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ABSTRACT: The ex-solution process, in which metal nanoparticles are grown on a host oxide, can be used to synthesize
nanocatalysts with excellent thermal and chemical durability via spontaneous heterogeneous nucleation. However, this technique
lacks a means to control the particle size and density because the amounts of ex-solved metal elements vary with the reduction
conditions. Here, we devise a strategy to achieve small particle sizes and high particle densities concurrently by controlling the
temperature (T), oxygen partial pressure (pO2) and ramping rate of the temperature. Quantitative analyses of Co particles ex-solved
on Sr0.98Ti0.95Co0.05O3−δ thin ﬁlms using ex situ SEM and in situ TEM reveal that the increasing T and decreasing the pO2 lead to
smaller particle sizes with higher density levels and vice versa, contrary to common ex-solution examples. We ﬁnd that nucleation
thermodynamics dictates such counterintuitive behaviors of particle characteristics, which are attributed to our speciﬁc ex-solution
conditions in which particle interactions are minimized and all the Co atoms are ex-solved under highly reducible conditions. We
also demonstrated the feasibility of our strategy via CO oxidation with typical powder-based catalysts, suggesting that this method
can be extended to various chemical/electrochemical applications.
KEYWORDS: ex-solution, nucleation, particle-size distribution, oxygen partial pressure, CO oxidation

■

INTRODUCTION
Heterogeneous catalysts are an essential ingredient for the
development of the chemical industry, speciﬁcally in the areas
of petroleum reﬁning, automobile exhaust treatments, catalytic
combustion, and electrochemical devices,1−8 in which
supported catalysts have become part of the mainstream.
Supported catalysts can be obtained by dispersing transition
metal nanoparticles on supports. In such systems, the metal
particles are not consumed during on-stream catalysis and can
therefore be recycled. However, the poor thermal resistance of
nanoparticles severely limits their longevity as catalysts at
elevated temperatures; accordingly, stabilizing the size and
distribution of nanoparticles on supports has been considered
as the “holy grail” in the ﬁeld of heterogeneous catalysis.4,6,9−15
In this context, the discovery of a metal nanoparticle exsolution from a parent oxide support suggests a near-ideal
solution to heterogeneous catalysis. By employing a complex
© 2020 American Chemical Society

metal-oxide support, more reducible metal cations can be
selectively extruded onto the oxide scaﬀolds during partial
reduction heat treatments. This process results in unique
nanoparticle geometries that are socketed to the host lattice.
Due to such a cavity structure, ex-solved metal particles
become fastened with strong metal−support-interactions,
which results in nanocatalysts with exceptional thermal
resistance properties and a good chemical durability.16−21
Moreover, the technique has an advantage over conventional
particle synthesis/dispersion processes, as it can be convenReceived: March 20, 2020
Accepted: April 28, 2020
Published: April 28, 2020
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Figure 1. Controlled sizes and densities of Co particles ex-solved on Sr0.98Ti0.95Co0.05O3−δ (STC) thin ﬁlms at various temperatures and oxygen
partial pressures. (a−i) Scanning electron microscope (SEM) images of STC thin ﬁlms in terms of temperatures and oxygen particle pressures.
(e.g., (a) shows SEM images of the STC surface after annealing at 700 °C and with the oxygen partial pressure set to 10−20 atm for 10 h). The scale
bars are 200 nm.

ﬁnd the ideal condition for maximum catalytic activity (i.e.,
smaller particle sizes with higher density levels).
Here we report a unique ex-solution regime in which both
small particle sizes and high particle density distributions are
simultaneously achieved by adjusting the temperature (T),
oxygen partial pressure (pO2), and the ramping rate of the
temperature. Our observations and analyses show that Co
particles ex-solved on Sr0.98Ti0.95Co0.05O3−δ thin ﬁlms are
tightly socketed at the grain boundaries and corners, thereby
minimizing the occurrence of coarsening up to 800 °C. The
highly reducible structure of thin ﬁlms containing A-site
deﬁciencies (2 at% Sr), a limited transition-metal dopant
concentration (5 at% Co), and high-free-energy sites (i.e.,
grain boundaries and corners) enabled all Co atoms in the
ﬁlms to be ex-solved within our reducing conditions (i.e., 700−
800 °C and pO2 = 10−26 to 10−20 atm). These ex-solution
conditions allow the nucleation properties to determine the
particle sizes and densities. Additionally, we ﬁnd that our
approach is applicable to other systems such as powder-based
catalysts through CO oxidation.

