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We demonstrate theoretically and experimentally that engineering
of cation–oxygen bond strength in a perovskite structure can

Broader context

control redox ex-solution of B-site metals and thus the formation

Ex-solution has been growingly applied to synthesize highly active and
durable catalysts. However, the lack of a fundamental understanding of
the atomic-level origin of the phenomenon is a main hurdle to applying it
to further improve the activity and stability of catalytic materials. To
tackle this issue, we systematically performed density functional theory
calculations to identify the driving force of Co ex-solution from
Sr(Ti, Co)O3 with experimental verifications. As a result, we found that
the Co vacancy formation energy is a key driving force of Co ex-solution,
and the degree of Co vacancy formation is originated from the cation–
oxygen bond strength, which can be represented by the Co–O bond length
at the atomic scale. In this respect, this work comprehensively broadened
our understanding of the driving force of B-metal ex-solution in
perovskite materials, and suggested a way of effectively controlling the
ex-solution. These findings can be practically applied to improve catalytic
activity and durability in various catalytic applications.

of metal nanoparticles at the oxide surface upon high-temperature
reduction. In particular, we show that large isovalent doping
significantly promotes the B-site ex-solution via tuning of the
cation–oxygen bond strength, leading to high catalytic activity of
CO oxidation. This method to promote ex-solution can be readily
applied to various heterogeneous catalysts.

Introduction
Metal nanoparticles (NPs) have high surface-to-volume ratios
and possibly unique catalytic properties. In particular, when
the particles are dispersed on oxide supports, their utilization is
increased and the catalytic ability of NPs is often greatly
improved compared to that of pure metal NPs.1–8 Therefore,
they are widely used as heterogeneous catalysts for various
reactions. However, small metal particles are unavoidably
sintered at high temperatures (4500 1C), and this process
severely decreases their catalytic activity.9–12 Moreover, current
methods of synthesizing monodisperse metal NPs and evenly
dispersing them on the oxide support surface are tedious and
costly.1–8,11,13,14
‘Ex-solution’ is in situ growth of metal NPs directly from the
oxide support. This phenomenon has been exploited in the
fields of high-temperature catalysis and renewable energy.15–27
When perovskite oxides (ABO3, where A and B represent cations)
a
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are used as a hosting framework, cations of the transition metal
can dissolve in the B-sites of the perovskite lattice under oxidizing
conditions; upon subsequent reduction the metals ex-solve as
nanometer-sized metallic phases on the oxide surface. This
process is faster, less expensive, and allows finer and better
particle distribution than traditional techniques to synthesize
and disperse NPs. Moreover, it is reversible, so that catalyst
agglomeration can be avoided by exploiting re-oxidation, thereby
significantly extending the lifetime of the supported catalysts.28,29
The mechanism that drives ex-solution is not completely
understood.15,16,19,21,30–34 The key to this phenomenon is the
stability of certain cations in a perovskite lattice, so the bond
strength (or length) between cations and neighboring oxygen
anions may determine the outcome of ex-solution. However,
to the best of our knowledge, no study has considered the
atom-level stability of a reducible cation surrounded by six oxygen
ions in a lattice, even though the understanding of this characteristic
might guide the development of a method to effectively control
the amount or distribution of the ex-solved particles.
Here, we quantify how the ex-solution of a B-site transition
metal is aﬀected by the bond strength between it and its
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neighboring oxygen ions in a perovskite lattice. We first simulated how deformation of the perovskite lattice aﬀects the
cation–oxygen bond strength and thus affects the stability of the
individual elements. Taking Co-doped SrTiO3 (SrTi0.75Co0.25O3,
STC) as a model system, we calculated the vacancy formation
energies of all the constituent atoms as a function of lattice strain.
We found that neither the Sr–O, Ti–O, or Co–O bonds are in their
most stable states individually, but that they are in an optimal
balance at zero strain, thereby stabilizing the overall perovskite.
This balance suggests that local instability of Co–O bonds may
drive Co ex-solution from the STC lattice. To test this hypothesis,
we fabricated highly strained epitaxial thin films of STC and
monitored how the lattice strain affects the surface composition
and CO oxidation reactivity. Extending these observations,
we further demonstrated that the Co–O bond strength can be
sufficiently weakened by introducing a large isovalent dopant
(in this case, Ba) in the A-site of the perovskite lattice, and thereby
offer a new strategy to activate the ex-solution phenomenon.

