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ABSTRACT: Exsolution generates stable and catalytically active metal nano- anoparticle Strain
particles via phase precipitation out of a host oxide. An ability to control the size
and dispersion of the exsolution particles is desirable for design of nanostructured [ ]
(electro)catalysts. Here, we demonstrate that tuning point defects by lattice strain
affects both the thermodynamics and the kinetics of iron (Fe”) exsolution on
LaySrg4FeO; (LSF) thin film model. By combining in situ surface character- @ O
ization and ab initio defect modeling, we show oxygen vacancy and Schottky O O
defects to be the primary point defects formed upon Fe® exsolution. Lattice strain Point defect e
tunes the formation energy, and thus the abundance of these defects, and alters -
the amount and size of the resulting exsolution particles. In addition, we find that
the density of exsolved nanoparticles matches the concentration of oxygen
vacancy pairs, thus pointing to the surface oxygen vacancy pairs as preferential nucleation sites for exsolution. The tensile-strained
LSF with a facile formation of these critical point defects results in a higher Fe” metal concentration, a larger density of nanoparticles,
and a reduced particle size at its surfaces. These results provide important mechanistic insights and highlight the role of point-defect
engineering in designing nanostructured catalysts in energy and fuel conversion technologies.

H INTRODUCTION be inevitable.*?°™** As a result, the current exsolution studies
typically report metal nanoparticles with tens of nanometers in
size. To establish a desired morphology of the exsolved
nanoparticles, one has to be able to control the exsolution
parameters, through the underlying mechanisms.

Herein, we propose that an ability to control the point defect
formation in the host oxide is needed to tune exsolution, both
thermodynamically and kinetically. First, formation of oxygen
vacancy and cation vacancy defects has been suggested as the
elementary processes in exsolution.””** Thus, the ease to form
these defects in the host oxide is a key factor in the
thermodynamics as well as the kinetics of exsolution. As an
example, an increased concentration of A-site vacancies and
oxygen vacancies in perovskite oxides (ABO;) has been
observed to assist B-site exsolution by creating local B-site
excess” 2320 respectively.

Oxide-supported metal nanoparticles are key functional
components in a wide range of energy storage and conversion
technologies.' > A recent advance in the design of materials for
these applications is to exsolve metal nanoparticles that act as
catalysts for reactions of interest. In this process, catalytically
active transition metals are first substituted into the parent
oxide under oxidizing conditions, and the metallic nano-
particles are then precipitated from the host matrix upon
reduction. Nishihata et al. initially demonstrated exsolution in
three-way catalysts.” Compared to particles prepared by
deposition or impregnation,” the exsolved nanoparticles are
partially embedded in the parent oxide.’ Their anchored
structure makes the exsolved nanoparticles highly resistant
toward coarsening”® and helps maintain the particles in their
original position of nucleation.” In addition, the exsolved
particles are more resilient against cokjng6 and can be
redissolved into the host oxide upon oxidation at elevated
temperatures for catalyst regeneration.'”"" Today, the concept
of exsolution has been expanded to a number of other

and under-coordinated B-site cations,
Second, it is known that oxygen vacancies on oxide surfaces
can serve as preferential nucleation sites for supported metal
nanoparticles, based on the increased binding energy of metal
atom clusters to such point defects.”””® Using the same

applications including solid oxide electrochemical cells," >~
ceramic membrane reactors,">'® chemical looping combus- Received: March 8, 2021 s
tion,"” and photocatalysis.'"® Due to the size-dependent Revised:  May 26, 2021

performance of supported metal catalysts,"” exsolved nano- Published: June 15, 2021

particles with ever smaller sizes and higher densities are
desirable. Since exsolution often requires long-time reduction
at elevated temperatures, some coarsening of particles seems to
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Figure 1. Chemistry and structure of LSF prior to and upon exsolution. (a) Fe 3p and O 1s spectra collected in situ in 0.5 Torr H, under different
temperatures. Fe 3p and O 1s spectra were collected at a photon energy of 420 and 860 eV, respectively. (b) Evolution of surface Fe° concentration
and the normalized O 1s intensity during exsolution. (c) Schematic representation of the point defect formation reactions in LSF during exsolution:
first formation of oxygen vacancies, followed by the Schottky defects. (d) SEM images, (e) out-of-plane symmetric 26— XRD patterns, and (f) O
K-edge TEY-XAS measurement of the as-prepared (top), reduced (middle), and exsolved (bottom) LSF. The XRD scan is collected at the
pseudocubic (002) reflection, where LSF and SrTiO; substrate peaks are indicated with an arrow and an asterisk, respectively.

argument, we propose that oxygen vacancies can also increase
the nucleation density and rate of exsolution of particles and,
hence, increase the nanoparticle density and dispersion.””
Establishing the connection between the microscopic point
defect formation and the macroscopic nanoparticle exsolution,
however, is not trivial. The first challenge is to isolate point
defect formation from other experimental parameters. Most
studies, to date, focused on screening different host perovskite
oxides and different metal cation dopants to examine the
exsolution process as a function of defect concentration.”*
However, the large variety in the surveyed compositions
introduces the uncertainty that other factors may interfere, for
example, the difference in the solubility of a given metal in
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different perovskite hosts.’>*' This complexity requires a

method to decouple point defect formation during reduction,
from other compositional effects on exsolution. Keeping the
cation composition fixed while altering the concentration and
stability of point defects in the host oxide by external fields is
desirable for this purpose. The second challenge is to identify
the key defect structure that facilitates the nucleation of
exsolving particles. Previous studies have calculated the B-site
segregation energy (as a metric for exsolution) as a function of
defect concentration.”>>*™>* However, it remains unclear how
the point defect type, structure, and distribution affect the
particle nucleation process in exsolution. As noted above,
oxygen vacancies may play a role here, akin to their role in
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binding the supported metal nanoparticles.””** To address this
problem, one needs to develop a method to link the local point
defect chemistry and structure to the exsolution properties of
the host oxide.

In this work, we present an experimental and analysis
framework to tackle both of the challenges noted above. We
use biaxial lattice strain as an approach to tailor point defect
formation without changing the nominal cation composition of
the host oxide. Previous studies have shown that lattice strain
can change the concentration,*>*° migration barrier,” as well
as the degree of ordering®™ of point defects in oxides.
Therefore, by tuning the formation energy (and thus the
abundance) of the point defects in the host oxide with biaxial
lattice strain, we can examine their impact on metallic
nanoparticle exsolution while keeping the nominal composi-
tion of the perovskite unchanged. To quantitatively interpret
the role of point defects, we developed a multiscale defect
model by combining density functional theory (DFT)
calculations and Monte Carlo (MC) simulations. We used
the former to obtain the energetics associated with strain-
dependent point defect formation, as well as binding of metal
atoms to point defects, and the latter to identify the critical
defect structures that facilitate nanoparticle nucleation.

To demonstrate this approach, we take epitaxial
Lay Sty 4FeO; (LSF) thin films as a model system, primarily
due to its well-studied defect chemistry and the range of
applications that use it as an electrocatalyst.””* Previous
studies have demonstrated that upon reduction (both
chemicallyzz’41 and electrochemically,“*44 metallic iron
particles (Fe’) can be exsolved from the LSF lattice. It is
known that exsolution can occur both at the surface and in the
bulk of an oxide.”*® Recently, in situ transmission electron
microscopy experiments have demonstrated that the metal
nanoparticles nucleate directly at the surface of a perovskite
oxide at early stages of exsolution.”'” Since the nanoparticles
being exsolved on the surface are of greater importance for
catalysis and electrocatalysis, we focus on the surface
exsolution on LSF in this work.

By quantifying surface defect states with near-ambient
pressure X-ray photoelectron spectroscopy (NAP-XPS), we
identify the initial oxygen vacancy formation and the following
Schottky defect formation as the primary defect reactions prior
to and during Fe’ nanoparticle exsolution on LSF. MC
simulations, using ab initio defect and binding energies, show
that oxygen vacancy pair concentration at the surface correlates
well with the experimentally found nanoparticle concentration,
and thus, these defect pairs could serve as nucleation sites for
the exsolved Fe® nanoparticles. DFT calculations also confirm
the oxygen vacancy pairs to be a more favorable binding site
for Fe adatoms and Fe dimers, compared to isolated oxygen
vacancy. Then, by tuning the formation of oxygen vacancy and
Schottky defects in the LSF thin films with lattice strain, while
keeping all other experimental parameters unchanged, we
unequivocally demonstrate the capability to tailor nanoparticle
exsolution via point defect control. As a result, the LSF surface
with the most enhanced point defect formation under tensile
strain had the highest Fe’ concentration, the largest particle
density, as well as the finest particle size. The strain-modified
point defect formation model here can also reconcile the
inconsistent strain dependencies that have been reported for
exsolution on different perovskite oxides (discussed
below).*”** Our results highlight the fundamental role of
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point defects in tailoring exsolution and engineering nano-
structured catalysts.