iently achieved in real time with a single heat treatment. Due to
the aforementioned merits, the ex-solution method has
garnered signiﬁcant attention from those involved in hightemperature catalysis and renewable energy.21−41
Over the past several years, numerous attempts have been
made to demonstrate eﬀective catalysis by utilizing the exsolution phenomenon as a central platform. From these eﬀorts,
the viability of this technique is not in doubt, but fundamental
information pertaining to the ex-solution process is a pending
issue. Indeed, the amount of research on the detailed
mechanisms of particle formation and/or the associated
growth kinetics is limited. Therefore, little is known about
how to control the size and density of the ex-solved particles.
Nonetheless, valuable clues regarding the ex-solution process
have been found by utilizing well-deﬁned thin-ﬁlm oxides as
model systems. For example, in recent reports,
La0.2Sr0.7Ti0.9Ni0.1O3−δ epitaxial thin ﬁlms were used to observe
the ex-solution behavior of Ni, which sensitively depended on
the strain and orientation of the ﬁlms.42,43 In more detail, it
was suggested that the lattice strain and atomic orientations of
the ﬁlms could signiﬁcantly alter the nucleation barriers for Ni,
determining the nucleus size and the distribution (and thus the
density) of the ex-solved particles. In addition, our group
recently reported that the grain boundaries and corners of the
polycrystalline host oxide ﬁlms could be favorable heterogeneous nucleation sites and fast cation diﬀusion pathways for
the ex-solution of transition metals,20,44 thereby oﬀering a
means to control the size and density of the produced
transition metal particles depending on the grain boundary
density. However, manipulating the ex-solved particle size and
density via external stimuli such as the temperature and oxygen
partial pressure is not straightforward. For instance, most
previous studies16,27,45 have indicated that enhancing the
reduction condition (i.e., increasing the temperature and/or
hydrogen gas concentration) led to increased particle sizes and
decreased particle density levels, and vice versa. Thus, such
tendencies challenge us to adjust the degree of reduction to

■

RESULTS AND DISCUSSION
Physical and Chemical Characterizations of
Sr 0. 9 8 Ti 0 . 9 5 Co 0 . 0 5 O 3 − δ Thin Films. In this study,
Sr0.98Ti0.95Co0.05O3−δ (STC) thin-ﬁlm samples were prepared
by pulsed laser deposition (PLD) on Si substrates. X-ray
diﬀraction (XRD) data show that polycrystalline perovskites
ﬁlms with random orientations were prepared (Figure S1).
The use of relatively thick (∼200 nm) ﬁlms grown on largely
lattice-mismatched substrates (>28%) eliminates the eﬀects of
lattice strain or textural characteristics. Moreover, the results of
atomic force microscopy (AFM) analyses shown in Figure S2b
and Table S1 conﬁrm that the thin ﬁlms used here have very
dense and ﬂat surfaces (root-mean-square roughness <0.6 nm
and surface area ratio (real surface area/projected surface area)
∼ 1.0008), which are essential for reliable ex-solution analyses.
SEM measurements show that the average grain size of the as24040
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Figure 2. Quantitative analyses of ex-solved Co particles in Figure 1: (a−d) Diameter and density of ex-solved Co particles depending on the
temperature and oxygen partial pressure (pO2). (e) Size distributions of Co particles on Sr0.98Ti0.95Co0.05O3−δ (STC) ﬁlms. (f) Magniﬁed size
distributions of the samples in Figure 2e for peak values smaller than 12. All data were collected from the SEM images in Figure 1. Particles were
assumed to be spherical.