Results and discussion
As an indicator of the stability of a cation in the perovskite
lattice, the bond length may predict the bond strength with the
surrounding oxygen atoms.35 Our previous work successfully
explained that Sr enrichment in SrTi0.5Fe0.5O3d (STF) can be
suppressed under tensile strain, because Sr cations are not
intrinsically in the most stable state at equilibrium in the
SrTiO3 (STO) lattice; therefore, using tensile strain to increase
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the Sr–O bond length up to a certain range can stabilize the Sr
cations.35 In contrast, tensile strain destabilizes the B-metal
atom (Ti in STO); this trend suggests that segregation of
B-metal might be facilitated by increasing the Ti–O bond
length. Therefore, here we investigate whether this is also
effective at controlling Co ex-solution from STC. To control
the Co–O bond length, we applied biaxial strain to STC by
growing it epitaxially on single-crystal substrates that have
different lattice parameters.
To implement this experimental condition in our density
functional theory (DFT) calculations, we optimized the bulk
STC under biaxial strain. The Co cation binds with surrounding
oxygen atoms via four in-plane bonds (Bond A) and two out-ofplane bonds (Bond B) (Fig. S1a, ESI†). Tensile strain increases
the lengths of the in-plane Co–O bonds and simultaneously
decreases the lengths of the out-of-plane Co–O bonds to maintain the Poisson ratio of the crystal structure, but the average
length of the Co–O bonds (and thus unit cell volume) increases
(Fig. 1a and Table S1, ESI†), so their average strengths weaken.
This change results in a decrease in Co segregation energy
ECo,seg as the applied tensile strain increases (Fig. 1b).
To explore the energy requirement for the segregation of Co
towards the top layer of the STC surface, and thus describe the
Co ex-solution tendency (Fig. S2, ESI†), we calculated ECo,seg as
a function of biaxial strain. Co segregated preferentially
towards the surface as the applied tensile strain increased
(Fig. 1b) and the Co–O bond length was increasingly stretched
(Fig. 1a). The stability of Co declined as the Co–O bond length
increased, so the ex-solution of Co was facilitated. This implies

Fig. 1 (a) DFT-calculated in-plane, out-of-plane, and average Co–O bond length and the cell volume of STC as a function of biaxial strain. (b) Co
segregation energy (ECo,seg) towards the surface on a slab model of STC under biaxial strain. (c) Vacancy formation energies of Co, Sr, and Ti (ECo,vac,
ESr,vac, ETi,vac) in bulk SrTi0.75Co0.25O3 (STC) under biaxial strain. (d) Schematic illustration of B-site cation stability according to the bond length of Co–O.
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that the engineering of cation stability for Co ex-solution by
controlling the Co–O bond strength in a parental perovskite
lattice can also be effective in STC. In view of defect chemistry,
the Co ex-solution on the STC surface can be described by
the combination of partial Schottky defect formation and
reduction. According to a previous report,36 the enthalpies of
Co ex-solution and ECo,vac are finally derived to be linearly
proportional to each other.
For Sr and Ti, the formation energies ESr,vac for Sr vacancies
and ETi,vac for Ti vacancies showed quite similar curve shapes to
those in our previous model structure35 (Fig. 1c). As the tensile
strain was increased, ESr,vac continuously increased, whereas
ECo,vac continuously decreased. All such general vacancy formation energies EX,vac are parabolic curves;35,37 this trend
implies the existence of an optimal bond length that yields
the highest stability between the cation and the lattice oxygen
in the perovskite (Fig. 1d). ECo,vac steadily increased as the bond
length of Co–O decreased, so an optimal point for Co stability
might exist below the mechanical strain region of 3%. The
optimal strain for cation stability is positive for the A-site (Sr),
but negative for the B-site (Co or Ti). Thus, under tensile strain,
the stability of the A-site cation preferentially increased
whereas that of the B-site cation decreased, allowing us to
selectively weaken the stability of the B-site cation under tensile
strain. In particular, ECo,vac is significantly lower than ESr,vac or
ETi,vac over the strain ranges, so the most sensitive response to
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the structural deformation of perovskite would be that of Co,
enabling the acceleration of Co ex-solution by applying tensile
strain to STC (Fig. 1b). In addition, the surface oxygen vacancy
formation energy, which represents the reducibility of segregated cations to the metallic phase, decreased under tensile
strain. Therefore, the increase of Co–O bond length also facilitates the reduction of segregated Co to form metallic nanoparticles over the STC surface (Fig. S3, ESI†).
To experimentally demonstrate the eﬀects of bond strength
on the degree of Co ex-solution, we used pulsed laser deposition (PLD) to fabricate strain-controlled STC thin films by
lattice mismatch with single-crystal substrates of LaAlO3(001)
(LAO), SrTiO3(001) (STO) and DyScO3(110) (DSO). After deposition, the samples were heat-treated in a chamber at 700 1C in
ultra-high vacuum for 1 h: the condition was reductive enough
for Co to be ex-solved, but not enough for the lattice strain of
each film to be relaxed completely.
High-resolution X-ray diﬀraction (HR-XRD) out-of-plane
diﬀraction patterns (2y–o scan) (Fig. 2a) were obtained for
each film. The in-plane patterns (F scan) exhibited 901 rotational symmetry of the crystallographic plane normal to the
incident beam; this result confirms a good alignment registry
between the film and the substrate (Fig. 2b). Both in-plane and
out-of-plane strains were calculated by the values of the relaxed
lattice parameter â of each film by applying a Poisson ratio of
0.232 (SrTiO3).38,39 The in-plane strain states exx of STC thin

