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ABSTRACT: A precise control of the size, density, and distribution
of metal nanoparticles dispersed on functional oxide supports is
critical for promoting catalytic activity and stability in renewable
energy and catalysis devices. Here, we measure the growth kinetics of
individual Co particles ex-solved on SrTi0.75Co0.25O3‑δ polycrystalline
thin ﬁlms under a high vacuum, and at various temperatures and
grain sizes using in situ transmission electron microscopy. The exsolution preferentially occurs at grain boundaries and corners which
appear essential for controlling particle density and distribution, and
enabling low temperature ex-solution. The particle reaches a
saturated size after a few minutes, and the size depends on
temperature. Quantitative measurements with a kinetic model
determine the rate limiting step, vacancy formation enthalpy, ex-solution enthalpy, and activation energy for particle growth.
The ex-solved particles are tightly socketed, preventing interactions among them over 800 °C. Furthermore, we obtain the ﬁrst
direct clariﬁcation of the active reaction site for CO oxidationthe Co-oxide interface, agreeing well with density functional
theory calculations.

■

analyses.1−3,5−18 In situ transmission electron microscopy
(TEM) oﬀers such insights at subnanometer scale spatial
resolution as evidenced by the study of Co ex-solution on
Pr0.5Ba0.5Mn0.9Co0.1O3‑δ surfaces, which to our knowledge is
the only report.4 However, this study is limited to simply
conﬁrming the presence of a few sporadically scattered Co
particles, which are extracted on uneven surfaces of Co-doped
Pr0.5Ba0.5MnO3 porous support in a severe reducing environment.
Here, we use in situ TEM to provide direct insights into the
growth mechanism and kinetics of Co particles ex-solved on
polycrystalline SrTi0.75Co0.25O3‑δ (STC) thin ﬁlms under a high
vacuum (1 × 10−7 Torr) and at varied temperatures (500−800
°C). The particle is extracted preferentially at grain boundaries
and corners within our experimental condition (potentially
lowering the ex-solution temperature), contrary to the exsolution on other oxide systems.1−18 Interestingly, the particle
size increases with time until it reaches a critical radius at
which it remains constant, and the radius depends on the

INTRODUCTION
Ex-solution, an in situ growth of metal nanoparticles from
parent complex oxide supports has attracted intense attention
due to its potential applications in the ﬁelds of hightemperature catalysis and renewable energy.1−14 For the
perovskite oxide (ABO3) which has been studied most
intensively, transition or precious metals are incorporated
into the B site of the perovskite lattice under oxidizing
conditions, and they are egressed from the support upon
subsequent reduction. Nanoparticle synthesis using this
phenomenon oﬀers exceptional capabilities for inhibiting the
agglomeration of the particles during growth by anchoring
them onto the surface of the perovskite support and for
distributing them rather uniformly on the support, thereby
becoming a candidate for overcoming the drawbacks of the
conventional dispersion methods.15−17
A judicious control over the number, size, and distribution
of ex-solved particles, a prerequisite for further improving the
catalytic activity and stability, can only be achieved by
understanding the kinetics of individual particle growth at
varied parameters of ex-solution. Yet to date, this has not been
explored, largely due to the limitations of post growth
© 2019 American Chemical Society
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locations and temperature. Direct measurements of the particle
size, combined with a theoretical model, allow us to determine
the rate limiting step for growth, which is the ﬁnite supply of
Co, and to estimate the Co vacancy formation and ex-solution
energies (i.e., enthalpy), and the activation energy for growth.
Remarkably, the particle coarsening is restricted up to 800 °C
due to the stable nucleation sites on which the particle is
strongly anchored. However, the three energy barriers vary
with the sites, whose free energies are sensitive to the
orientation, shape, and size of nearby grains. The uniform
particle and grain size distributions over the entire range of the
polycrystalline STC ﬁlm enable us to identify that the active
reaction site for CO oxidation is the interface of the Co particle
on the oxide support. This is the ﬁrst attempt to directly
determine the presence of strong metal−support interactions
that accelerate the reactivity of a real application using exsolved catalysts. We ﬁnd that this result is consistent with DFT
calculations.