B RESULTS AND DISCUSSION

Point Defect Reactions Prior to and at the Onset of
Exsolution. We assessed the surface defect chemistry during
exsolution on the LSF film grown on SrTiO;(001) substrate
using NAP-XPS. The LSF thin film was heated in 0.5 mbar of
dry H, during continuous gas flow (Supplementary Note 1).
As shown in Figure 1a, a feature at 51.5 eV in the Fe 3p spectra
emerges at 350 °C, which can be assigned to the metallic Fe’
species (Supplementary Note 2). The intensity of this Fe’
species indicates the amount of Fe exsolution. Meanwhile, two
changes in the normalized O 1s spectra arise during Fe
exsolution. First, the overall intensity of the normalized O 1s
spectra decreased upon heating in H, atmosphere, indicating
an increase in the oxygen nonstoichiometry (5§ in
Lag¢Sry4O5_s5) in the near-surface region.49 (XPS analysis
approach is presented in Supplementary Note 3.) Second,
when the LSF surface is being reduced, the oxygen species at
~532 eV, which is usually assigned to the segregated SrO
surface layer of the perovskite,”””' vanishes. A consistent
observation regarding the disappearance of the surface Sr
species is present in the Sr 3d spectra (Supplementary Note 4).

The evolution of the surface Fe’ concentration, along with
the relative change in the normalized O 1s intensity, is plotted
in Figure 1b, as a function of the reduction temperature. As
illustrated, the surface chemical evolution during the exsolution
process consists of two stages. First, when heating the sample
in H, at a temperature below 350 °C, the surface became more
reduced as is featured by a decrease in the O 1s intensity,
consistent with the formation of oxygen vacancies near the
surface. Meanwhile, no Fe was present on the surface. In the
second stage, when the reduction temperature is higher than
350 °C, Fe’ appeared at the surface, and its concentration
increase was accompanied by a further decrease in the O 1s
intensity. The absolute values of the O 1s intensity change in
Figure 1b should be treated as only semiquantitative. This is
because exsolution introduces chemical and roughness
evolution on the surface, making it very difficult to find a
constant surface species to normalize the O 1s spectra.
Nevertheless, the quantification uncertainties do not impede
the demonstration of the increase in the oxygen non-
stoichiometry during exsolution.

Based on the NAP-XPS results, we show Fe metal
precipitation can only occur beyond a certain threshold of
reduction. We can thus ascribe two types of point defect
reactions being involved in the exsolution process (schemati-
cally shown in Figure 1c). In the first step, which we call mild
reduction, the oxidized perovskite releases lattice oxygen (seen
as the decrease in O 1s signal), forming oxygen vacancies,
without reaching its critical decomposition nonstoichiometry.
This step is prior to metal precipitation and can be expressed
in Kroger—Vink notation>” as

05 = V3" + 2’ + Oy (1)

where OF, Vg, ¢/, and O, denote a neutral lattice oxygen, a
doubly positive-charged oxygen vacancy, an electron, and an
oxygen atom in the gas phase, respectively. Depending on the
reducing agent, O, can be present in the form of different
molecules such as O,, H,0, and CO,.

In the second step, which involves metal phase precipitation,
metallic Fe species form together with the oxygen release (as
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Figure 2. Atomic structure and chemical nature of the exsolved nanoparticles. (a) SEM image (scale bar: 200 nm) of an LSF film after being
reduced in 200 sccm 3% H,/N, at 650 °C for S h. (b) Low magnification high-angle annular dark field (HAADF) STEM cross-sectional image
(scale bar: 10 nm) of the same sample as in (a), together with the corresponding elemental maps obtained by EDX. (c) High-resolution HAADF
image (scale bar: 2 nm) of the region highlighted in (b). Note that the exsolved particle is partially embedded in the LSF thin film and forms a

coherent particle/oxide interface.

revealed by the NAP-XPS measurement in Figure 1b). Upon
sufficient reduction, this leads to the nucleation of metal
nanoparticles. This step is associated with oxygen release and

metal precipitation, resulting in the formation of 2Vg-3Vy
Schottky defects within the lattice
2Fej, + 305 — 2V, + 2Fe’ + 3V + 30, )

where Fep,, Vi, and Fe’ denote a neutral Fe site, a triply
negatively charged Fe vacancy, and Fe metal species,
respectively. We recognize that Schottky defects can include
A-site vacancies as well, but we do not have evidence to these
defects that would result in the formation of La or Sr
precipitation under these conditions. As presented in Figure
S6, the La 4d and Sr 3d XPS spectra remained unchanged
during the experiment. As such, we only considered Fe and O
vacancies as a part of the Schottky defect formation process.
Meanwhile, we are aware that several intermediate steps may
take place in exsolution so that Fe® does not necessarily form
directly from Fe**. For example, Fe** can be first reduced into
Fe’* and precipitate as iron oxide prior to Fe’ formation.
Nevertheless, since the goal of eq 2 is to describe the overall
thermodynamic driving force instead of microkinetics, we keep
the current format for clarity and simplicity.

We further demonstrate the role of these two defect
reactions in exsolution, with a coupled chemical, morpho-
logical, and structural characterization of the LSF thin film. To
begin with, we reduce the LSF film at 400 °C in ultrahigh
vacuum (UHV) to mildly reduce the sample. As illustrated in
Figure 1d—f, although no particles appeared on the surface

5024

during the mild reduction step, the out-of-plane lattice
parameter increased by 0.6% (£0.1%) compared to the as-
prepared one. This chemical expansion is induced by oxygen
vacancy formation,” and similar lattice expansion as a result of
oxygen release has also been reported for LSF powders.”
According to the bulk chemical expansion coefficient,*® the
0.6% lattice expansion corresponds to an increase of 0.3 in
prior to the onset of exsolution (Supplementary Note 3).
While a quantitative comparison between NAP-XPS and XRD
is not possible due to the different probing depths and
experimental conditions, both techniques consistently point to
the increase in J in the LSF lattice during the prereduction
step. The formation of oxygen vacancies during this step is also
confirmed by total electron yield mode X-ray absorption
spectroscopy (TEY-XAS). In the as-prepared LSF, the pre-
edge band is clearly visible in the O K-edge (Figure 1f). This
feature is assigned to an empty state in the oxygen—iron
molecular orbital—i.e., the electron hole charge compensating
the Sr doping.”> Upon reduction, the pre-edge feature
completely vanishes, indicating that the hole concentration
becomes negligible due to the increased oxygen deficiency in
LSE."

During the second step, involving more significant reduction
after heating the sample to 600 °C in 80 mTorr H,, the
particles started to appear on the surface, as seen in Figure 1d.
Since there is metal precipitation at this step, this has to be
associated with Schottky defect formation within the lattice (eq
2). Nevertheless, no apparent lattice volume change could be
detected with the XRD measurement during this step, as
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Figure 3. Tuning point defect formation in the LSF thin films with biaxial lattice strain. (a) Schematic representation depicting the sample
geometry, where biaxial lattice strain is introduced by heteroepitaxy. The number of lines indicates the range of in-plane strains achieved in LSF.
Here, the tensile strain is denoted as positive, and compressive strain as negative. (b) X-ray RSM about the (103) reflection of coherently strained
LSF thin films, collected after the exsolution test. Note the film peaks are directly below or above that of the substrate, confirming identical in-plane
lattice constants and that the epitaxy is preserved after this exsolution process. (c) Change in the defect formation energy for the oxygen vacancy,
iron vacancy, and the Schottky defect versus biaxial lattice strain. The data points are calculated by DFT, while the lines represent the parabolic fits.
The zero reference point corresponds to the unstrained state. Note that tensile strain facilitates the formation of both the oxygen vacancy and the
Schottky defect. (d) Calculated defect formation energy difference at the nominal strain values of the differently strained LSF films. The unit cell

used in the DFT calculation is described in Supplementary Note 7.

indicated by the dashed line in Figure le. This may arise from
two possible scenarios: counteraction of cation and anion
vacancy formation on the lattice volume, as cation vacancies
contract the lattice while oxygen vacancies expand it;">"” and a
nonuniform distribution of Schottky defects that is confined to
the near-surface region under diffusion-limited conditions
(Supplementary Note S). In addition, we did not observe
diffraction peaks for metallic iron and LaSrFeO, in the
exsolved LSF film—the two characteristic phases for fully
decomposed LSF thin films.”*>” These observations indicate
that the LSF films investigated in this work were at early stages
of surface exsolution, prior to bulk metal precipitation

(decomposition).”
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The structure and chemical composition of the exsolved
nanoparticles were further investigated by aberration-corrected
scanning transmission electron microscopy (STEM) imaging
and energy-dispersive X-ray spectroscopy (EDX). To facilitate
the STEM specimen preparation, large exsolved nanoparticles
are needed, and so the LSF film was exsolved in a harsh
reducing environment (3% H,/N,, 650 °C, see Methods for
details) prior to STEM. As a result, the nanoparticles in the
STEM imaging were larger than the other nanoparticles
presented in this work, which were imaged right after the
exsolution onset. The planar and cross-sectional views of the
exsolved LSF film are presented in Figure 2a,b, respectively.
While exsolution can occur both at the surface and in the bulk