deposited STC thin-ﬁlm samples is 37.3 ± 6.7 nm (Figure
S2a), and the sizes remain nearly constant over 800 °C for 10 h
(39.0 ± 8.4 nm), indicating that the grain growth of the host
oxide is not signiﬁcant (Table S1). We also note that 5 at% of
Co was doped, and the Sr content in the A site was reduced by
2 at% to promote the Co ex-solution while the crystal structure
of the STC remains unchanged under all experimental
conditions (see details in Figures S1 and S3). Figure S4
indicates that the chemical compositions of the STC powders
and thin ﬁlms measured by X-ray ﬂuorescence (XRF) and
scanning electron microscope-energy-dispersive X-ray spectroscopy (SEM-EDX) have the targeted Co and Ti ratios.
Dependence of Temperature and pO2 on the Size
and Density of Ex-Solved Co Particles. To examine the
behavior of the Co ex-solution, STC ﬁlms were annealed at
temperatures ranging from 450 °C to 800 °C and at pO2 levels
varying between 10−28 and 10−20 atm. Figure 1 exhibits a series
of SEM images demonstrating how the surface morphology of
the STC ﬁlm changes with the temperature and pO2 after a 10
h reduction treatment under each condition. In most cases,
particles with a wide range of sizes (5−110 nm in diameter)
were found on the sample surfaces, induced by the ex-solution
process. These particles are primarily located at the grain
boundaries or grain corners of the STC ﬁlms, a typical
behavior of heterogeneous nucleation.20 It is noteworthy that
the samples annealed at the lowest temperature (700 °C) and
the highest pO2 level (10−20 atm) show no secondary phases
on the surface (Figure 1a) because this condition is not
suﬃcient to reduce Co ions or to nucleate particle on the STC.
We also conducted quantitative analyses of the particles by
measuring the particles shown in Figure 1 and other areas (per
1 111 000 nm2). Figure 2a−f shows the size, density, and
distribution of the Co particles ex-solved on the surface of the
STC ﬁlm (Figure 1a−i) at various temperatures and oxygen
partial pressures. As the reduction temperature increases under
a constant pO2 level, the size of the nanoparticles decreases
(Figure 2a), while their densities signiﬁcantly increase (Figure
2b). These trends are in stark contrast to the common
behavior of dispersed particles, where at elevated temperatures,
particle coarsening becomes signiﬁcant, and greater amounts of
metal elements are ex-solved,20 causing large particles to
appear on the supports.16,45 Moreover, under a constant
temperature, the decrease in the pO2 value reduces the particle

size (Figure 2c) and increases the particle density (Figure 2d).
Additionally, the size distribution was measured; overall, the
larger the nanoparticle, the broader the distribution (Figure
2e,f). It should be noted that similar particle size and density
trends were also observed with other transition metals (i.e., Ni
and Cu) in the ﬁlms (Figures S5−S7).
Eﬀects of the Ramping Rate of the Temperature on
the Size and Density of Ex-Solved Co Nanoparticles. We
also investigated the growth behavior of ex-solved nanoparticles depending on the heating rate, a process variable that
can be readily manipulated during the ex-solution process.
Figure 3a−c shows the SEM images of the surfaces of STC
ﬁlms taken after 10 h of annealing under a hydrogen ﬂow when
the ramping speeds to 700 °C are set to 1 °C/min, 5 °C/min,
and 50 °C/min, respectively. The size and density of the exsolved Co nanoparticles were measured, as shown in Figure 3d.
As the ramping rate increases, the sizes of the particles become
smaller, while their density increases (inset of Figure 3d).
Moreover, it can be seen that larger particles have wider size
distributions. Schematics depicting the particle sizes and
densities that are controllable by varying the temperature,
oxygen partial pressure, and ramping speed are summarized in
Figure 3e, with additional illustrations presented below.
Real-Time Transmission Electron Microscopy Analyses of Co Ex-Solution Process. The ex situ SEM analyses
shown in Figures 1 and 2 are useful when attempting to
understand the trends in particle statistics, but these outcomes
may not portray quantitative analyses with suﬃcient accuracy
due to the oxidation of particles occurring when the sample
exits the annealing chamber. Thus, to prove that the statistics
of the ex-solved particles discussed above are unerring, we used
in situ TEM when temperature (i.e., 450−550 °C) was
changed at a given oxygen partial pressure (i.e., pO2 ∼ 10−28
atm). Figure 4a−c shows representative TEM bright ﬁeld (BF)
images of Co particles ex-solved on the STC ﬁlms at 450, 500,
and 550 °C, respectively after annealing for 30 min under each
condition. We ﬁnd that further annealing does not increase
particle sizes, indicating that no additional ex-solution
processes or particle coarsening occurs afterward (Figure
S8). It is clearly observed that the particles predominantly form
at both the grain boundaries and corners. To conﬁrm that the
particles are Co crystals, we utilized high resolution TEM
(HRTEM) while annealing the sample at 550 °C. An HRTEM
24041
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Figure 3. Controlled sizes and densities of Co particles ex-solved on Sr0.98Ti0.95Co0.05O3−δ (STC) thin ﬁlms at various temperature ramping rates:
(a−c) Top-view SEM images of STC ﬁlms after Co ex-solution at various ramping rates of 1, 5, and 50 °C/min to 700 °C under a hydrogen ﬂow,
respectively. The scale bars are 100 nm. (d) Size distributions and densities (inset) of Co particles in Figure 3a−c and other areas. (e) Schematics
summarizing the eﬀects of the temperature (T), oxygen partial pressure (pO2), and ramping rate on the size and density of ex-solved particles.