The high resolution transmission electron microscopy
(HRTEM) image of a single Co particle created at a grain
corner is shown in Figure 2a, and the fast Fourier transform

■

RESULTS AND DISCUSSION
A time series of TEM bright ﬁeld (BF) images of the Co
particles ex-solved from a STC thin ﬁlm is extracted from a
video obtained at 800 °C and 1 × 10−7 Torr, as shown in
Figure 1a−d. The ﬁlm is very thin (∼25 nm), and it is a

Figure 2. Identiﬁcation of the Co particle ex-solved from the STC
support. (a) A HRTEM image of a representative Co particle exsolved at a grain corner. The scale bar is 5 nm. (b−e) Magniﬁed
images of the boxed regions in (a): The ﬁrst three images of the STC
are taken from the grains at left, right, and bottom, respectively. The
last image of the Co is taken from the Co particle. The scale bar is 1
nm. (f−i) The corresponding FFT patterns of (b−e). (j) A STEM
image for the two Co particles ex-solved at the grain corner and
boundary. The scale bar is 20 nm. The red arrow indicates the
direction to which the EDX line scan was performed. (k−m) EDX
mapping images of Ti, Co, and Sr, respectively. (n) Data plots of the
EDX line scan as indicated in (j).

Figure 1. Real time observation of ex-solution of Co particles on a
STC ﬁlm during annealing at 800 °C with the ﬁts to the kinetic data.
(a−d) A series of TEM BF images of the Co particles with time. The
scale bar is 50 nm. (e−h) A representative sequence of the images of a
Co particle marked by boxes in (a−d). The time at which each image
was taken is indicated in the image. The scale bar is 10 nm. (i,j) Plots
of radius r versus time t of the particle in (e−h) and the selected
particles in (a−d). Approximating the particle image by an ellipse, the
radius r is calculated as the geometric mean of the semimajor and
semiminor axes; that is, the radius of a circle with an equivalent area.
In (i), the blue, purple, and green plots describe reactant limited,
strain limited, and diﬀusion limited models, respectively.

(FFT) patterns of the boxed regions in Figure 2a are exhibited
in Figure 2f−i with their magniﬁed portions in Figure 2b−e.
The HRTEM image was acquired while annealing the sample
at 800 °C. The FFTs in Figure 2f−h and 2i were obtained for
the three grains and the Co particle, respectively. We ﬁnd that
the crystal structure of the particle (and other particles in other
locations) is face centered cubic (FCC), and the lattice
spacings of (111) and (200) are 0.201 and 0.174 nm,
respectively, in agreement with a pure Co crystal.20 The FCC
structure is thermodynamically preferred above 450 °C.21−25 It
is also found that the surrounding grains have a tetragonal
structure and are aligned in diﬀerent orientations as indicated
by the FFT patterns. A nanoprobe-EDX line scan and an
elemental mapping were also performed to measure the
compositions of the Co particle and the STC ﬁlm as presented
in Figure 2j−n. The concentration of Co in the particle is
considerably higher than that in the substrate ﬁlm, suggesting
that the nanoparticle is pure Co metal.

polycrystal with a grain size ranging from 12 to 40 nm, and the
size distribution was constant during annealing as shown in
Figure S1. Most Co particles with darker contrasts are
observed at grain boundaries and corners that are energetically
favorable locations to minimize their nucleation energy barriers
because these sites have higher free energies than other sites
such as grain surfaces, and they are geometrically attractive
sites where nuclei eﬀectively consume defective sites.19
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distinguished from one in ref 18 in that the rr−lim is not
×
m
decided by [CoCo
]0 but by [VCo
′]eq, which depends on
temperature, because our system is under high vacuum
conditions.
We measured all the 54 ex-solved particle growth events at
800 °C as shown in Figure 1a−d and 16, 43, and 64 growth
events at 500, 600, and 700 °C, respectively, as shown in
Figure 3a−c. The selected sets of data and ﬁts to eq 2 are

Figure 1e−h show a representative sequence of the
magniﬁed images of a Co particle marked by boxes in Figure
1a−d, and Figure 1i,j show quantitative measurements of the
radius r (deﬁned in the ﬁgure caption) versus the time t of this
and several other particles with diﬀerent sizes in Figure 1a−d,
respectively. The size of the Co particle increases with time,
but after approximately 10 min it remains constant. The
particle has a saturated radius of 2.1−6.4 nm with an
approximately round shape as shown in Figure 1g,h.
The Co ex-solution on the oxide surface is related with the
partial Schottky defect formation in perovskite lattices.26,27 To
form the metallic Co on the surface, Co and O in the oxide
lattice must be pulled out together while releasing O2 gas, as
illustrated in eq 1 (see the equation for full reaction process in
Supporting Information):
m ×
m
m
×
m′
CoCo
+ OO
= VCo
+ V O•• + Cosurface + O2 (g )
2
2
4
(1)