145,46 . .
of the host oxide,”*® only surface exsolution was observed in
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images showing the surface morphology after exsolution (scale bar: 100 nm), together with histograms of the (c) equivalent disk radius and (d)
average height of the nanoparticles on the surface. From in-plane compression to tension, there is a clear decrease in both height and radius of the
surface particles. (e) Surface Fe concentration and particle density on the differently strained LSF thin films after exsolution. LSF films under
tensile strain demonstrated the highest particle density as well as the largest [Fe°] at the surface upon exsolution.

this study. Assuming that the Fe vacancies are uniformly
distributed in the entire film, the nanoparticles shown in Figure
2a correspond to only about ~1% Fe vacancy in LSF. In
addition, the particles are partially embedded into the LSF
surface. As discussed in the Introduction section, this
“anchored” structure is a typical characteristic of exsolved
nanoparticles.6 The elemental mapping reveals that the surface
nanoparticle is composed of Fe and O. Remarkably, as
indicated by the red dashed line in Figure 2c, the exsolved
nanoparticle formed a coherent interface with its parent oxide.
The highlighted atomic spacing of the particle represents the d-
spacing of the (220) planes of Fe;O, (space group Fd3m),
which demonstrates the (220)5p//(220)g.q, crystalline

orientation relation at the interface. Based on the in situ
NAP-XPS characterization (Figure 1) and thermodynamics
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analysis (Supplementary Note 1), we expect the surface
nanoparticles to be initially exsolved as metallic iron nano-
particles. However, the surface particles were oxidized"' in air
during the STEM sample preparation, which explains the iron
oxide observed in the STEM characterization instead of
metallic iron. This observation highlights the importance of
employing in situ characterization tools such as NAP-XPS to
investigate the exsolution process.

Tuning Exsolution with Strain-Modified Point Defect
Formation. The abovementioned results demonstrate that
V& and Schottky defect formations are the two primary point
defect reactions (eqs 1 and 2, which take place prior to and
during exsolution, respectively. As a result, the ease to form
these two defects in the oxide lattice thermodynamically
determines the onset of exsolution. In this section, we
demonstrate the capability to tailor Fe° exsolution on LSF by
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tuning the formation energy of these two defects with a biaxial
lattice strain.

As sketched in Figure 3a, the lattice strain is introduced by
growing the LSF films epitaxially onto the three (001)-oriented
perovskite-type single crystal substrates with different lattice
parameters: Lag 4Sro5,Alys9Ta94,05 (LSAT), SrTiO; (STO),
and KTaO; (KTO). These three LSF films are denoted with
LSF/LSAT, LSF/STO, and LSF/KTO, respectively. The in-
plane lattice strain € of the LSF films is defined as

_ Aa

)

&

()

where a, represents the strain-free lattice parameter, and Aa
indicates the change in lattice parameter due to substrate
clamping. To verify the film epitaxy during the exsolution
experiment, X-ray diffraction reciprocal space maps (RSMs)
were collected after Fe exsolution. As depicted in Figure 3b,
the film peaks are directly below or above that of the substrate,
meaning that the LSF thin films maintained identical in-plane
lattice parameters as that of the substrates even after
exsolution. The RSM measurement, thus, verifies that the
LSF films were coherently strained during the entire exsolution
process. As discussed in Supplementary Note 6, the strains
introduced by lattice clamping (eq 3) are much larger than the
thermal strains during exsolution. As a result, the overall elastic
strain for the three samples at the exsolution condition (400
°C) is expected to be —1.34% (LSF/LSAT), —0.34% (LSE/
STO), and +1.66% (LSF/KTO). Therefore, the three samples
used in this work clearly represent the LSF films with three
different strain states during exsolution: compressive, nearly
stress-free, and tensilefor LSF/LSAT, LSF/STO, and LSF/
KTO, respectively.

To illustrate how the point defect formation energy in LSF is
modulated by the biaxial lattice strain, we used DFT to
calculate the defect formation energy in LSF as a function of
lattice strain. A slightly different composition (LagsSrysFeO;)
was chosen in the DFT calculation to reduce the size of the
simulation cell and minimize the calculation time needed.
Consistent with experimental samples, the cell is strained in-
plane and fully relaxed in the out-of-plane direction
(Supplementary Note 7). As a result of these calculations,
we find that oxygen vacancy formation in the 2 X 2 X 2 LSF
unit cell expands the lattice by ~2%, while an Fe vacancy alone
contracts the lattice by ~2%. Consistent with their volume
change, the formation energies of these two defects behave
oppositely under strain. As shown in Figure 3c, tensile strains
reduce the formation energy of Vg but increase the formation
energies for Vg, Assuming noninteracting defects as a first-
order approximation, we estimate the strain dependency of the
formation of the 2V}.-3Vy Schottky defect (cf. eq 2) by a
linear combination of the individual V& and VF.. As a result,
the formation energy of the 2Vg.-3Vy Schottky defect
decreases under tensile strain; thus, tensile strain makes it
easier to form and stabilize this type of defect that triggers
exsolution of metal precipitates.

Figure 3d compares the relative change in the defect
formation energy at the nominal strain values of the LSF/
LSAT, LSF/STO, and LSF/KTO films. Here, the zero
reference point corresponds to the unstrained state and
negative AE; values indicate favorable defect formation. The
formation energy of both V& and the 2Vg,-3VE Schottky
defect decreases from LSF/LSAT to LSF/STO and to LSE/
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KTO. In other words, tensile strain could facilitate both the
prereduction reaction (eq 1) and the Schottky reaction (eq 2),
i.e,, the two essential steps of exsolution in the LSF films. As a
result, we would expect the tensile-strained LSF/KTO sample
to exhibit the most enhanced exsolution among the three LSF
samples.

To test this hypothesis, we compared the exsolution
behavior of the three differently strained LSF thin films.
Since LSF is expected to completely decompose over time in
pure H,, we did not focus on the equilibrated state of these
films. Instead, we compared the surface chemistry and
morphology of these films consistently after 0.5 h reduction
in 0.5 mbar H, at 400 °C. As shown in Supplementary Note 8,
the as-prepared differently strained LSF films have similar
surface cation chemistry and morphology. After Fe exsolution,
a clear strain-dependent surface morphology and chemistry
were observed on these samples (Figure 4). Consistent with
our computational predictions, the tensile-strained LSF/KTO
sample exhibited the most enhanced exsolution outcome. First,
in situ Fe 3p spectra reflect an increase in the surface
concentration of metallic iron [Fe’] from in-plane compression
to tension (Figure 4a). Second, strain-dependent morphology
was also observed on the same samples (Figure 4b). To better
visualize the difference in the morphology, histograms of the
equivalent disk radius as well as average height of these
nanoparticles were generated from the images and are
presented in Figure 4c,d. As illustrated, the mode value
(Figure 4c) of the equivalent particle radius decreases from
compressive to tensile strain: while the particles on the surface
of LSE/LSAT have a mode radius of ~10 nm, LSF/KTO
generated finer particles with a mode radius of around 4 nm.
Similar trends can also be observed for the average particle
height (Figure 4d), which also decreases with the increase in
the tensile strain.

Please note that due to the particle oxidation by the
atmosphere (Figure 2), the ex situ atomic force microscopy
(AFM) results shown in Figure 4 may overestimate the real
particle size. In addition, due to the tip convolution effects,®'
the apparent topography in AFM scans can differ from the real
particle morphology. In particular, the particles on the LSF/
KTO surface are approaching the AFM resolution limit®*
(Supplementary Note 9). Nevertheless, by comparing the
AFM resolution limit with the mode particle size and by
examining the surface morphology with different AFM tips, we
can safely exclude artifacts being responsible for the observed
trends. As an additional support, we observed similar strain-
dependent exsolution in LSF when reducing the thin-film
samples in a UHV chamber at higher temperatures
(Supplementary Note 10).

As summarized in Figure 4e, these findings clearly
demonstrate that, even with the same bulk cation chemistry
and the same reduction conditions, tuning point defect
formation of LSF can significantly modulate its exsolution
behavior. That is, we expect the tensile-strained LSF to have
the highest surface Fe’ concentration, the largest particle
density, as well as the finest particle size after exsolution. It
should also be noted that, although the surface catalytic activity
of these strained films was not examined in this work, this can
be inferred from the previous work. First, it has been
demonstrated that the surface catalytic activity of LSF
increases with surface [Fe’] when LSF was used as a cathode
for H,O splitting.”> Moreover, it is also known from other
catalytic studies that smaller metal nanoparticles increase the
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Figure 5. Correlation of Fe nanoparticle exsolution with V& pair formation. (a) AFM images of an atomically flat LSF(001) thin film before and
after exsolution (same sample, different imaging spots). The arrows indicate the locations of the atomic steps. Scale bars: 200 nm. (b) Ilustration of
the defect model for the LSF(001) oxygen sublattice. The Vg and O~ sites are colored by orange and gray in the 2D cubic lattice, respectively.
Two V3 sites are considered to be in the same defect complex if they are nearest neighbors in a vacancy cluster. (c) Calculated surface densities of
the isolated V¢, V3 pairs, and V¢ clusters on the LSF(001) surface at 400 and 650 °C as a function of total Vi concentration taken as a variable at
the surface. The solid lines are obtained with a neighboring V&’ —Vg' interaction energy of 0.3 eV, while the shaded region indicates the uncertainty
in the defect modeling, which is calculated by changing the interaction energy by 0.1 eV. The scattered data points represent the experimentally
observed iron particle density in Figures 4b and Sa. Note that the exsolved Fe’ nanoparticle densities fall well within the range of the computed

surface V' pair density.

rate of various chemical reactions either by increasing the
effective surface area per volume or by increasing the intrinsic
reactivity of the catalyst material itself.”'”®* Therefore, with
the highest [Fe”] and smallest particle size on LSF/KTO, we
anticipate the tensile-strained LSF to have the highest surface
catalytic activity.