Figure 4. In situ TEM study of Co ex-solution samples from Sr0.98Ti0.95Co0.05O3−δ (STC) thin ﬁlms: (a−c) TEM BF images of STC thin ﬁlms after
the complete growth of the Co particles. (d) Diameter (black), density (red), and total volume (blue) of the ex-solved Co particles of the samples
in Figure 4a−c, respectively. Scale bars are 30 nm.

plots in Figure 4d, we observe that the particle size/density
decreases/increases with an increase in the temperature,
precisely coinciding with the ex situ results shown above.
Additionally, the total volumes of the ex-solved particles on the
three samples in Figure 4a−c are nearly identical, and the
volumes of Co extruded onto the samples are in good
agreement with the doping concentration of Co in each case,
indicating that all of the Co atoms in the STC came out of the
samples. To check if the Co atoms in the STC ﬁlms shown in
Figures 1 and 2 are exhausted after the reduction process, we
carried out energy-dispersive spectroscopy (EDX) measurements of the cross-sectional STC ﬁlms shown in Figure S9,
which are the corresponding weakest and strongest reduction
conditions in our experiments, as presented in Figure 1d,i. It is
observed that the Co compositions in both samples are nearly
zero through the sample thickness, indicating the complete

image of a single Co particle created at a grain corner is shown
in Figure 5a, with fast Fourier transform (FFT) patterns of the
boxed regions in Figure 5a exhibited in Figure 5f−i along with
the corresponding magniﬁed portions in Figures 5b−e. The
FFTs in Figure 5f−h,i were obtained for the three grains and
the Co particle, respectively. We ﬁnd that the crystal structure
of the particle (and other particles at other locations) is a facecentered cubic (FCC) type, and the lattice spacings of (111)
and (200) are 0.201 and 0.174 nm, respectively, in agreement
with those of a pure Co crystal.49 The FCC structure is
thermodynamically preferred above 450 °C.46,47 It was also
found that the surrounding grains have a tetragonal structure
and are aligned in diﬀerent orientations, as indicated by the
FFT patterns.
Moreover, quantitative measurements of the particles in
Figure 4a−c were carried out, as shown in Figure 4d. From the
24042
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Figure 5. Identiﬁcation of ex-solved Co nanoparticles on Sr0.98Ti0.95Co0.05O3−δ (STC) thin ﬁlms: (a) High-resolution transmission electron
microscope (HRTEM) image of a representative ex-solved Co nanoparticle at a grain corner. Scale bar is 3 nm. (b−e) Magniﬁed images of the
boxed regions in Figure 5a: the ﬁrst three images in Figure 5b−d were taken of the grains at the left, right, and bottom, respectively (clockwise).
The last image Figure 5e was taken of the Co particle. (f−i) Corresponding fast Fourier transform (FFT) patterns in Figure 5b−e. Scale bar is 1
nm.

consumption of Co from the STC lattices. This appears to be
reasonable because, unlike many previous studies using bulk
pellets, our samples were fairly thin (i.e., 200 nm thick).
Moreover, the doping concentration of Co was limited only to
5 at%, and the A-site (i.e., Sr) deﬁciency was also maximized to
2 at%, in which the ex-solution of Co was highly likely.
Interpretation of the Co Ex-Solution Behavior Using
Nucleation Thermodynamics. The ex-solution phenomenon can be understood as a phase decomposition process at the
oxide surface followed by the formation of a second phase via
thermal reduction. In fact, a typical second-phase formation
process consists of nucleation and growth, and during the
growth step, coarsening occurs at elevated temperatures,
resulting in the formation of large particles. However, based
on the Co ex-solution results shown above, we are in a unique
regime in which particle interactions are limited and the total
amounts of ex-solved Co atoms are identical regardless of the
reduction conditions (i.e., temperature, pO2 and ramping
speed). Thus, the unusual dependence of the temperature and
pO2 on the particle size and density discussed above can simply
be determined at the initial nucleation stage. According to
classical nucleation theory, the nucleation rate of secondary
particle formation N (number of nuclei/m2 s) is expressed50 as
follows:
i ΔG* yz
zz
N ∝ expjjj−
k kT {