Co×Co

O×O

Here,
and
are cobalt and oxygen ions in the
perovskite lattice, respectively. VmCo′ (m is an integer indicating
the valence state of Co) and V••
O are the cobalt and oxygen
vacancies, respectively, and Cosurface is a neutral Co segregated
at the surface. A recent paper18 reported that the ex-solution of
Ni atoms on the La0.4Sr0.4Sc0.9Ni0.1O3‑δ (LSSN) surface was
analyzed analytically and experimentally with ex situ experiments that focused on the analysis of the average sizes of exsolved particles. Three limiting cases can be distinguished, in
which the rate of the ex-solved particle growth is limited by
one of the following factors: strain between the particle and
host material, a limited supply of the ex-solved element, and
diﬀusion through the inside and surface of the host material.
A summary of the three diﬀerent models is provided in ref
18, and the best ﬁts to our experimental data are plotted in
Figure 1i. It is evident that the reactant-limited model
excellently describes the data. We therefore focus on this
case. Its theoretical model, which is modiﬁed to reﬂect our
unique ex-solution conditions, can be written as follows (see
the full derivation in SI 1, Supporting Information):
ij
ij
t yzzyzz
r = rr−limjjjj1 − expjjj−
zz
j τr−lim zzzz
k
{{
k

Figure 3. Real time observation of Co particles ex-solved at other
temperatures with statistical and kinetic analyses. (a−c) The BF
images of the Co particles on the STC ﬁlms after their sizes are
saturated at 500, 600, and 700 °C, respectively. The scale bar is 50
nm. (d) A plot of the number of ex-solved particles as a function of
temperature. (e) Plots of particle size distributions at varied
temperatures. (f) Fits to the data plots of the total volume of the
ex-solved Co particles with time. The data were collected from the
speciﬁed areas (2.3 × 104 nm2) of the STC ﬁlms in (a−c) and Figure
1a−d. (g,h) Arrhenius plots of the ﬁtted parameters of rr−lim and τr−lim,
respectively.

1/3

Here, rr−lim =
and τr−lim =

(

Vb
ρυ0

Vb
×
([CoCo
]0
ρ

×
− [CoCo
]eq )

(2)
1/3

)

=

(

Vb
m′
[VCo
]eq
ρ

1/3

)

where Vb is the volume of the support being

analyzed, ρ is the molar density of Co metal, [Co×Co]0 is the
initial concentration of Co ions in the STC before ex-solution,
[Co×Co]eq and [VmCo′]eq are the equilibrium concentrations of Co
ions and Co vacancies in the STC at temperature dependent
reducing conditions, respectively, and υ0 is the prefactor
involving all constants including the particle shape, and it is
also thermally activated for evolving the particle including the
activation energies for the strain between the particle and the
STC ﬁlm and the diﬀusion through the STC ﬁlm. The two
parameters controlling the kinetics of the ex-solved particle in
eq 2 are thus rr−lim and τr−lim, allowing us to directly determine
the values of the subcomponents and their dependence on
temperature. τr−lim is ﬁtted to the initial increase in the particle
size, describing the sharpness of the saturation point, and rr−lim
is ﬁtted to the ﬁnal regime, determining the saturated size of
the particle. We emphasize that our modiﬁed model is

shown in Figure 1j for 800 °C and in Figure S2 for the other
temperatures. After ﬁtting each curve independently, we ﬁnd
that the resulting values of rr−lim and τr−lim vary between the
particles at a given temperature as shown in Table 1; the
particle with a larger saturated size is ﬁtted by the larger value
of rr−lim and the smaller value of τr−lim. Such a deviation in the
values of these two parameters might depend on the site at
which each particle is ex-solved. It is possible that each site has
a diﬀerent surface, grain boundary, or grain corner energy
depending on the orientation, shape and size of nearby grains.
This tendency gives rise to the variation in the formation
energy for VmCo′ and the activation energy for υ0, both of which
determine the two ﬁtting parameters and ultimately the size
distribution of the ex-solved particles. Note that Vb and ρ are
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Table 1. Values of Fitted Parameters for the Particles of Diﬀerent Sizes at Various Temperatures for Ex-solutiona
500 °C