Discussion on Strain Dependencies of Nanoparticle
Exsolution. Prior to this work, there have been conflicting
reports regarding the dependence of exsolution on strain in
perovskite oxides. For example, Kim et al.*” reported tensile
strain to promote Co exsolution in SrTij;5C0g,503 (STC). On
the contrary, Han et al.*® reported that compressive strain
facilitated Ni exsolution in Lag,Sry,TigoNig,; O3 (LSTN).
These studies suggest that the strain dependency can be
system-dependent and the underlying mechanism still needs to
be explored and discussed. As will be elaborated below, these
seemingly contradictory observations can be reconciled within
the framework proposed in this work in terms of point defect
formation.

In the work by Kim et al,,”" the authors interpret the strain
dependence of exsolution based solely on the Co (B site)
vacancy formation that becomes easier under tensile strain.
Their analysis misses a key step in exsolution; that is, the
reduction in the lattice itself. While Co vacancy formation is a
part of the process, it is not the only, and certainly not the first,
defect to be involved. Critically, one has to also consider the
reduction of the metal cations in the oxide via oxygen vacancy
formation. This is because B-site vacancies do not form
independently in the host oxide during exsolution but rather
form together with oxygen vacancies as Schottky defect.
Moreover, a threshold of oxygen nonstoichiometry also needs

47
1,
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to be obtained in the lattice prior to the onset of exsolution. As
a result, oxygen vacancy and Schottky defect should be the two
fundamental point defects that determine the thermodynamics
for exsolution, not the B-site vacancy alone. This point can be
further supported by our observations for Fe® exsolution in
LSF: while the formation of Fe vacancy is more favorable
under lattice compression (Figure 3c), the overall exsolution
phenomenon was boosted with lattice tension (Figure 4 and
Supplementary Note 10). As both Co vacancy and oxygen
vacancy formation are easier in STC under tensile strain,*’ we
can infer that tensile strain facilitates both the prereduction
reaction (eq 1) and the Schottky reaction (eq 2) in STC, too.
This explains the enhanced exsolution of Co on tensile-
strained STC, similar to the LSF case reported in this work.
However, Han et al.’s work on LSTN, which shows more
exsolution under compressive strain, does not explicitly
consider the role of any point defects.”® Nevertheless, we
can estimate the strain dependency of point defects and the
resulting exsolution in that material system, too, based on
defect formation volume and strain energy. Since a point defect
formation can result in lattice expansion or contraction,™ the
overall lattice volume often changes after the exsolution
reaction (Supplementary Note 11). Conversely, the expanded/
contracted lattice volume imposed facilitates or impedes the
formation of point defects.’® Thus, we expect that introducing
tensile strain to the host oxide facilitates the formation of the
defect(s) formed upon exsolution, if that oxide lattice expands
after exsolution, and vice versa. For the case of LSF, lattice
expands during exsolution (Figure le) so that applying a
tensile strain to this material facilitates the formation of both
oxygen vacancies and Schottky defects and results in more
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Figure 6. Effect of oxygen vacancy on adsorption of Fe atoms and Fe, dimers. (a and b) Fe and Fe, dimer structures on (a) isolated V3 sites
(1Vyp), and (b) Vg pair (2V,) sites of the FeO,-terminated LSF(100) surface. (c) Comparison of the Fe adsorption, Fe, adsorption, and Fe
dimerization energies on isolated Vg and Vg pairs. The energy differences (Diff.) for these two types of adsorption sites are summarized at the
bottom of each panel. As illustrated, all three processes are more favored on Vg pairs compared to on the isolated V5.

facile exsolution. However, the LSTN lattice contracted after
Ni exsolution in Han’s work,** indicating that the point defects
involved in the exsolution reaction contract the lattice. Based
on the above thoughts, we thus expect compressive strain to
facilitate Ni exsolution in LSTN, which is consistent with the
finding in ref 48.

Therefore, we can reconcile all these works, LSF in this
report and LSTN and STC in refs 47 and 48, by considering
the coupling of point defects involved in exsolution to the
strain energy of the thin films. The favored strain tensor to
promote nanoparticle exsolution in all the systems represent
the one that favors the formation of the defects responsible for
exsolution of metal particles out of the host oxide—in LSF, we
have shown these defects to be oxygen vacancy and Schottky
defects that are favored under tensile strain.

Vy-Mediated Nanoparticle Nucleation. To date, several
studies analyzed the nanoparticle exsolution based on the
homogeneous nucleation theory."*** In this section, we show
that a heterogeneous nucleation model can be more
appropriate to describe exsolution because nucleation of the
metal particles can preferentially take place on defect sites at
the surface. To do so, we investigated the morphological
evolution of an atomically smooth LSF(001) thin film during
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Fe® exsolution. The film was exsolved by thermal reduction in
the UHV chamber (base pressure = 10™° mbar), where the Fe®
exsolution was confirmed with in situ lab-based XPS. The ex
situ AFM images of the LSF surfaces before and after
exsolution are shown in Figure Sa. As illustrated, the as-
prepared LSF thin film has flat terraces that are separated by
monolayer atomic steps (Supplementary Note 12). After
heating the LSF sample to 650 °C in UHV, nanoparticles
started to form on the surface, together with the appearance of
Fe” species in the Fe 2p photoelectron spectra (Supplementary
Note 12). One important feature to note in Figure Sa is that
the exsolved nanoparticles are uniformly distributed on the
terraces, with no preference to the step edges. This
characteristic suggests that certain defect sites at the surface
are more favorable for nanoparticle nucleation and growth than
step edges.””””

As discussed in the Introduction section, we hypothesize
that this preferential nucleation site is related to the surface
oxygen vacancies. This is because both isolated and clustered
Vg sites have been shown as favorable nucleation sites for
metal particle growth on binary oxides.**** We cannot
visually probe the nucleation sites on the LSF surface at the
exsolution onset. We can, instead, correlate the concentration
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of oxygen vacancies to the concentration of Fe’ nanoparticles
as an indirect measure to test this hypothesis. Since the
exsolved particles are anchored and maintain their nucleation
position,” we expect that the observed particle density largely
reflects the density of the nucleation sites at the exsolution
onset. Hence, a direct comparison between the Fe’ nano-
particle density and the surface concentration of different types
of defect structures can be useful in identifying the nature of
the nucleation center.

Motivated by this idea, we combined DFT and MC
simulations to model the microscopic defect structure of the
LSF surface. The defect model takes into account the stability
of both individual oxygen vacancies and their interacting pairs
(clusters), as schematically shown in Figure Sc. First, we
construct a 2D cubic lattice with periodic boundary conditions
to represent the LSF(001) surface as experimentally observed
(Supplementary Note 12). In this simulated 2D lattice, each
element represents either a surface oxygen atom or a V.
Then, a model Metropolis MC simulation was conducted on
this 2D lattice to simulate the process of defect clustering. The
simulation temperatures were set to match the experimental
exsolution condition in Figures 4 and S. The interaction energy
between the first nearest neighbor (INN) Vg sites is 0.3 & 0.1
eV, with positive value representing repulsion. This interaction
energy comes from our DFT calculations of vacancy—vacancy
interactions on the FeO,-terminated LSF(001) surface. Finally,
the concentrations of isolated V{, nearest-neighbor Vi’ pairs,
and Vg clusters were calculated from the thermodynamically
equilibrated lattices. Here, we define V,** clusters as any V,**
complexes that contain more than two oxygen vacancies.

Figure Sc shows the surface density of the isolated Vg, V&
pairs, and Vi clusters on the equilibrated oxygen sublattice as
a function of surface oxygen deficiencies (V& concentration) at
400 and 650 °C. As illustrated, due to the V&=V repulsion,
the surface defect density follows isolated V' > Vi pairs >
Vo clusters for both temperatures. Meanwhile, due to the
increased thermal energy (kT), the equilibrated Vg pairs and
V& clusters are higher at 650 °C than at 400 °C. In the same
plot, the nanoparticle densities on the exsolved LSF surfaces
(Figures 4b and Sa) are plotted at [Vg'] = 8%, the critical
oxygen nonstoichiometry prior to the exsolution onset
(Supplementary Note 3). By comparing the surface density
of the exsolved Fe’ nanoparticle and that of the Vg -related
point defects, we found that the measured particle density falls
well within the range of the calculated V' pair concentration.
However, the calculated density of both the individual V{; sites
and the large V3 clusters are around 3 orders of magnitude off
compared to the particle density. This comparison delivers a
strong evidence that Vg pairs are more likely to be the
nucleation site for Fe’ nanoparticle exsolution on the LSF
surface, rather than individual Vg sites and large V' clusters.