r *∝

1
1
=
2
(Gi − Gf )
(ΔG)2

(3)

where Gi and Gf are the Gibbs free energies of our system
before and after Co particle formation, respectively, and ΔG =
Gi − Gf is the driving force for particle formation and is
indicative of the supersaturation of Co atoms on the STC
surface. Thus, as our system is exposed to stronger reducing
conditions (i.e., increasing temperatures and decreasing pO2
levels), ΔG* decreases, thereby increasing the particle density
and decreasing the critical nucleus size, consistent with the
behavior of the Co ex-solution discussed above. Again, due to
the speciﬁc conditions of our system, the particles do not
continuously grow. Instead, their sizes remain small compared
to those under weaker reducing conditions. An identical trend
is also observed when the heating rate is altered, as shown in
Figure 3. For example, if the heating rate is slow, nucleation
may occur while the temperature is rising, in which a smaller
ΔG is imposed on the system. Thus, the particle size/density
increases/decreases.
Applying the Proposed Strategy to CO Oxidation
Catalysis. The observations thus far demonstrate clearly that
the particle size and density in the ex-solution process can
easily be controlled by appropriate material selection and
reductive heat treatments. As a next step to determine if this
method is applicable to the development of realistic highperformance catalysts, we synthesized STC powder samples
and monitored the dependence of temperature and gas
atmospheres on their surface morphologies and catalytic
reactivity levels during reductive heat treatments. Here we
chose CO oxidation, which is the basic unit of various
industrial chemical reactions, and changed both the temper-

(1)

Here ΔG* is the critical nucleation energy barrier, k is the
Boltzmann constant, and T is the temperature. Additionally,
ΔG* and the critical nucleus size r* can be described50 as
ΔG *∝

1
1
=
Gi − Gf
ΔG

(2)
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Figure 6. Catalytic reactivity of powder-based Sr0.98Ti0.95Co0.05O3−δ (STC) catalysts: (a) Light-oﬀ curves pertaining to the CO conversion (CO
oxidation) to CO2 outcomes with diﬀerent ex-solution temperatures and oxygen partial pressures (pO2). (b) Kinetic data for CO oxidation. (c−e)
TEM BF images of representative catalyst particles, prior to the ex-solution process, after the ex-solution process at 600 °C and 10−27 atm pO2, and
at 600 °C and 10−23 atm pO2, respectively. Representative ex-solved Co nanoparticles are indicated with arrows. Scale bars are 50 nm.

■

ature and pO2 from 600 °C to 650 °C and from 10−27 to 10−23
atm, respectively.
Light-oﬀ curves of CO to CO2 conversion for each heattreatment condition are shown in Figure 6a. For clarity, the
sample annealed at 600 °C, pO2 = 10−23 atm (purple half-ﬁlled
circle), is used as a reference, the dependence of the
temperature under a constant pO2 is presented by ﬁlled circles,
and the dependence of pO2 at the same temperature is
represented by empty circles. As shown in Figure 6a, the CO
conversion rates of the samples after the ex-solution process
under all conditions are remarkably accelerated compared to
those prior to the reduction step, proving that Co particles act
as CO oxidation catalysts, as expected.20 Signiﬁcantly, when
the temperature increases at the same pO2 or the pO2 level
decreases at the same temperature, CO oxidation is more
strongly activated. In addition, as indicated in the Arrhenius
plot in Figure 6b, all samples show similar activation energy
(Ea) values (42.6−49.4 kJ/mol) regardless of the reducing
condition used, whereas the CO2 production rate increases
dramatically as the temperature increases and the pO2 level
decreases, as observed by the increase in the prefactors of the
plots, which is proportional to the number of active sites.20 For
example, at 130 °C, the rate is improved by ﬁve times by
controlling the reducing conditions (from the purple half-ﬁlled
circle to the red-ﬁlled circle). These results illustrate that the
Co particles ex-solved under various reducing conditions are
operative under the same mechanism of CO oxidation,
whereas the density of the active sites is eﬀectively controlled
by changing the temperature and pO2, as explained above.
Representative TEM images of STC powders treated under
diﬀerent reducing conditions are shown in Figure 6d,e. It was
observed that lowering the pO2 (10−27 atm) level at a constant
temperature (600 °C) generates a greater density of ex-solved
Co particles on the surface of the powder, in agreement with
the aforementioned results.