Fig. 2 (a) Out-of-plane diﬀraction patterns (2y–o scan) of (001)-oriented epitaxial SrTi0.75Co0.25O3d (STC) thin films on (001)-oriented LaAlO3 (LAO),
SrTiO3 (STO) and (110)-oriented DyScO3 (DSO) single-crystal substrates. (b) In-plane diffraction patterns (F scan) of the (001)-oriented epitaxial STC thin
films on LAO, STO and DSO substrates. Each F scan was collected for the (110) peak after tilting the sample by 451. (c) Cross-sectional high-resolution
transmission electron microscopy (HR-TEM) image and the fast Fourier transform (FFT) patterns corresponding to the layers of STC (inset in the white
box) and DSO (inset in the yellow box). (d) Selected area electron diffraction (SAED) pattern of the areas taken at the [010]STC and [11% 0]DSO zone axis. (e)
Magnified HR-TEM image and the FFT patterns of the STC surface on a single-crystal DSO substrate (the area marked by the red-dotted box in (c)). The
FFT pattern (inset) was obtained from a single CoO particle taken from the [001]CoO zone axis. (f) Energy dispersive X-ray spectroscopy (EDS) line scan
data of the region indicated by the arrow in (c).

3406 | Energy Environ. Sci., 2020, 13, 3404--3411

This journal is © The Royal Society of Chemistry 2020

Communication

Energy & Environmental Science

Table 1 Calculated misfit strain of SrTi0.75Co0.25O3d (STC) thin films. The strained and relaxed lattice parameters of epitaxial STC thin films were
collected from the HR-XRD data. The strained in-plane and out-of-plane lattice parameters of STC films were calculated by combining the interplanar
distance of the (002) and (110) peaks

In-plane strain [%]
Substrate

Constrained in-plane
lattice parameter a [Å]

Constrained out-of-plane
lattice parameter c [Å]

Relaxed film lattice
parameter â [Å]

exx ¼ 100

LaAlO3 (3.790 Å)
SrTiO3 (3.905 Å)
DyScO3 (3.948 Å)