To assess the validity of this correlation at the atomic level,
we examine whether Fe prefers to nucleate on the Vg pairs.
Since metal dimer formation can constitute the first step in
metal nanoparticle nucleation,’” we calculated the Fe dimer
formation on the FeO,-terminated LSF(001) surface using
DEFT. Figure 6a,b shows the configuration of the adsorbed Fe
and Fe, dimers at isolated V{5 and Vg pairs. Based on these
configurations, we calculated three characteristic energies
associated with Fe dimer (Fe,) formation: Fe adsorption
energy AE;, Fe dimer adsorption energy AE,, and the Fe
dimerization energy AE;. These energies are defined as
follows:
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AE,(Sysp) = —E(Fe/S;gg) + E(Fe) + E(Sigg) (4)
AE,(Sp) = —E(Fe,/S; ) + 2 X E(Fe) + E(Syg5)
()
AE;(Sisp) = —E(Fe,/Sise) — E(Sisp) + E(Fe/Sigp)
+ E(Fe/Sgp) (6)

where S;gr and S’ g indicate the different adsorption sites on
the LSF surface, which can be either an isolated V' or a Vg
pair. AE, and AE, measure the capability to bind an Fe
adatom and an Fe, dimer to a given site on the LSF surface.
Meanwhile, the Fe dimerization energy AE; measures the
stability of the adsorbed Fe, dimer on a given site with respect
to two separate Fe adatoms that are bound to an isolated Vg
and a Vg pair, respectively.

These three characteristic energies for the isolated V' and
V& pairs, together with the energy difference between these
two types of adsorption sites, are summarized in Figure 6c. As
shown, Fe and Fe, adsorption are favored on the Vg pairs by
0.52 and 0.15 eV. Based on the equilibrium of two-level
systems, we expect more than 99% of the Fe adatoms and
more than 80% of Fe, adsorbates to occupy the Vg pairs
instead of the isolated V{ sites at the exsolution conditions
(Supplementary Note 13). The DFT calculation thus confirms
that V' pairs are more favorable to form Fe adatoms and Fe
dimers on the LSF surface, compared to the isolated V3 sites.
As a result of these MC simulations and DFT calculations, we
can anticipate that the V3§ pairs formed during the
prereduction step to be a critical defect structure responsible
for the nanoparticle nucleation in exsolution. Assuming
noninteracting defects as a first-order approximation, we
estimate the strain dependency of oxygen vacancy pair
formation to be similar to that of individual V& (Figure 3).
As a result, tensile strain should also facilitate the formation of
oxygen vacancy pairs in LSF. As a support of this argument, we
note that strain-enhanced oxygen vacancy gairing/ ordering has
also been observed in previous studies.’™**

While further studies are required to illustrate the detailed
nucleation mechanism, some practical insights can be already
extrapolated from this work. Prior observations have shown
that grain boundaries®’” can act as preferential nucleation sites
for the exsolved nanoparticles. It is reasonable that on
polycrystalline specimens, grain boundaries act as nucleation
sites for the exsolved nanoparticles.”' However, for those grain-
boundary-facilitated nucleation scenarios, the particle density is
much smaller (~10° cm™) compared to the ones in this work
(~10"" cm™). Therefore, promoting point-defect-mediated
nucleation may be even more important than engineering grain
boundaries in the host oxide to enhance the exsolution process.
As a result, we expect oxygen vacancy engineering to be an
effective approach to tailor the particle density in nanoparticle
exsolution.

B CONCLUSIONS

In summary, using lattice strain to tune the point defect
formation in a model perovskite oxide system, we demonstrate
the capability to tailor nanoparticle exsolution using elastic
strain and point defect engineering. We quantitatively
measured the fundamental role of oxygen vacancy and
Schottky defect formation in both the thermodynamics and
the nucleation kinetics of Fe® nanoparticle exsolution in
epitaxial thin-film LSF. Tensile strain favors the formation of
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these defects involved in exsolution and thereby increases the
amount of Fe” metal formation with higher density and smaller
size of particles compared to that on compressively strained
films. Our experimental and computational results point to the
oxygen vacancy pairs as the nucleation sites for the exsolved
nanoparticles on the host oxide. The ability to engineer point
defects in exsolution presents pathways for the design of
nanostructured catalysts in energy and fuel conversion
processes.

B METHODS

Film Preparation. The LSF target for pulsed laser deposition
(PLD) was synthesized from powders prepared by the shake and bake
method. La,0; (Sigma-Aldrich, 99.999%), SrCO; (Sigma-Aldrich,
99.995%), and Fe,0; (Alfa Aesar, 99.998%) powders were mixed in
appropriate ratios and ground using agate mortar and pestle for half
an hour and then calcinated at 1000 °C for S h with a heating and
cooling rate of 5 °C/min. The powders were then pressed into pellets
using a hydrostatic press and sintered at 1350 °C for 20 h with a
heating and cooling rate of S °C/min in stagnant air, thus yielding an
LSF target. (001)-oriented 10 X 10 X 0.5 mm® single crystal
substrates (MTI Corporation, one side polished) were employed in
this work. Each crystal substrate was cleaned in methanol (Koptech
200 Proof) in an ultrasonic bath for 3 min before the PLD deposition.
The thin-film LSF was deposited with a KrF (1 = 248 nm) excimer
laser, at a pulse repetition rate of S Hz and a laser energy of 400 mJ.
During deposition, the substrate temperature was kept at 650 °C in an
oxygen pressure of 20 mTorr. By applying 4000 laser pulses to the
LSF target, an LSF thin film of about 20 nm thickness was grown on
the substrate (substrate to target distance is 85 mm). After deposition,
the sample was cooled in the deposition atmosphere at a cooling rate
of § °C/min. The as-prepared PLD thin films were not exposed to any
further surface treatment to avoid potential contamination. The
deposited PLD thin films exhibited desired composition as revealed
by ICP measurements (Supplementary Note 8).

Near-Ambient Pressure X-ray Photoelectron Spectroscopy.
The NAP-XPS measurements were carried out at the NAP-XPS end
station of the Pierre and Marie Curie University set on TEMPO
beamline at Synchrotron SOLEIL and the I0S (23-ID-2) beamline of
the National Synchrotron Light Source II (NSLS-II) at Brookhaven
National Lab. The sample was placed on a ceramic heater, with
thermocouples mounted directly onto the surface for temperature
measurements. During the measurement, samples were precondi-
tioned at 400 °C in 0.5 mbar O, at the beginning of the measurement
to remove adventitious carbon, cooled down in UHV, and then
gradually heated up to 400 °C in 0.5 mbar flushing H, to trigger Fe
exsolution. At each temperature, samples were equilibrated for 20 min
before the spectra collection.

Atomic Force Microscopy and Reciprocal Space Mapping.
Ex situ AFM and RSM were performed on the LSF thin films after the
NAP-XPS measurement. RSM was collected with a Bruker D8 high-
resolution X-ray diffractometer using monochromatic Cu Ka,
radiation. To maximize the RSM signal from the film, an asymmetric
configuration [103—] is employed for the measurement. AFM images
were collected on a Cypher S AFM Microscope with tapping mode,
using Bruker TESP-V2 AFM probe. Each of the AFM characterization
was done on the center of the sample to avoid edge effects.

Imaging and Elemental Mapping by STEM. The LSF thin film
for STEM imaging is grown on 0.5% Nb:STO(001) substrate to
enhance sample electronic conductivity. Before characterization, the
sample is reduced in 200 sccm 3% H,/N, at 650 °C for S h to trigger
exsolution. The STEM specimen was prepared by conventional Ga*
focused ion beam (FIB) lift out procedure using a FIB-SEM (Helios
Dual Beam 600). Prior to FIB work, a layer of carbon with 10 nm
thickness was deposited on the LSF film by carbon evaporation with
EMS QT150 ES. The FIB lamella was thinned using a final Ga ion
accelerating voltage of 2 kV with the beam incident at +1°. The
lamella was then polished using 600 eV Ar ions incident at +10°
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(Fischione Nanomill). STEM images were acquired using a probe-
corrected JEOL ARM 200F operating at 200 kV, and images were
calibrated to the substrate Nb:STO(001) lattice spacing of 3.90S nm.
Elemental mapping was performed using EDX in the aforementioned
STEM.

Surface Defect Modeling. A 100 X 100 2D square lattice with
periodic boundary conditions was employed to simulate the oxygen
sublattice of the LSF(001) surface (Figure Sb). Since the aim of this
simulation is to quantify oxygen vacancy cluster formation, the
simulated lattice consists purely of oxygen and oxygen vacancy sites.
In the simulated square 2D lattice, the interaction energy between the
nearest V3 sites was set to be 0.3 eV based on DFT calculation, while
all other interactions were ignored. The Metropolis MC simulation
was conducted as follows: First, 100 random configurations were
generated as initial guesses at each [V{']. Then, each of the 100 initial
lattices was evolved by switching sites according to the Metropolis
scheme. Each MC step consisted of 10 000 switching trials, and the
ensemble average was estimated by averaging S00 MCS after
equilibrium. Finally, the densities of V{'-related defects were
calculated as the mean value of the 100 thermodynamically
equilibrated lattices. In accord with the experiment, the simulation
temperature was set to be 650 °C and the lattice constant for the 2D
lattice was set to be 0.4 nm. A more detailed description of the MC
simulation procedure is presented in ref 72.