CONCLUSION
In summary, the size distribution of ex-solved Co particles
according to systematically controlled reducing heat treatments
was investigated with a high reliability and reproducibility
through ﬂat and dense polycrystalline STC thin ﬁlms. Notably,
we independently manipulated the three key variables, the
temperature, pO2 level, and ramping rate of the temperature,
which led us to ﬁnd a unique thermodynamic regime in which
particle formation can be directly linked to the initial
nucleation step. In other words, the overall size and density
of ex-solved Co nanoparticles, and therefore the CO oxidation
performance can be exceptionally tuned according to the
dynamics of the nucleation thermodynamics, even in identical
parent solid solutions. Thus, we believe that the strategy
presented in this work will facilitate the achievement of an
ideal catalytic bed (i.e., maximize the utilization of catalysts
with a high mass activity) using the ex-solution process. The
importance of nuclei formation, which is the ﬁrst step in the
formation of a new thermodynamic phase, particularly
regulated by the oxygen chemical potential and thermal
energy, challenges the current paradigm of ex-solved catalyst
design, which has been overwhelmingly focused on performance demonstrations.

■

METHODS

Thin-Film Sample Preparation. Sr0.98Ti0.95Co0.05O3−δ (STC)
powders were synthesized by the traditional solid-state reaction
method. Conventional powders of SrCO3 (Sigma-Aldrich, 99.9%) and
TiO2 (Sigma-Aldrich, 99.8%) were used as the host SrTiO3 oxide
precursors, and the conventional powder of Co3O4 (Alfa Aesar,
99.7%) was used as a metal dopant precursor. Appropriate ratios of
precursors were mixed in high-purity ethanol with zirconia balls for 10
h. After mixing, the ethanol was dried on a hot plate and in an oven
for 24 h. The completely dried powders were calcined at 1200 °C
with a ramping rate of 4 °C/min in an ambient air condition for 8 h.
The synthesized powders were formed into a green body with a
diameter of 1 in. by uniaxial compression at ∼40 MPa after uniform
24044
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grinding. Subsequently, this green body was cold-isotropically pressed
at 290 MPa for 15 min and then sintered at 1400 °C for 8 h at a
ramping rate of 4 °C/min in ambient air to become the dense target
used in the deposition step.
Thin ﬁlms of STC were deposited on 1 × 1 cm2 Si substrates by
pulsed laser deposition (PLD48) for an ex situ SEM analysis.
Additional STC ﬁlms were also deposited on SiNx membrane TEM
grids for in situ TEM analysis. A KrF excimer laser (Coherent
COMPex Pro 205) was used with a wavelength of 248 nm, an average
energy of 210 mJ/pulse, and laser repetition rates of 10 Hz (ex situ
SEM samples) and 2 Hz (in situ TEM samples). During the
deposition step, the PLD chamber was maintained at 700 °C (heater
temperature) with a 10 mTorr working pressure by pure oxygen gas.
Thickness of the thin ﬁlms was approximately 200 and 25 nm,
respectively, for the SEM and TEM analyses. After thin-ﬁlm
deposition, the samples were annealed in the chamber at 700 °C
with 1 Torr pure oxygen for 20 min for crystallization of the oxide
thin ﬁlms. As-deposited thin-ﬁlm samples were annealed in the
temperature range of 650−800 °C under buﬀer gas mixtures with an
appropriate ratio of H2, H2O, and Ar for 10 h. To control the pO2
precisely in real time during the annealing step, the pO2 value was
measured by a zirconia-based custom-made oxygen sensor. The
sensor was connected to the outlet of the reactor and was operated at
800 °C. In addition, an infrared gold image furnace (RHL-E44VHT)
was used to anneal the STC ﬁlms with a wide range of ramping rates.
Physical Characterization. The crystal structures of the asdeposited thin-ﬁlm samples were analyzed using a thin-ﬁlm X-ray
diﬀractometer (XRD, Ultima IV, Rigaku). XRD was performed in
two-theta-scan mode using a Cu Kα radiation beam source (λ =
1.54056 Å). The measurement was conducted in the range from 20°
to 60° at every 0.01° step with a 4°/min scan speed. JADE 6.0
software was used for processing and identiﬁcation of the XRD data.
Atomic force microscopy (AFM, XE-100) images of the asdeposited thin-ﬁlm samples were obtained at a scan rate of 0.98 Hz,
and the root-mean-square (RMS) roughness and speciﬁc surface area
were determined from the AFM images using the Park Systems XEI
software. Additionally, the surface morphologies of the as-deposited
and annealed thin-ﬁlm samples were observed using a scanning
electron microscope (SEM, Hitachi, S4800). When observing the
nanoscaled species, the samples were not coated with osmium or
carbon. Additionally, the SEM device was operated at a 3 kV voltage
and 7 μA with working distances ranging from 2.0 to 4.0 mm.
The chemical composition of the synthesized powder was
characterized by X-ray ﬂuorescence spectrometry (XRF, ZSX Primus
II), and that of the thin-ﬁlm samples was characterized by SEM
energy-dispersive X-ray spectroscopy (SEM-EDX, SU8230)
In Situ Transmission Electron Microscopy Analysis. The
crystal structures of STC thin ﬁlms and ex-solved Co particles were
examined via high-resolution transmission electron microscopy
(HRTEM) and fast Fourier transformation (FFT) using a highresolution transmission electron microscope (TEM, Tecnai G2, F30
S-Twin, operating at 80−300 keV, FEI). The investigation of the
evolution and growth of the Co particle ex-solved on the STC ﬁlms
was conducted using an in situ gas ﬂow holder (Hummingbird
Scientiﬁc) within the TEM analytic chamber (1 × 10−7 Torr). Each
targeted temperature was reached in 10−30 seconds using an
autocontrol mode depending on the targeted temperatures. The
pO2 level was controlled identically to the ex situ works described
above.
How To Determine the Ex-Solved Particle Properties. We
approximated the particle image by an ellipse, and the diameter d is
calculated as the geometric mean of the semimajor and semiminor
axes, that is, the diameter of a circle with an equivalent area. To
calculate the total volume, we assumed that particles are spherical
with the diameter d. Then we summed the volumes of the particles
placed on the speciﬁc areas (per 1 111 000 nm2) of the STC ﬁlm.
Within the speciﬁed areas, we determined the size distributions and
the total number of the particles, thus density.
CO Oxidation Sample Preparation and Measurement. STC
powder-based catalysts for evaluating the reactivity of CO oxidation