600 °C

700 °C

800 °C

rsaturated

rr−lim

Tr−lim

rsaturated

rr−lim

Tr−lim

rsaturated

rr−lim

Tr−lim

rsaturated

rr−lim

Tr−lim

1.26
1.56
1.63
1.79
2.14

1.26
1.56
1.63
1.78
2.14

400
370
340
300
230

1.18
1.84
2.30
2.92
3.51
3.82

1.18
1.83
2.27
2.88
3.47
3.80

300
270
240
200
150
120

1.70
2.33
2.68
3.20
3.42
3.72
4.09
4.54

1.70
2.32
2.67
3.22
3.42
3.73
4.12
4.52

300
270
250
230
220
200
180
150

2.18
2.72
2.84
3.12
3.51
4.13
4.55
5.40
6.23

2.18
2.71
2.84
3.10
3.47
4.12
4.57
5.37
6.21

220
230
240
220
200
170
160
150
130

The units of rsaturated and rr−lim are nm, and that of τr−lim is second.

a

To further analyze the physical signiﬁcance of the ﬁtting
parameters as a function of temperature, we measured the total
volume of the ex-solved particles in a speciﬁed area (2.3 × 104
nm2) of the STC ﬁlm with time at varied annealing
temperatures. Figure 3f shows the temperature dependence
of the total volume of Co in which each plot is obtained from
the images in Figure 3a−c and Figure 1c,d. As expected, the
data are well ﬁtted by an extended form28 of volume based on
eq 2, and from this, the two ﬁtting parameters are extracted at
diﬀerent temperatures. The parameters also scale with the
saturated total volume of the particle in the same manner as
those of individual particles as discussed above. Thus, the
values of the ﬁt allow us to ﬁnd the Co vacancy formation
enthalpy (1.0 eV) and the activation energy (0.14 eV) for
growth of the particle as shown in Figure 3g,h, respectively.
Additionally, by deﬁning the equilibrium constant for the Co
ex-solution described in eq 1, we ﬁnd that the enthalpy for this
ex-solution reaction is larger than the Co vacancy formation
enthalpy by a factor of (2 + m)/2 (see SI 2 in Supporting
Information). Generally, Co exists in the mixed valence states
of 2+ and 3+ in a perovskite lattice,29,30 implying that the
enthalpy for the ex-solution reaction is 2−2.5-fold larger than
the enthalpy for the Co vacancy formation.
To characterize the catalytic performance of the Co particle
ex-solved on the STC support, the oxidation of CO was
investigated at various temperatures (100−250 °C). We
discovered that most of the Co particles are hexagonal close
packed (HCP)20 at room temperature in TEM, as indicated by
the HRTEM and FFT of a representative Co particle as shown
in Figure S5. It is reasonable to assume that the FCC Co
particles created during annealing transforms to the HCP Co
at room temperature because HCP Co is stable below 450
°C.21−25 Figure 4a shows the CO conversion ratio as a
function of the reaction temperature. It is apparent that the
sample reduced at higher temperature converts more CO
molecules over the entire range of reaction temperatures due
probably to the amount of ex-solved Co atoms, which increases
sensitively to preannealing temperature as shown in Figure 3f.
To verify the active site for the formation of CO2, we
examined the turnover frequencies (TOFs) as a function of the
reaction temperatures, as shown in Figure 4b. The TOFs were
obtained at diﬀerent geometric locations of the Co particles exsolved at various temperatures. Direct measurements of the Co
particle using TEM allow us to estimate the number of sites
(number of Co atoms) at the perimeter, surface and volume in
the entire area of the sample. This approach can be reasonably
adopted because the size distributions of the Co particles at
diﬀerent locations in the STC layer are nearly identical (see