Density Functional Theory. DFT calculations are performed
with the Vienna ab initio Simulation Package (VASP) with PAW-
PW91 pseudopotentials. Energy cut-off is set to 500 eV. A Hubbard U
correction of 4.0 eV is applied to Fe. All calculations are spin-
polarized. Defect formation energies in the bulk are calculated using a
2 X 2 X 2 LaysSry sFeOj supercell (8 formula units) with the ordered
alternating layers of La and Sr.”*> A 4 X 4 X 4 k-point grid is used.
Multiple vacancy sites are considered and the configurations with the
lowest energies are reported. Fe dimer formation calculations are
performed on a 2 X 2 BO-terminated LSF surface with 10 atomic
layers (40 formula units) and 20 A of vacuum. The five atomic layers
in the middle are fixed during the structural relaxation to mimic bulk
LSE. A2 X 2 X 1 k-point grid is used. The atomic structures used in
the DFT calculation are presented in Supplementary Note 7.
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Supplementary Note 1: Quantification of effective pO, at the exsolution condition

It has been reported that the change of defect chemistry under different oxygen partial pressures (pO,) can induce a shift in the binding energy.

In particular, in LSF, the binding energy shift (A B.E.) is related to the different chemical potentials of oxygen in the two atmospheres (A

Ho)**:

Auo, RT pO,

ABE.=—e X iF =e X ﬁlnpo‘ﬁff

where R and F represent the gas constant and Faraday constant, respectively. As a result, by measuring the binding energy shift, we can estimate

the effective pO,, at the exsolution condition (400 °C in 0.5 mbar Hy).

As shown in Figure S1, the binding energies of Sr 3d, La 4d, and Fe 3p increased by about 1.1 eV when the gas atmosphere was changed

from 0.5 mbar O, to 0.5 mbar Hy. Therefore, we can estimate the effective pO, to be 4x10 —38 bar for the flushing Hy, environment

in Figure 1a. A more detailed procedure on the effective pO, calculation can be found in Ref. 2.

With the calculated effective pO,, we can also verify the oxidation states of the exsolved Fe® nanoparticles using Richardson-Ellingham diagram.
This diagram shows the most stable formula of substances in terms of their redox equilibria. The equilibria for Fe, Fe;0,, and Fe,O5 are shown
in Figure S2. As illustrated, for the exsolution condition in this experiment (400 °C, 4 x10 —38 pO,), the most stable phase is indeed

metallic iron.
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Figure S1. Core level peak shift between 0.5 mbar of O, and H, at 400 °C, which is largely caused by the Fermi level shift. Assume all the 1.1 eV peak shift is due to Fermi level shift, we

—38
can estimate that the equivalent pO, to be 4x10 bar for the reducing atmosphere. Data were collected on LSF/STO with a photon energy of 420 eV.
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Figure S2. Richardson-Ellingham diagram for the Fe-O system. The standard Gibbs energies reflect the formation of oxides per one mole of oxygen gas. Note at the exsolution condition,

the most stable phase is metallic iron.



Supplementary Note 2: Quantification of [Fe?]

The low binding energy component in Fe 3p at ~ 51.5 eV was assigned to Fe® species®. [Fe®] was thus calculated as the peak area ratio of
Fe® features to the total area of Fe 3p with CasaXPS software. The peak area ratio is calculated through peak fitting, where peaks were fitted
with a 30% Lorentz/Gaussian line shape over a Shirley background. The uncertainties in the peak fitting process is estimated to be ~2%,

based on the standard deviation of the [Fe®] calculated from Fe 3p and Fe 2p spectra.

To verify the peak assignment of Fe®, we also performed lab-based XPS on Fe (Aldrich, 99.99%), FeO (Aldrich, 99.8%), and Fe,O5 (Alfa
Aesar, 99.998%) powders and the corresponding Fe 2p and Fe 3p spectra are shown in Figure S$3. As can be seen, the as-received Fe
powders are partially oxidized in the near surface region, hence containing both metallic and oxidized iron components in the XPS spectra. A
pure Fe® XPS spectrum is then obtained on a Fe foil (Aldrich, 99.9%) after sputtering the sample with 2 keV Ar" ions for 5 minutes. The
metallic peak position observed in this measurement is in accord with the emerging feature during Fe exsolution, which validates our previous

assignment of this feature as Fe®.

Fe 3p

S | FeO
T
> . .
‘®
&
€ Fe’

Fe (as-received)

Fe (after sputtering)

T T
732 717 702 69 57 45
Binding Energy (eV) Binding Energy (eV)

Figure S3. Reference Fe 2p and 3p XPS spectra of Fe,0O3, FeO, and Fe, where the Fe® peak position is highlighted in the plot. Note the as-received Fe powder has FeO, components in
the spectra as its surface is partially oxidized. Pure Fe® spectra is then collected on a Fe foil after Ar ion sputtering. The spectra are collected with lab-based XPS and then calibrated by aligning

the adventitious C 1s spectra at 284.8 eV.






Supplementary Note 3: Quantification of oxygen nonstoichiometry in LSF

A schematic diagram of the oxygen non-stoichiometry of LSF as a function of oxygen partial pressure at a given temperature is shown in Figure
S4. As can be seen, there are three regions in this diagram: the O™/0%" redox region® where the Sr doping is charge compensated by electron
holes (Region I); the plateau region where the oxygen vacancy concentration is almost constant as it is determined by the Sr doping level

(Region 1I); and the Fe3*/Fe®* redox region where additional oxygen vacancy formation is charge compensated by the electrons (Region III).

Note that at very reducing atmospheres in Region III, the LSF perovskite phase becomes unstable and starts to decompose when 6 > 0.25.

This critical oxygen nonstoichiometry corresponds to a nominal bulk oxygen vacancy concentration of ~8%.
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Figure S4. Oxygen non-stoichiometry of Lag ¢St 4FeO3_g as a function of oxygen partial pressure at 600 °C, data replotted from Ref. s,

In this work, we used XPS and XRD to quantify the oxygen nonstoichiometry change (A5 ) in LSF. For XPS, AS was calculated from the
normalized O 1s peak intensity, as has been reported elsewhere®. To specify, the O 1s spectra are first normalized to the La 4d signal intensity

to avoid fluctuations caused by slight variations in beam intensity and by effects owing to sample heating and gas atmosphere”. Then the change

in surface oxygen nonstoichiometry relative to the oxidized surface is calculated as follows:



AS 1 A(Ols)
A(Ols)oxidized
where A denotes the peak area of the normalized O 1s spectra, and the subscript “oxidized” denotes the spectra collected on an oxidized

sample surface (400 °C, 0.5 mbar O,). As shown in Figure S5, the oxidized reference surface is free of carbon, which eliminates the potential

contribution from carbonate oxygen species.
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Intensity (a.u.)
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Figure S5. Typical C 1s spectra of the oxidized LSF surface. Spectrum was collected on LSF/STO, at 400 °C in 0.5 mbar O, with a photon energy of 420 eV.

It should be noted that, due to the lack of an internal normalization procedure for the O 1s, this method is only semi-quantitative. Therefore,

we only employed this method to analyze the O 1s spectra collected from LSF/STO in a single experiment. Since the purpose is to qualitatively
')
demonstrate the evolution of oxygen nonstoichiometry during Fe exsolution, rather than to precisely calculate [VO ], the possible uncertainties

in the method should not be a major problem. In this work, the error bar was estimated based on the square root of the calculated AS.

Meanwhile, A8 was calculated from the lattice expansion coefficient of bulk LSF (ref. 5) from XRD measurement (Figure 1 in the main text).

The experimental conditions for the in-situ XPS and ex-situ XRD measurements and the quantified A are summarized in Table S1.



Table S1. Experimental conditions and the probed oxygen nonstoichiometry change (A6 ) for the in-situ XPS and ex-situ XRD measurement.

Oxidized state Reduced state Ad
In-situ XPS 400 °C, 200 mTorr 300 °C, H, ~0.3
Ex-situ XRD As-prepared 400 °C, UHV ~0.3




Supplementary Note 4: La 4d and Sr 3d spectra

The La 4d and Sr 3d spectra while heating the LSF sample in H, are shown in Figure S6. It can be seen that La spectra remained almost
unchanged during the heating process, while the concentration of “surface Sr species” ®° decreased. The Sr spectra behavior is in accord with

the O 1s spectra evolution shown in Figure 1 in the main text.
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Figure S6. Typical La 4d and Sr 3d spectra of the LSF surface while heating in 0.5 mbar H,. Spectrum was collected on LSF/STO with a photon energy of 420 eV.