were synthesized by the sol−gel method. Appropriate ratios of
Sr(NO3)2 (Sigma-Aldrich, ≥98%), titanium isopropoxide (SigmaAldrich, ≥97%), and Co(NO3)2·6H2O (Sigma-Aldrich, ≥98%)
precursors were mixed into DI water with ethylenediaminetetraacetic
acid (EDTA, Junsei) and citric acid (Junsei). The metal
cations:EDTA:citric acid ratio was set to 1:1:2.5. The solution was
homogeneously mixed by stirring it at 170 °C and at pH = 8 until
complete gelation. After gelation, it was ﬁred at 450 °C for 3 h and
subsequently calcined at 1100 °C for 5 h. The as-prepared powder
samples were annealed in the temperature range of 600−650 °C
under buﬀer gas mixtures with an appropriate ratio of H2, H2O, and
Ar for 1 h. The pO2 level was controlled identically to thin-ﬁlm works
described above.
CO oxidation was tested in situ with a quadrupole mass
spectrometer (Pfeiﬀer Vacuum GSD320) in a ﬁxed-bed quartz ﬂow
microreactor. In the catalytic bed, quartz wool was placed on the
bottom layer to prevent the displacement of the catalyst, and 50 mg of
catalyst mixed with 100 mg of catalytically inert quartz sand was
packed between an additional quartz sand layer. Prior to the
measurements, samples were pretreated in 4% O2 at 300 °C for 15
min to remove any surface adsorbates. For CO oxidation, 50 sccm in
total of the reactant gas was injected into the reactor in a composition
of 1% CO, 4% O2, and Ar as a balance gas corresponding to gas
hourly space velocity (GHSV) of 60 000 mL g−1 h−1. The catalytic
activity was measured over the temperature range of 50 °C to 300 °C,
and the cycle was repeated three times.
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