlms
presented anisotropic oxygen diﬀusion kinetics, with the abplane diﬀusion being 4 and 20 times faster than the c-axis
diﬀusion for the LSC50 and the LSC25 ﬁlms, respectively. As
reviewed in the introduction section, the main reason for the
faster oxygen diﬀusion along the ab-plane in the 214 RP phase
structure is the preferential migration via interstitialcy
mechanism within the ab-plane. The increase of the Sr dopant
level at the A-site changes the oxygen defect chemistry of the
LSC ﬁlms, by decreasing the oxygen interstitial concentration
and by increasing the oxygen vacancy concentration.34,35,66 At
50% Sr doping, as in LSC50, the concentration of both the
interstitials and vacancies is expected to be very low. This
decrease in the oxygen interstitial content should then lower
the diﬀusion coeﬃcient D* for the 214 LSC ﬁlms by reducing
the carrier concentration. Our ﬁnding of lower D* for LSC50
ﬁlms compared to the LSC25 is consistent with this expectation
(Section 3.3.1) and also as shown previously for
(La1−xSrx)2NiO4 thin ﬁlms.67
On the other hand, the crystal orientation had no signiﬁcant
eﬀect on the oxygen surface exchange kinetics (Figure 9(b)),
contrary to previous theoretical predictions.34 Both the LSC25
and LSC50 (001) ﬁlms on STO had similar oxygen exchange
coeﬃcient as the (100) ﬁlms on SLAO. We believe that the
reason behind this lack of crystal termination dependence of
the oxygen exchange kinetics at the surface is the Sr
segregation. Han et al. theoretical results pointed out that the
expected anisotropic oxygen exchange kinetics of La2CoO4 and
LSC50 was mainly due to the anisotropically strong adsorption
of O2 onto the (100) surface compared to the (001) surface of
the 214 RP structure.34 Our HRXRD and STEM measurements
demonstrated that the bulk of our LSC ﬁlms have indeed the
(001) and (100) orientations. However, we found by LEIS,
XPS, AFM, AES, and STEM that the surfaces of these LSC
ﬁlms do not terminate with a structure that matches to the
(100) and (001) planes of the 214 RP crystal lattice. The
surface and near surface of the (100) and (001) ﬁlms for each
Sr doping level are very similar in composition and structure,
with Sr segregation and phase separation at the top surface and
a Co enriched layer beneath the surface (see sections 3.1 and
3.2). The phase separated Sr-rich surface layer is known to be
detrimental to the oxygen reduction reactivity on perovskite
oxide cathodes.21,27 In this work, the presence of a segregated
surface seems to have overridden the diﬀerences expected in
the oxygen absorption on the (100) and (001) surfaces of the
214 LSC ﬁlms and led to similar oxygen exchange coeﬃcients
at the surface of the (001) and (100) orientations for both the
LSC25 and the LSC50 compositions.
Although the oxygen exchange kinetics presented no
dependence on crystal orientation, it clearly depends on the
Sr dopant level in the bulk, namely 25% and 50% in this work.
The surface exchange coeﬃcient for LSC25 was 3.5 to 8 times
higher than that for LSC50 in the 400−500 °C temperature
range. To explain this composition dependence, we ﬁrst look at
the changes of LSC thin ﬁlm bulk characteristics introduced by
the increase of Sr dopant level. Doped LSC ﬁlms with higher Sr
were reported to enhance the electronic conductivity,68 which
might have a positive impact on the electron transfer process in
oxygen reduction reaction. On the other hand, Han et al. ﬁrstprinciples based calculations suggest that doping of Sr into LSC
hinders the oxygen adsorption and incorporation process
relative to the undoped LSC due to structural reasons at the
surface.34 Furthermore, similarly to our argument for the Sr