Supplementary Note 5: Cation and anion diffusion during exsolution

Figure S7 displays a comparison of Fe and O diffusion in an LSF-related perovskite: Lag ¢Srp 4CoO5. The blue points represent the Fe/Co

interdiffusion'® while the red and yellow points denote the chemical diffusion'! and tracer diffusion'? of O, respectively. As illustrated, anion

diffusion is many orders of magnitude faster than that of the cations.
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Figure S7. Arrhenius-type plot of the anion and cation diffusion coefficients in Lag ¢Sro 4CoO3. The scattered data points are replotted from Ref. °?2, and the dashed lines represent the

linear extrapolation. The right axis shows the corresponding diffusion lengths for 1-hour diffusion time.

With linear extrapolation, we can estimate the characteristic diffusion lengths (l) of Fe and O at 400 °C (i.e., the exsolution temperature used
in this work) according to l= A/ D L, where t represents the diffusion time. In accord with the exsolution conditions used in this work, we set
t to be 1 hour. As shown in Figure S7, the characteristic chemical and tracer diffusion length for O is around 1Xx 104 and 8 X 102

nm, respectively. On the other hand, the characteristic interdiffusion length for Fe is around 7 %10 -5 nm.

Since the characteristic chemical diffusion length for O is much larger than the film thickness (20 nm), the oxygen vacancy formation can take

place across the entire LSF film. As a result, bulk chemical expansion has been observed for the LSF film after the mild reduction step (Figure

10



1f). On the other hand, the formation of Schottky disorder requires a simultaneous displacement of O and Fe to the surface. The small diffusion

length of Fe may restrict the Schottky defect formation to the LSF surface under the current exsolution condition. This likely non-uniform defect

formation could also explain why no apparent lattice changes was observed upon exsolution (Figure 1f). Nevertheless, further studies are required

to validate this hypothesis by measuring the chemical diffusion coefficient of Fe in LSF.
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Supplementary Note 6: Quantification of lattice strain

The biaxial lattice strain of the LSF thin films is calculated as

Aa  a(strained) — a(relaxed)
strain=-—= %X 100%
a a(relaxed)

where @ indicates the pseudo-cubic'® lattice parameter of the LSF film.

The relaxed lattice parameter is obtained on a thick LSF thin film (~150 nm) grown on MgO (001) substrate, denoted as LSF/MgO. The
validity of using this sample to represent the relaxed LSF is shown in Figure S8. For a strained film, while the substrate and film peaks can be
clearly differentiated in the out-of-plane scan, only one reflection peak is visible in the in—plane scan. This asymmetry is a characteristic of
strained films as the film maintains the same in-plane lattice constant as that of the substrate. On the LSF/MgO sample, in both in-plane and
out-of-plane XRD scans the substrate and thin film reflex are well-separated and show identical diffraction angles, which suggests that the thick

LSF film grown on MgO substrate is fully relaxed. A similar approach to obtain fully relaxed films has also been reported elsewhere!!.

LSF/STO . LSF/MgO
(strained) (relaxed)
|
1

Out-of-plane

Log Intensity (a.u.)

26(deg) 24 (deg)

Figure S8. Comparison of the out-of-plane and in-plane XRD on strained (LSF/STO) and relaxed (LSF/MgO) LSF film, where the substrate and LSF peaks are indicated with “*” and
arrow, respectively. The in-plane measurement was collected at 1 deg incidence angle. The reflection peak for the in-plane measurement is broader as the in-plane measurement was collected

with a parabolic multilayer mirror while the out-of-plane scan was collected with a 2 bounce Ge(022) monochromator.
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Due to chemical lattice expansion, however, the relaxed lattice constant a(relax) will evolve during the exsolution process'Z. As a result,
the overall strain state of the film will also change during exsolution. To better estimate the lattice strain at the exsolution condition, we measured
the lattice parameter of the LSF/MgO after exsolution (3% H,/N, at 650 °C for 5 hours) at room temperature, and the results are summarized

in Table S2.

Table S2. Summary of the in-plane lattice strain at room temperature induced by lattice misfit.

In-plane lattice constant | Strain after exsolution

LSF/LSAT 3.87A -1.3%
LSF/STO 3.91A -0.3 %
LSF/KTO 3.99A +1.8 %
LSF/MgO 3.92A -

Besides, the LSF films will also experience a thermal strain due to the different thermal expansion coefficients between the films and the
substrate'3. The thermal strain for the LSF thin films at the exsolution temperature (i.e., 400 °C) is summarized in Table S3. The thermal

expansion coefficients for the single crystal substrates are given by the MTI Corporation, while the coefficient for LSF is taken from Ref. °.

Table S3. Summary of the in-plane thermal lattice strain.

Sample Thermal expansion coefficient difference’ Thermal strain at 400 °C
LSF/LSAT -1 x 106 K -0.04 %
LSF/STO -1 x 106 K -0.04 %
LSF/KTO -6 x 106 K- -0.24 %

As can be seen, the thermal strain is usually an order of magnitude smaller than the strain induced by lattice misfit. Therefore, the majority of
the strain inside the LSF films during exsolution is from lattice misfit. Moreover, although the strain states of the thin films may vary during

exsolution, the three samples used in this work clearly represent LSF films at three different strain states: compressive, nearly stress—free, and

13



tensile. Since the aim of this work is to qualitatively compare the exsolution behavior of differently-strained LSF thin films rather than to establish

a quantitative relationship, minor deviations from the nominal strain values are expected to be negligible.
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Supplementary Note 7: DFT calculation for the strain-dependent defect formation

Figure S9. Bulk LSF structure calculated by DFT with alternating La and Sr atoms in the AO termination Green, blue, yellow, and red spheres represent La, Sr, Fe, and O atoms respectively.

Figure S9 shows the bulk 2x2x2 Lag 5Srg sFeO5 cell used to calculate defect formation energies under biaxial strain. La and Sr cations are
arranged in an alternating pattern. As such, the relaxed cell deviates from cubic structure, with lattice parameter of 3.66 A in the a direction,

and 3.89 A in the b and ¢ directions. The strain-dependent defect formation energies are calculated by applying biaxial strain on the bc plane.
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Supplementary Note 8: More Characterizations of the NAP-XPS sample
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Figure S10. Surface chemistry of LSF thin films. Typical NAP-XPS survey scan of the LSF thin films collected under various conditions, where only La, Sr, Fe, and O signals are observed.

Spectra were collected at a photon energy of 1010 eV.
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Figure S11. Similar La 3d and Fe 2p XPS spectra of the as-prepared LSF films grown on different substrates.
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Figure S12. Sr 3d spectra of the LSF thin films at the exsolution condition, where no apparent strain dependency has been observed. The Sr 3d spectra are deconvoluted into surface and

lattice Sr components, where a detailed fitting method can be found in the Ref. 2. Spectra are collected at 400 °C in 0.5 mbar Hp with a photon energy of 420 eV.

— T I 2 I
= |LSF/STO '

©

~—

> o

@ ‘wfi""/ ey,

p o ® i

]

-—

£

T
LSF/KTO

T I T
726 715 704
Binding Energy (eV)
Figure S13. Fe 2p spectra of the LSF thin film at the exsolution condition, where the Fe 2p3,, are deconvoluted into Fe?*/Fe®* and Fe® species. As can be seen, for LSF/KTO, the Fe®

concentration cannot be simply estimated with the Fe 2pg,, as the overall Fe 2p spectra profile also changed. To avoid the complexity in peak shape, Fe 3p are used for [Fe®] estimation.
Spectra are collected at 400 °C in 0.5 mbar flushing H, with a photon energy of 862.7 eV.
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Figure S14. Time-dependent Fe 2p spectra shows the LSF surface is not equilibrated after 30 minutes of exsolution. Spectra were collected at 400 °C in 0.5 mbar flushing H, with a
photon energy of 862.7 eV on LSF/STO.
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Figure S15. Sample morphology. (a) Optical image of the as-prepared LSF thin films. (b) Atomic force microscopy (AFM) image of the as-prepared LSF surface. Scale bar: 400 nm
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Figure S16. The APXPS experimental setup. (a) Photo and sketch of the APXPS sample holder. The thermocouple is placed on top of the LSF thin film during the measurement. (b) Photo

showing the sample holder during the APXPS measurement.
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Figure S17. Lattice structure of the LSF thin films. (a) Out-of-plane symmetric 20-w X-ray diffraction scan at the pseudo-cubic (002) reflection of the as-prepared LSF thin films, where
the dotted line indicates the peak position of the relaxed LSF film grown on MgO substrate. Due to the in-plane lattice strain, LSF/ KTO and LSF/STO have smaller out-of-plane lattice
spacing while LSF/LSAT has a larger out-of-plane lattice constant. (b) Phi-scan about the pseudo-cubic (103) reflection, confirming the cube-on-cube alignment of the LSF films on LSAT,

STO, and KTO substrates. (c) Out-of-plane symmetric 20-w X-ray diffraction scan highlights the lattice expansion during film reduction and Fe® exsolution. LSF and substrate peaks are
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Table S4. Bulk chemistry of LSF thin films. (a) Thin-film and (b) powder LSF composition obtained from inductively-coupled plasma mass spectrometry (ICP- MS). Note the both LSF thin

films and LSF powders (the raw material for PLD target) show a bulk chemistry close to the ideal composition Lag ¢Sro 4FeO3.

ol i | ke | sike | AB |

1 0.62 0.38 1.03
2 0.63 0.37 1.04
3 0.63 0.37 1.04
4 0.61 0.39 0.95
5 0.62 0.38 1.06
6 0.61 0.39 0.95
7 0.61 0.39 1.00
8 0.63 0.37 1.01

0.58 0.42 1.03

062+002 0.38+0.02 | 1.01+0.04
b m

0.58 0.42 1.03
2 0.60 0.40 0.99
0.60 0.40 1.00

059+oo1 0.41£0.01 | 1.01+0.02
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Supplementary Note 9: AFM imaging and quantification

The vertical resolution (AZ) of AFM is mainly limited by the thermal noise, and can be estimated as'*:

az= [l 001
z= |Z—~001nm,

where K B is the Boltzmann constant, and k is the spring constant of the cantilever. Here k is taken as 40 N/m for the Bruker TESP-V2

probe, and T is 300 K as room temperature.