constant, independent of the ex-solution sites. Importantly,
each particle with a diﬀerent size is ﬁtted by a set of the two
parameters over 30 min for growth, indicating particle growth
dominates over particle interactions. Such excellent particle
stability should be ascribed to the stable ex-solution sites
(within our experimental conditions) at which the particle can
be tightly anchored up to 800 °C. Considering that most of the
particles nucleate before the time (∼30 s) when we start to
observe the ex-solution event, and the ﬁts of the data, most of
the particles nucleate within a narrow range of times.
We now discuss the temperature dependence of the exsolution of Co metal. As shown in Figure 3a, ex-solution occurs
at temperatures as low as 500 °C and at 1 × 10−7 Torr. Such a
low temperature ex-solution is probably induced by the high
vacuum (thus the low oxygen partial pressure, 2.64 × 10−11
atm) in TEM, and the energetically eﬃcient nucleation sites at
the grain boundaries and corners, which should signiﬁcantly
reduce the vacancy formation energy (thus the ex-solution
energy) and the nucleation energy barriers.19 We performed
the experiment isothermally at each designated temperature
with a diﬀerent sample. The images in Figure 3a−c show the
ex-solved Co particles whose sizes are saturated at 500, 600,
and 700 °C, respectively, and we did not observe particle
coarsening afterward. The grain size distributions at the three
temperatures are nearly similar as shown in Figure S3.
The number of ex-solved particles and size distributions are
plotted with temperature as shown in Figure 3d,e, respectively.
The former increases with temperature but after 700 °C, it
decreases. The latter presents near Gaussian distributions with
an increasing mean particle radius and a larger standard
deviation in the radius as temperature increases. However, after
700 °C, the standard deviation in the radius is nearly
unchanged, whereas the mean radius increases. These statistics
imply that at temperatures above 700 °C, the ex-solved Co
atoms diﬀuse onto the existing particles rather than nucleating
new ones at grain boundaries or corners because such high
temperatures increase the diﬀusivity of the Co atom and the
distances between the particles previously nucleated are
shortened. We also observed that as the average grain size
increases, the particle density decreases, while the average
particle size remains nearly constant, reﬂecting that the total
amount of ex-solved Co atoms decreases at a given
temperature (Figure S4d−f). These results suggest that the
Co atoms are preferentially extracted at grain boundaries and
corners; thus, the density and distribution of the particle is
controlled by the grain sizes of the ﬁlm, while the size of the
particle is primarily determined by temperature.
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mechanism31,32 (see the details in Experimental Section).
This mechanism suggests four elementary steps for the CO
oxidation reaction: CO adsorption, CO2 formation leaving a
surface oxygen vacancy, O2 adsorption into the oxygen
vacancy, and CO2 formation via the reaction of another
adsorbing CO and the adsorbed O2 with the clean surface
retrieved. Through this consecutive oxidation process, two CO
molecules and one O2 molecule are converted into two CO2
molecules on oxide surfaces. The eﬀect of ex-solved Co on the
activity of CO oxidation is illustrated by the relative energy
diagrams for the three diﬀerent forms of Co atoms for CO
oxidation (Figure 5a), with the schematics depicting the

Figure 4. Characterization of CO oxidation properties of the exsolved Co particles on the STC support. (a) A plot of CO conversion
ratio vs reaction temperature. (b) An Arrhenius plot of turnover
frequencies (TOFs) at diﬀerent geometries (i.e., perimeter at the
junction where the Co particle, the STC support, and the gas meet,
surface area of the Co particle, and the volume of the Co particle; the
three geometries are denoted as P, S, and V in plots) of the Co
particles ex-solved at various temperatures (i.e., 500, 600, and 700
°C), which are labeled in the legend. (c) A plot of reaction rate vs
number of Co atoms at diﬀerent particle geometries for various
reaction temperatures (i.e., 160, 200, and 240 °C as labeled in the
legend) of CO oxidation. The three geometries are also denoted as P,
S, and V with diﬀerent colors of black, blue, and red in plots,
respectively. Each plot includes three data points; the data of the
smallest number of Co atoms was obtained from the sample where Co
atoms were ex-solved at 500 °C, the data in the middle at 600 °C, and
the data in the largest at 700 °C.