3.812
3.858
3.922

3.935
3.932
3.913

3.889
3.917
3.916

1.97
0.66
0.14

a

â was calculated from

ða  a^Þ
a^

Out-of-plane strain [%]
eZZ ¼ 100

ðc  a^Þ
a^

1.19
0.40
0.09

Dc
2n Da
¼
assuming â = ĉ and n = 0.232 for STC.39
c^
1  n a^

films on LAO and STO substrates were compressed by 1.97% and
0.66%, respectively, whereas the stretched film on DSO showed a
tensile strain of 0.14% along the in-plane direction (Table 1). The
increase of the Co–O bond length was also confirmed as more
tensile strain was applied to STC thin films (Table S2, ESI†).
A cross-sectional high-resolution transmission electron
microscopy (HR-TEM) image and the fast Fourier transformation (FFT) patterns of the STC and DSO layers revealed that the
STC thin film is a single crystal with a perovskite structure and
a thickness of B25 nm (Fig. 2c). The selected area electron
diﬀraction (SAED) pattern (Fig. 2d) of the area in Fig. 2c shows
that (100)STC is coincident with (110)DSO, and that (01% 0)STC is
coincident with (002% )DSO. These results indicate that the STC
layer is epitaxially grown with identical lattice spacings in two
orthogonal directions, which agrees with previous reports.40,41
A magnified HR-TEM image (Fig. 2e) taken from the STC

surface with the FFT pattern of the CoO particle shows that
the ex-solved particle at the surface of STC has a face-centered
cubic (FCC) structure,42 and is socketed in the STC layer.
We note that the particle was a pure Co one when it was formed
during reductive heating in a vacuum chamber.36 An energy
dispersive X-ray spectroscopy (EDS) line scan following the arrow
in Fig. 2c identifies a significant ex-solution of Co atoms to the
surface of the STC layer within B5 nm from the surface; this
observation indicates that Co ex-solution is sensitive to the atoms
at the surface, which have a higher free energy than atoms in the
bulk (Fig. 2f).
The surface composition of strain-controlled STC thin films
was measured by angle resolved X-ray photoelectron spectroscopy (AR-XPS) with emission angles from 01 to 601 to quantify
the relative Co enrichment with respect to the A-site cation (Sr)
of each film (Fig. 3a). The sensitivity to surface composition