composition dependence of D*, the ability of the material to
accommodate oxygen interstitials is also important for k*.
When the interstitial capacity of the LSC 214 reduces (from
25% to 50% Sr doping level), it is reasonable to expect that this
reduction also makes it harder to incorporate oxygen
interstitials into the lattice from the surface.
Furthermore, we observed diﬀerences in the coverage of the
Sr-rich particles and the composition of the particle-free zones
among the LSC25 and LSC50 ﬁlms. A larger coverage of such
particles on the surface of LSC50 (see Figure S5) on both
orientations could be one reason for ﬁnding a smaller oxygen
exchange coeﬃcient, k*, on LSC50 than that on LSC25.
Interestingly, the Co/(La+Sr) ratio at the particle-free zones of
the surface (where presumably the oxygen exchange takes
place) was two times lower on LSC50 compared to that on
LSC25, based on our nanoprobe AES analysis (see Figure 6).
The Co/(La+Sr) ratio of the outmost surface quantiﬁed by
LEIS was also found to be smaller on LSC50 than on LSC25
for both orientations (see Figure 4). B-site cations are known to
be the active sites for oxygen reduction due to the preferential
adsorption of oxygen on them, as shown on (La,Sr)2CoO4,34
La2NiO4,49 (La,Sr)MnO3,50,51 and other perovskite oxides.52
We believe that the lower concentration of the electrochemically active Co cations exposed to the gas phase on LSC50
leads to a slower oxygen exchange kinetics by presenting less
adsorption sites for oxygen gas at the surface compared to that
on LSC25. The (100) and (001) surfaces (for each
composition, LSC25 and LSC50) were found to have similar
Co content at the top surface, leading to a similar amount of
activate sites present for the oxygen exchange process. We also
did not ﬁnd signiﬁcant diﬀerence in the oxidation states
between the (100) and (001) ﬁlms at the experimental
condition of this work (Supporting Information Figure S9).
These lead to no clear diﬀerence in k* for LSC ﬁlms with
diﬀerent orientations for a given Sr doping level but a clear
dependence of k* on Sr doping for a given orientation.
The segregated surfaces shown in this work are far from the
traditionally recognized, ideally faceted surfaces of single crystal
oxides. Considering that the surface composition is completely
diﬀerent than the bulk, faceting eﬀects which discussed
extensively for single crystal oxides are irrelevant to the point.
Even with slight faceting, our key conclusion would be the
same: the segregated chemistry and structure at the surface
overrides the eﬀect of crystallography on oxygen exchange
kinetics; regardless of whether that crystallography eﬀect is due
the crystal anisotropy or the diﬀerent facets exposed.
3.4.2. Techniques for Characterizing the Oxide Surface
Composition and Structure. As seen in Results, the surface of
the LSC ﬁlms presents strong heterogeneities in three
dimensions, laterally and in depth from the surface, in response
to the preparation and annealing environments. This is typical
of other perovskite and related compounds as reviewed in the
Introduction section. We brought together several complementary characterization techniques to identify the atomistic
details of this chemical and structural heterogeneity. We
present a brief comparison of the information obtained by these
techniques and their complementarity features in this section.
We used XPS and LEIS to obtain the elemental composition
with depth resolution from the surface. LEIS is a unique
technique that can provide chemical composition from the
outermost monolayer of the surface. The combination of LEIS
with sputtering enabled us to capture the Sr enrichment at the
top surface and the presence of a Co enriched layer beneath the
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surface. XPS has a coarser depth resolution compared with
LEIS but is capable of extracting depth dependent information
by changing the photoemission angle in a nondestructive
manner. Qualitatively both of the LEIS and XPS presented
similar ﬁndings on the segregated LSC25 and LSC50 surfaces
as discussed in section 3.1.3. XPS and LEIS are laterally
averaging techniques and do not have the lateral resolution
needed to detect the chemical heterogeneities at the surface.
The nanoprobe AES, on the other hand, has provided us with
the high lateral resolution (∼10 nm) needed in mapping out
the distribution of the phase-separated particles at the LSC25
and LSC50 surfaces. Using AES and AFM, we were able to
identify the particles on the surface to be an Sr-enriched phase
and also pointed to the diﬀerent levels of Co presence at the
particle-free zones of the LSC25 and LSC50 surfaces. This
information was helpful in deducing the dependence of k* on
the Sr doping level. STEM and EDX enabled the atomic
resolution visualization in structure and chemistry near the
surface of the LSC ﬁlms. By combining the STEM image with
LEIS depth proﬁles, we were able to conﬁrm the existence of a
Co enriched subsurface in the perovskite structure (n = ∞ RP
phase) near the surface. The STEM image of the atomic
structure together with the local composition quantiﬁed by
EDS indicated that the secondary phase particles at the surface
are Sr-oxide based, consistent with the AES results, and
furthermore pointed out that the particles were likely to be
SrO2. It is encouraging that all the results obtained in this paper
are consistent among the diﬀerent techniques which themselves
have diﬀerent resolutions and limitations. The depth of
information that we could obtain on the rich heterogeneities
at the surface of the LSC ﬁlms is thanks to the complementary
nature of the palette of techniques we have used.

First is the greater ability of the LSC25 to incorporate and
equilibrate oxygen interstitials in its bulk compared to LSC50.
The second is the relatively larger concentration of the
electrochemically active Co sites at the particle-free zones of
the LSC25 surface compared to that on the LSC50 surface, as
determined by AES and LEIS. The importance of surface
chemistry here dominates over the strong eﬀect of crystal
anisotropy that was theoretically expected on the surface
reactions. The results of this work demonstrate the critical role
of surface chemistry in determining the oxygen exchange
kinetics on perovskite and related complex oxides, for
applications such as high temperature electrochemical energy
conversion devices, oxygen separation ion transport membranes, redox based resistive switching memories, and sensors.

4. SUMMARY AND CONCLUSION
We assessed the surface chemistry and structure of the 214 RP
phase LSC25 and LSC50 epitaxial thin ﬁlms with (001) and
(100) crystallographic orientations with respect to the oxygen
surface exchange kinetics on them. Our LEIS and XPS analyses
showed the formation of a Sr-enriched layer at the top surface
of the as-prepared LSC25 and LSC50 ﬁlms with both the (001)
and (100) orientations. After annealing up to 500 °C in O2, the
Sr-enrichment on the top surface further increased, leading to
the clustering of Sr-rich secondary phase particles, as conﬁrmed
by AFM, AES, and STEM/EDS. These clusters are thought to
be inactive to oxygen exchange reactions and partially block the
surface, while also changing the composition of the particle-free
regions of the LSC surface. Depth proﬁling of composition with
LEIS together with the atomic resolution images obtained by
STEM demonstrated the existence of a Co enriched layer
beneath the surface in the perovskite structure (n = ∞ RP
phases). We found that the oxygen diﬀusion coeﬃcient, D*,
along the ab-plane is 4 times and 20 times higher compared to
that along the c-axis for LSC50 and LSC25, respectively, based
on our 18O exchange and SIMS analyses at 400−500 °C.
However, the surface oxygen exchange kinetic coeﬃcient, k*,
did not show any dependence on the crystal orientation of the
ﬁlms. This insensitivity of k* to crystal orientation of the ﬁlm
indicates that the strong Sr segregation at the surface overrides
the eﬀect of the structural anisotropy that was also expected for
the surface exchange kinetics. On the other hand, k* clearly
depended on the Sr dopant level in the bulk, with 3.5−8 times
faster oxygen surface exchange for LSC25 than that for LSC50
at 400−500 °C. We propose two key reasons for this behavior.
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