Figure S6a−c), due to the consistent size distributions of
grains at those locations (see Figure S6d−f). We conﬁrmed
that this trend persisted at the three ex-solution temperatures
at which diﬀerent amounts of Co atoms are ex-solved and
diﬀerent size distributions of Co particles appear. From these
plots, we ﬁnd that when the reaction rate is normalized by the
Co atoms at the perimeter of the particle (where the particle,
support and gas meet), the samples annealed at the three
temperatures, exhibit the most equivalent TOF values
compared to the other cases, indicating that the atoms at the
interface of the particle on the support are the dominant active
sites for CO oxidation. The active site can be analytically
conﬁrmed by evaluating the TOF at diﬀerent geometric sites as
presented in Figure 4c. At the perimeter of the particle, the
slope of the plot of reaction rate vs number of Co atoms is
closest to unity, representing nearly constant TOF values
regardless of the various size distributions of particles, the
amount of Co atoms and the reaction temperatures. We note
that this is the ﬁrst determination of the strong metal−support
interaction occurring in the system of ex-solved catalysts.
To explain how the interface of the Co nanoparticle on the
STC support acts as the dominant reaction site for CO
oxidation, we performed density functional theory (DFT)
calculations based on the Mars−van Krevelen (MvK)

Figure 5. Density functional theory (DFT) calculations of CO
oxidation at Co particles on STC ﬁlms. (a) Relative energy diagram of
CO oxidation on STCsurface, STCbulk, and Co5@STC. (b) Optimized
structures of reaction intermediates during the CO oxidation at each
elementary step on STCsurface, STCbulk, and Co5@STC. White and
yellow atoms represent oxygen vacancy and adsorbed O2, respectively.
To identify adsorption sites on Co5@STC more clearly, we present
the ex-solved Co NP with a larger Co than that of STCsurface and
STCbulk.

reaction at each step (Figure 5b). STCbulk, STCsurface, and
Co5@STC represent Co located in bulk and on the surface of
the oxide, and a Co NP anchored on the ﬁlm, respectively.
This diagram shows that the ﬁrst CO2 formation step has the
largest energy barrier, and is thus the rate-determining step
(RDS) of the overall reaction. At the RDS, the adsorbed CO
reacts with the lattice oxygen of STC to form a CO2 molecule
by creating a surface oxygen vacancy. Then, an absorbed O2
molecule is dissociated to migrate onto the Co NP and the
oxygen vacancy of the STC surface. We ﬁnd that the
adsorption energy of CO (ECO), the oxygen vacancy formation
energy (Evf), the energy barrier at the RDS, and the adsorption
energy of the O2 molecule (EO2) are the lowest for Co5@STC
(see Table 2). This indicates that the interface between the Co
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F30 S-Twin, operating at 80−300 keV, FEI). The elemental line scan
and mapping of the particle were conducted by energy dispersive Xray spectroscopy (EDX) and scanning transmission electron
microscopy (STEM) with which our TEM were equipped.
Investigation of the evolution and growth of the Co particle exsolved on the STC ﬁlm was conducted using an in situ heating holder
(652 double tilt, Gatan) within our TEM (1 × 10−7 Torr). Each
targeted temperature was reached in less than 30 s using an
autocontrol mode depending on the targeted temperatures.
Catalytic Test for CO Oxidation. The catalytic activities for CO
oxidation were evaluated in a quartz reactor with a diameter of 0.5 in..
For each measurement, we prepared three STC wafers (2 in.) and
annealed the wafers under the same conditions as in the in situ TEM
analyses (the selected temperatures were 500, 600, and 700 °C; the
pressure in the chamber was 1 × 10−7 Torr; and the thickness of the
ﬁlm was approximately 25 nm.) for 30 min. Then, the wafers were
cleaved as small pieces and loaded between quartz wool layers. The
reactants consisted of 1 vol % CO and 4 vol % O2 balanced with Ar
gas under a total ﬂow rate of 50 mL/min. The reactants and products
were monitored in real time with a quadrupole mass spectrometer
(PFEIFFER Vacuum GSD320) connected to the outlet of the reactor.
The light-oﬀ curves were obtained by increasing the reaction
temperature with a ramping rate at 3 °C/min while feeding reactant
gases. The CO conversion ratio (%) is deﬁned as 100 × (molCO,in −
molCO,out)/molCO,in. The turnover frequency values were calculated by
normalization of the produced CO2 molecules per second with the
number of Co atoms (the atoms at perimeter, surface and volume,
respectively). The peak intensity of carbon monoxide was corrected
by considering the contribution of the cracking fragment of CO2
(11.4%) with the mass concentration determination mode.
Computational Details. We performed density functional theory
(DFT) calculations using the Vienna ab initio simulation package
(VASP).33 Exchange-correlation energies were treated via the
Perdew−Burke−Ernzerhof (PBE) functional based on the generalized
gradient approximation (GGA).34 A plane wave expansion with a
cutoﬀ of 400 eV was used with a 3 × 3 × 1 Monkhorst−Pack k-point
sampling of the Brillouin zone.35 Gaussian smearing was used with a
width of 0.1 eV to determine the partial occupancies. Geometry
relaxations were conducted using a conjugate gradient algorithm until
the forces on all unconstrained atoms were less than 0.03 eV/Å. We
used GGA + U schemes with the eﬀective U values of 3.40 and 4.36
eV to describe the localized nature of the 4d electrons of Co and Ti,
respectively.36,37
Our calculations are based on the STC(110) which is the top
surface of most of the grains in our experiments, where the ex-solved
Co particles are mostly placed. (Figure S5). A (2 × 1) surface unit cell
with a 5 layer slab thickness was used for STC(110), whereas a (2 ×
2) surface unit cell with a 3 layer slab thickness was used for Co5@
STC(110). A vacuum thickness of 25 Å (Figure S7) was used for both
slab models. Such a way to investigate a representative plane of the
polycrystalline support using DFT calculations is proven to provide an
accurate description for catalytic reactions and the behavior of exsolution in other planes typically follow the same trend.38,39
Because the BO-terminated surface of perovskite has accurately
described the experimental results of B-metal ex-solution,36,40 we also
used the BO-terminated surface of STO(110). We compared the
catalytic activities of CO oxidation on as-synthesized STC where Co
is located in bulk (STCbulk) and the initial state of Co ex-solved STC
(STCsurface) where Co is only segregated toward the surface. For
STCbulk and STCsurface, we substituted a Ti atom with a Co atom in
the ﬁfth layer and at the top surface layer of STO(110), respectively.
For the ex-solved Co NPs on STC, the exact atomic structures are still
unclear. On the basis of our experimental results, the ex-solved Co
atoms ﬁnally become Co nanoparticles (NPs) on the STC surface
with the several socketed atoms in the STC lattice. Since ex-solution
occurs through the surface segregation of Co atoms in STC, some of
Co atoms might remain near the surface of STC even after the
formation of ex-solved NPs. For this, we substituted one B-site Ti of
STO(110) with Co, which is similar to STCsurface. Then, we loaded
the Co5 cluster on STC surface as an exposed shape of the ex-solved