Fig. 3 (a) Relative Co ratio of epitaxial SrTi0.75Co0.25O3d (STC) thin films on single-crystal LaAlO3 (LAO), SrTiO3 (STO) and DyScO3 (DSO) substrates
measured by angle resolved X-ray photoelectron spectroscopy according to the emission angle. (b) Relative Co enrichment of epitaxial STC thin films vs.
degree of induced in-plane strain. (c) Schematic illustration of how the strain changes Co–O bond length to control Co ex-solution.
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increases as emission angle increases, so the fitting data
of photoelectron spectra of each cation exhibit the relative
compositional change of Co with the depth from the surface
(Fig. S4, ESI†). To eliminate technical diﬃculties in the XPS
analysis, we used I0 (= [Co/Sr] at 01) to refer to the ratio of the Co
measured at a detection angle of 01 (sensitive to the bulk
composition) and Iy = ([Co/Sr] at y1) (increasingly surfacesensitive as y1 increases). Iy/I0 was then evaluated to represent
the amount of Co ex-solution (Table S3, ESI†).
All Iy/I0 values increased continuously with increasing emission angle under lattice strain (Fig. 3b). The in-plane stretched
film on DSO shows significantly greater Co2+-excess at the
surface compared to the compressed STC films (Fig. S5, ESI†);
this result is in good agreement with our computational
observation for the degree of Co ex-solution tendency in STC
under diﬀerent strain states. As a result, the weakening Co–O
bond strength under tensile strain in the in-plane direction
considerably accelerates the Co excess and promotes Co
ex-solution at the STC surface; i.e., the Co ex-solution that
depends on the Co–O bond strength (biaxial strain in experiment)
is a response to the instability of cations in the perovskite lattice.
Charge density distributions near Co–O bonds also clearly show
that tensile strain weakens the Co–O bond strength and facilitates
Co ex-solution, whereas compressive strain strengthens these
bonds and impedes Co ex-solution (Fig. 3c and Fig. S6, ESI†).
Under mild reducing conditions, Ti is expected to maintain its
oxidation state and position, unlike Co. To confirm this, an
additional AR-XPS analysis was performed. Unlike the increase in
the Co composition at the surface of the STC epitaxial thin film
according to the in-plane deformation, the composition of Ti
remains almost constant (Fig. S7, ESI†). It was recently reported
that the degree of Ni ex-solution can be changed by applying
strain to La0.2Sr0.7Ni0.1Ti0.9O3d (LSNT) thin films,43 possibly
because misfit-strain relaxation energy changes the nature of Ni
ex-solution. Our findings here suggest that the misfit-strain energy
in LSNT might be caused by change in the Ni–O bond strength
under different strain states.
In a technical aspect, however, applying the external strain
to STC by a lattice mismatch between thin film and substrate is
not practical under the reaction conditions of the catalyst.
Rather, engineering of the size mismatch between host and
dopant elements by isovalent doping is a simple and more
eﬀective way to control the Co–O bond strength. In this case,
the isovalent element doped into the bulk perovskite of STC
induces isostatic strain, not biaxial strain. DFT calculations
demonstrated that the Co–O bond length steadily increased as
the isostatic tensile strain was applied (Fig. 4a). The responses
of EX,vac upon the applied isostatic strain were similar to those
observed under biaxial strain in bulk STC (Fig. 4b). This
similarity implies that isostatic tensile strain can also be used
to boost Co ex-solution by weakening the Co–O bond strength.
Isovalent doping induces isostatic strain in all of x, y, and z
directions because the size mismatch between the dopant
and the host aﬀects all surrounding atoms in the perovskite
structure, and thereby aﬀects both in-plane and out-of-plane
lattice parameters. In contrast, biaxial tensile strain causes a
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decrease in the out-of-plane lattice parameter and increase in
the in-plane lattice parameters. Therefore, more strain is
applied by isostatic strain than by biaxial strain under the same
degree of applied strain, so the slope of EX,vac for isostatic strain
was steeper (Fig. 4b) than that for biaxial strain (Fig. 1c).
To enlarge the Co–O bond by isovalent doping, we doped Ba
into the Sr site in our STC model, because Ba has the same
charge state of 2+ but a larger ionic radius (1.61 Å) than the host
Sr2+ (1.44 Å) when the coordination number is 12. As expected,
Ba induced a significant increase of the Co–O bond length to
1.92 Å in Ba-doped STC (BSTC) without any external strain
(Fig. 4a and Fig. S8, Table S4, ESI†). This elongation corresponds locally to the isostatic strain of 1.03%. Doping with
Ba weakened the Co–O bond strength, so the Co vacancy
formation energy ECo,vac was decreased from 4.93 eV in STC
to 4.73 eV in BSTC (Table S5, ESI†).
To demonstrate that isovalent doping can promote Co
ex-solution, we experimentally observed how the Co NPs
formed on the surface of STC polycrystalline films diﬀer
depending on the presence of Ba dopants, and also evaluated
their catalytic properties using a fixed-bed flow microreactor
combined with a quadrupole mass spectrometer (QMS). XRD
(Fig. S9, ESI†) showed that 5 at% Ba doping expanded the
lattice constant of STC materials with the increase of the Co–O
bond length in the lattice by approximately 0.4% (Table S6,
ESI†). Compositional analysis by X-ray fluorescence (XRF)
measurements confirmed that the STC and BSTC films were
well-fabricated (Table S7, ESI†). Co particles of similar size,
whether Ba doped or not, are uniformly produced on the STC
surface, but more particles are observed in the Ba-doped
sample (Fig. S10, ESI†). To investigate the effect of Ba doping
ratio on enlarging (weakening) the Co–O bond length
(strength), we synthesized STC powders and carried out their
XRD analyses, varying the Ba concentration to 5, 10, and
20 at%. As a result, the Co–O bond length gradually increased
according to the Ba doping concentration (Fig. S11 and
Table S8, ESI†). These observations evidently support that Ba
doping can promote Co ex-solution (Table S9, ESI†). Light-off
curves and Arrhenius plots for CO oxidation (Fig. 4c and d)
show that Co/BSTC had four times higher catalytic activity for
converting CO to CO2 than the Co/STC sample, whereas samples without Co ex-solution gave no conversion of CO regardless
of the presence of Ba in the STC support. However, similar
activation energies were observed for both ex-solved samples
regardless of Ba doping, indicating that CO oxidation occurred
through a similar reaction pathway (Fig. 4d and Fig. S12, ESI†).
We also investigated the surface morphology and chemical
composition of the samples by using SEM and AR-XPS analyses
(Fig. 4e, f and Fig. S13, ESI†). Ex-solved Co NPs were larger on
the surface of BSTC films (Fig. 4f) than on the surface of the
STC sample without Ba doping (Fig. 4e). The relationship
between the relative Co intensity and the emission angle
further confirmed the Co enrichment on the surface of the
BSTC films (Fig. S13, ESI†).
To summarize, when a Ba cation is doped into the A-site
of STC perovskite, the amount of ex-solved Co increases, and
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Fig. 4 (a) DFT-calculated Co–O bond length and (b) Co, Sr, and Ti vacancy formation energies (ECo,vac, ESr,vac, and ETi,vac) in bulk STC as a function of
isostatic strain. A red dotted line is the Co–O bond length in BSTC. (c) Catalytic activity curves for CO conversion ratio with respect to temperature of
polycrystalline STC thin films with or without 5 at% Ba doping. (d) Arrhenius-type plots for CO oxidation of polycrystalline STC thin films with or without
5 at% Ba doping. (e) Surface morphology of polycrystalline STC thin films after the catalytic activity test of CO oxidation using scanning electron
microscopy (SEM) techniques and (f) with 5 at% Ba doping.

catalytic activity for CO oxidation increases. Irvine et al. previously
observed uniformly dispersed Ni NPs on La0.52Sr0.28Ni0.06Ti0.94O3d after reduction at 930 1C for 20 h in 5% H2/
Ar.15 They explained that A-site deficiency in the perovskite
oxide destabilized the perovskite structure, so the B-site
cation was spontaneously ex-solved during high-temperature
reduction. We believe that the B–O bond strength could be
influenced by the deficiency of the A-site at the atomic level.
Thus, A-site deficiency might have a similar effect to isovalent
doping in this study in accelerating B-site ex-solution.

Conclusion
This study investigated the influence of Co–O bond strength
change on the Co ex-solution at the SrTi0.75Co0.25O3d (STC)
surface. The weakened Co–O bond strength upon the tensile
strain promotes surface Co ex-solution significantly. This
observation suggests that doping a large isovalent element to

This journal is © The Royal Society of Chemistry 2020

extend the Co–O bond length is a new strategy to improve the
catalytic activity of perovskite-type oxides for CO oxidation. This
doping is an effective method to promote ex-solution and can
be readily applied to various heterogeneous catalysts.

Methods
Sample preparation
SrTi0.75Co0.25O3d (STC) thin films were grown onto (001)oriented LaAlO3 (LAO), SrTiO3 (STO) and (110)-oriented DyScO3
(DSO) single-crystal substrates (10 mm  10 mm  5 mm,
Crystec) by pulsed laser deposition (PLD) from an oxide target.
STC was prepared using a conventional solid state method,
starting with SrCO3 (Sigma Aldrich, 99.99%), TiO2 (Sigma
Aldrich, 99.8%), and Co3O4 (Alfa Aesar, 99.7%) powders. The
powders were mixed to obtain the desired Sr : Ti : Co stoichiometric ratios (1.00 : 0.75 : 0.25), then ball milled with high-purity
ethanol (Merck, 99.9%) for 24 h before drying. The well-mixed
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powders were then calcined in air at 1200 1C for 8 h with heating
and cooling rates of 4 1C min1. A pellet-type STC target for PLD
was prepared by uniaxial pressing followed by cold isostatic
pressing at 200 MPa. The resulting compacted green bodies were
sintered at 1350 1C for 8 h with heating and cooling rates of
4 1C min1. STC doped with 5 at% Ba (BSTC) was prepared in the
same way, as STC but with added BaCO3 (Sigma Aldrich, 99.98%).
The PLD system (VTS Corporation) was operated using a KrF
excimer laser, emitting at 248 nm (Coherent COMPex Pro 205),
with an energy of 280 mJ per pulse with a repetition rate of
2 Hz for 5 min. The substrates were heated to 700 1C during
deposition, while the oxygen pressure was maintained at
10 mTorr after pumping the background pressure to 105 Torr.
After deposition, the oxygen pressure in the chamber was
decreased to o105 Torr at 700 1C for 1 h to induce relatively
high-temperature reduction. The resulting films had a typical
thickness of B25 nm. Polycrystalline STC and BSTC thin films
were grown by PLD from the same targets and deposited onto a
2 inch Si wafer with the same heating profile that was used to
fabricate epitaxial STC thin films with a repetition rate of 10 Hz
for 30 min.
Physical and chemical characterization
High-resolution thin film XRD (HR-XRD, X’Pert-PRO MRD,
PANalytical) measurements were performed for both the
in-plane and out-of-plane alignments of STC thin films on
single-crystal LAO(001), STO(001), and DSO(110) substrates
using Cu Ka radiation (l = 1.541 Å). The HR-XRD was operated
at 45 kV and 40 mA with a hybrid monochromator including a
four-bounce Ge(220) crystal and a parabolic multilayer mirror.
2y–o scan (out-of-plane) in the range of 201 to 601 and f scan
(in-plane) were performed to investigate the crystallographic
orientation and strain state of thin films. The in-plane reflection of the thin films was measured from the (110) plane
parallel to the substrate by 451 as the (111) plane of a cubic
structure.
The structural and compositional analyses of the STC thin
films and the single-crystal DSO substrate were performed
using a high-resolution transmission electron microscope
(HR-TEM, Tecnai G2 F30, FEI company) equipped with an
energy dispersive X-ray spectroscope (EDS). The TEM sample
was prepared by focused ion beam (FIB, Quanta 3D FEG, FEI
company) milling. Angle-resolved X-ray photoelectron spectroscopy (AR-XPS, K-alpha, Thermo VG Scientific) of the surface of
the thin films was performed using a rotating sample-stage in
angle-resolved mode (01, 151, 301, 451, and 601) under ultrahigh
vacuum (B109 Torr) using monochromated Al Ka (hn = 1486.6 eV)
radiation. All AR-XPS spectra were energy calibrated to the C–C
peak (284.8 eV) in the C 1s spectrum by using Shirley background.
Computational details
Density functional theory (DFT) calculations were performed
using the Vienna ab initio Simulation Package.44 The Perdew–
Burke–Ernzerhof functional based on the generalized gradient
approximation (GGA) was used, with the plane-wave expansion
up to a cutoff energy of 400 eV.45 The DFT+U approach was