particle and STC is the most reactive site for CO oxidation,
consistent with the experimental results.
Table 2. Adsorption Energies (eV) of CO on a Clean
Surface (ECO) and O2 into a Surface Oxygen Vacancy (EO2)
on STCsurface, STCbulk, and Co5@STCa
STCbulk
STCsurface
Co5@STC

Evf

ECO

EO2

ERDS

6.09
4.78
3.38

−1.38
−1.44
−2.56

−6.10
−4.29
−6.90

4.25
3.00
2.72

a

Evf and ERDS are the formation energy of an oxygen vacancy and the
required energy for rate determining step, respectively.

■

CONCLUSIONS
Quantitative in situ measurements combined with a theoretical
model provide the key information on the factors controlling
the size and distribution of the ex-solved Co catalysts by simply
changing the temperature, and the grain sizes of the
polycrystalline oxide supports at a low pressure in a TEM.
Such conditions can be extended to diﬀerent vacuum/reducing
environments (in other systems) by tuning the parameters of
ex-solution such as oxygen partial pressure, temperature, grain
size, doping concentration, ﬁlm thickness, etc., which are
compensated to one another. Thus, our results are
reproducible in other systems and highly practical for real
applications. Moreover, the uniform size distributions of the
ex-solved catalysts on supporting polycrystalline ﬁlms with
precise measurements of the particle sizes at subnanometer
scale spatial resolution could serve as an eﬀective route for
identifying the active sites of catalysts on various oxide
supports. Our approach to seek the active site is novel because
it is not eligible for the porous bulk oxide supports1−18 with
uneven surfaces where consistent particle size distributions are
not achievable, and for thick polycrystalline ﬁlms7,45−47 with
large grains where particle coarsening is severe and many exsolved particles are buried in internal grain boundaries.