3410 | Energy Environ. Sci., 2020, 13, 3404--3411

Communication
considered with Ueff = 4.4 eV for Ti and Ueff = 3.4 eV for Co to
correct the self-interaction errors.46 The bulk STC was constructed by replacing a Ti atom with a Co atom in the (2  2  2)
supercell of STO. To investigate the change in the energetics of
bulk STC upon the applied strain, only the z-direction of bulk STC
structures was relaxed with fixed strained lattice parameters in the
x- and y-directions (in-plane).35 For the isostatic strain, we relaxed
bulk structures with the strained lattice parameters in all of the x,
y, and z directions. Monkhorst–Pack grids of 6  6  6 and
4  4  1 k-points47 were used for bulk and slab models of STC,
respectively.
To understand the ex-solution phenomenon of Co atoms in
STC, we calculated ECo,seg using an asymmetric CoO-terminated
STC slab model by cleaving the bulk STC (Fig. S1a) along the
(001) plane (Fig. S1b, ESI†) as experimentally observed.
An eight-layered slab with a vacuum thickness of B14 Å was
used. The segregation energy was calculated by the total energy
diﬀerence between Co located at the surface and in the bulk
(Fig. S1b, ESI†). The Sr, Ti, and Co vacancy formation energies
under biaxial strain were calculated by the total energy diﬀerence with/without an A- or a B-defect in STC as35
bare
EX,vac (eV) = (EX,vac
STC,bulk + EX)  ESTC,bulk,

where EX,vac
STC,bulk is the total energy of bulk STC with a cation
vacancy, and Ebare
STC,bulk is the total energy of defect-free STC. EX is
the chemical potential of the cation. The chemical potentials
ECo, ETi and ESr were calculated from their bulk phases.
Catalytic activity test
Catalytic activity tests of carbon monoxide (CO) oxidation were
conducted at atmospheric pressure in a fixed-bed flow quartz
reactor that had an internal diameter of 1/4 inch. To build a
catalytic bed, the amount of cleaved STC thin films obtained
from three 2 inch wafers was loaded between layers of quartz
wool. The temperature of the sample was measured using a
K-type thermocouple which was in contact with the catalytic
bed. Before the test, the bed was annealed to remove surface
adsorbents or contaminants. The reactant gas mixture was 1 vol%
CO, 4 vol% O2, and 95 vol% Ar, and was fed at 50 mL min1. The
reactant and product gases were monitored using a quadrupole
mass spectrometer (MS, GSD320, Pfeiﬀer Vacuum) in real time.
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