■

EXPERIMENTAL SECTION

Sample Preparation. SrTi0.75Co0.25O3‑δ (STC) thin ﬁlms were
grown onto SiO2 membrane TEM grids (3 mm in diameter, TEM
windows) for TEM analyses and onto 2 in.-sized Si wafers for CO
oxidation tests via pulsed laser deposition (PLD) from an oxide target.
The STC powders were synthesized via a conventional solid-state
method from SrCO3 (Sigma-Aldrich, 99.99%), TiO2 (Sigma-Aldrich,
99.8%), and Co3O4 (Alfa Aesar, 99.7%) precursors with the desired
Sr:Ti:Co stoichiometric ratios (1.00:0.75:0.25) and calcined in air at
1200 °C for 8 h with heating and cooling rates of 4 °C/min. The
pellet-type STC target for PLD was prepared by uniaxial pressing
followed by cold isostatic pressing at 200 MPa before the sintering
process at 1350 °C for 8 h with heating and cooling rates of 4 °C/
min. The PLD (VTS Corporation) was performed with a KrF excimer
laser (Coherent COMPex Pro 205) operating at a wavelength of 248
nm with a repetition rate of 2 Hz during 5 min and a laser energy of
280 mJ/pulse. The samples were kept at 700 °C during deposition,
while the oxygen pressure was maintained at 10 mTorr after pumping
the background pressure to 10−5 Torr. After deposition, the samples
were annealed at 700 °C for 20 min in 1 Torr of oxygen pressure in a
chamber before cooling. The thickness of the resulting STC ﬁlms was
approximately 25 nm.
Analyses. 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
high resolution transmission electron microscope (TEM, Tecnai G2,
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NP. Although larger size of cluster model is more realistic to describe
experimentally observed NPs, using minimum size of metallic NPs
takes advantage of reducing the computational cost for DFT
calculations. In this regard, it has been demonstrated that even the
cluster as small as Co4 possesses a three-dimensional structure, where
its metallic bonding was well described.41 In addition, for a wide range
of catalytic reactions such as CO poisoning on Pd4@CeO2(111) in
direct alcohol fuel cells,42 CO2 and H2 adsorption on Ni5@YSZ(111)
for reverse water gas shift reaction,43 and CO and O2 adsorption on
Pd5@MgO(001), these small sizes of NPs can describe not only the
eﬀect of interface on molecular adsorption and oxygen vacancy
formation on metal oxide surfaces, but also metal−support
interaction.43 In particular, DFT-calculated IR spectra of CO2
adsorbed on Ni5@YSZ(111) showed good agreement with the
experimental values.43 Our DFT results demonstrated that the
interface between ex-solved metal nanoparticle (Co5) and support
(STC) is the active site for CO oxidation, and it shows higher
catalytic activity than bare STC (Figure 5a), which were also
conﬁrmed in our experiments. Therefore, we believe that Co5 is
suﬃciently large to investigate CO oxidation on the ex-solved NPs
supported by STC.
There are four symmetric 3-fold hollow sites near B-site atom at
the surface of STC(110), so we constructed the most stable form of
the 2 layer trigonal bipyramidal Co5 clusters on STC(110)44 (Figure
S7). We examined molecular adsorption at four possible top (Co, O,
Ti, and Sr) and three hollow (Sr−Ti−Sr, Ti, or Co−O−Sr) sites on
STC(110) surface for CO and O2 adsorptions, respectively. For
Co5@STC(110), we additionally considered an interface between
Co5 and STC(110), top and hollow sites of Co5. All of surface oxygen
atoms were considered to search for the most preferred oxygen
vacancy formation sites. The most stable conﬁgurations from each set
of calculations were used (Figure 5b).
The oxygen vacancy formation energy (Evf) was calculated from the
total energy diﬀerences between the supercells with and without a
surface oxygen vacancy;
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where Evac is the total energy of the system with an oxygen vacancy,
EO2 is the total energy of an isolated O2 in the gas phase, and Esurf is
the total energy of optimized clean surface structures. The adsorption
energy (Eads) is deﬁned as the change in total energy due to the
molecular adsorption at each surface:
Eads = EA‐surf − Esurf − EA(gas)
where EA‑surf is the total energy of a molecule adsorbed on the surface
and EA(gas) is the total energy of an isolated molecule in the gas phase.
With our deﬁnition, a lower value of Evf or Eads indicates that the
process is energetically preferred.
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