Meanwhile, tip sharpness mainly determines the lateral resolution (d) of AFM. As schematically shown in Figure S18a, the lateral resolution

is defined as the minimum detectable distance between two sharp features, which is given by'%:

d =~2R(\/Az + \/Az + AR),

where R is the tip radius and AR is the relative height difference of the two features. Here the tip radius is taken as 7 nm for the Bruker
TESP-V2 probe. As a result, the ideal lateral resolution at a fixed vertical resolution Az = 0.01 nm is shown in Figure S18b, where the

resolution regime is highlighted in gray.
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Figure S18. AFM lateral resolution. (a) Sketch of an AFM scan over two spikes of different heights (Ah) with a lateral distance d The dashed line indicates the apparent surface morphology
in AFM. (b) Comparison between the theoretical lateral resolution and the experimentally observed particle sizes. The “invisible” regime due to the resolution limit is highlighted in gray, whereas

the mode particle size of differently-strained LSF films are shown for comparison.

As can be seen, the mode values of the particle sizes in this study are within the AFM capability. Nevertheless, the particle sizes on the tensile-
strained LSF (LSF/KTO) surface is approaching the resolution limit, which makes it very challenging to precisely estimate the particle size. To
confirm the surface morphology of the LSF/KTO, we conducted the AFM measurement with two types of AFM tips and the results are shown
in Figure S19. As can be seen, the particle sizes obtained from the two AFM tips are pretty similar. Therefore, we expect the AFM images to

represent the real surface morphology in our study.
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Figure S19. Tip effect on the AFM images. The AFM images were collected on LSF/KTO sample with two AFM tips: Bruker TESP-V2 and Oxford AC160TS-R3.

A watershed algorithm is implemented to mark the particles with Gwyddion software, where the parameter settings are summarized in Table

S5 and the particle marking results are shown in Figure S20.
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Figure S20. Particle marking results of the AFM images from Gwyddion with watershed algorithm.
Table S5. Parameter setting for the watershed algorithm in Gwyddion.
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Number of steps 10
Drop size 0.5%
Threshold 0

Number of steps 50
Drop size 5%

After the initial particle marking, a filter of 4 pixel areas (corresponding to ~ 15 nm?®) was employed to the marked particles. In other words,
only particles with projected area larger than 4 pixels are considered in the data analysis. Figure S21 depicts the relation between the area
filter threshold and the obtained particle density. Clearly, the obtained particle density is sensitive to this threshold filter, and its error bar is then

estimated from the standard deviation of the quantity obtained from a threshold between 2 to 6 pixels.
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Figure S21. Sensitivity analysis of the particle density as a function of the threshold area filter. In this work, only particles with a projected area larger than 4 pixels are considered in the data

analysis.

Histograms of the equivalent disk radius is produced with Origin by splitting the data range from O to 20 nm into 20 bins of equal size. Each
histogram is fitted with a distribution curve to obtain the mode number. The distribution curves used for the LSF/LSAT, LSF/STO, and LSF/KTO

are Weibull, Lognormal, and Lognormal, respectively.
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Supplementary Note 10: Strain-dependent Fe® exsolution in UHV

Besides the results shown in Figure 4 in the main text, we further examined the strain-dependent Fe® exsolution in UHV condition. In this study,
the LSF film were grown onto two (001 )-oriented perovskite-type single crystal substrates with different lattice parameters: LaAlO5 (LAO)
and SrTiO5 (STO). These two LSF films are denoted with LSF/LAO and LSF/STO, respectively. The corresponding reciprocal space maps
(RSM) for these two samples are shown in Figure S22. As illustrated, the film peak for LSF/STO is directly above that of the substrate,
meaning that the LSF thin films maintained identical in—plane lattice parameter as that of the substrates. On the other hand, the LSF/LAO film
shows partial relaxation due to the large lattice mismatch. Nevertheless, the two samples used here clearly represent LSF films with two different
strain states: compressive (LSF/LAQ), and nearly stress-free (LSF/STO). These two samples were heated in UHV chamber and monitored
with in-situ XPS. As illustrated in Figure S23a, the LSF/STO sample exhibited an early exsolution onset compared to LSF/LAO. The onset
difference thus indicates that the exsolution phenomena in LSF/LAO was suppressed by the large compressive strain. In accord with the XPS
characterization, AFM measurements (Figure S23b) also revealed a higher particle density in the LSF/STO surface compared to LSF/LAO

after exsolution.

LSF/LAO LSF/STO
(—3.0% < £ < —1.7%) (e = —0.2%)

q,/nm”

32 30 28 -26 24 22 -2
a,/nm!

Figure S22. X-ray RSM about the (103) reflection of the LSF thin films. Note the LSF/LAO film is partially relaxed, where the dashed line indicates the location of a completely relaxed

film. The numbers in the parenthesis indicate the in-plane strain in these two films, where negative values indicate compressive strains.
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Figure $23. Strain-dependent Fe® exsolution in UHV condition. (a) Temperature-dependent surface concentration of Fe® while heating in UHV. Note the LSF/STO sample has an early

exsolution onset than LSF/LAO. (b) AFM analysis of the two LSF samples after exsolution, where LSF/STO shows a much higher particle density than the LSF/LAO.
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Supplementary Note 11: Summary of lattice volume change in exsolution

Parent Oxide Exsolved Metal Volume Change” Reference
Lag g5S10.15CrO;3 Pd + 15
Lag ¢Sro 4FeO; Fe + 16
Lag 4Srp4ScO5 Ni + 17
LaFe(57C0035053 Pd + 18
S10.94Ti99Nbo. 103 Ni + 19
Lag 5519 sTiO; Ni + 20
Sro.95Tig3Fe€0 703 Ni + 21
Lag 4Sro4TiO3 Ni, Fe + 2
(Lag2S10.8)09Ti03 Fe - 23
(Sr0.7P103)0.9TiO;3 Ni - 24
Lag St 7TiO3 Ni - 25
Lay,Sr(7TiO; Ni +/- (mixed) 26
Lag,SrogTiO; Ni +/- (mixed) 27
Lag 4819 4Ti0;3 Fe, Ni, Co +/- (mixed) 28
* “4+” stands for the volume expansion, while “~” represents contraction.
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Supplementary Note 12: Characterization of the atomically-flat LSF surface

The morphology of the as—prepared LSF surface is shown in Figure S24a. As illustrated, the step-and-terrace morphology is present with an

average step height of ~0.38 nm. This step height corresponds to the unit cell height of LSF. To reveal the surface structure, low-energy

electron diffraction (LEED) patterns were collected on the LSF films that are grown on the Nb:STO (001) substrate using the same PLD

deposition condition. The Nb:STO substrate was employed to increase the sample electrical conductivity. As shown in Figure S24b, the as-

prepared LSF surface has a four-fold symmetry, in agreement with the (001) cubic surface structure. The surface chemistry and morphology

evolution during heating in UHV is shown in Figure S25.

159.9 eV

Figure S24. Characterization of the as-prepared LSF (001) surface. (a) AFM image of the as—prepared LSF film. Inset: line scan showing the step height to be ~ 0.38 nm. (b) Low—
energy electron diffraction patterns for the LSF film, using 159.9 eV electrons. A fourfold symmetry highlighted by the dashed square.
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Figure S25. (a) In situ XPS and (b) ex situ AFM images of an atomically-flat LSF (001) thin film at different stages of exsolution: as-prepared, reduced, and exsolved. The arrows in (b)
indicate the locations of the atomic steps.
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Supplementary Note 13: Comparison between isolated VE). and Vz). pair

Based on a two-level system, we estimated the fraction of Fe adatoms and Fe dimers adsorbed on isolated VZ). versus to VZ). pairs. The fraction

is calculated as:

AE —1

f=[1+e_kT] ,

where k represents Boltzmann constant, and AE denotes the binding energy difference the isolated VE). and VE). pairs. The results are shown

in Figure S26. According the DFT calculation (Figure 6), AFE is set to be 0.52 eV and 0.15 eV for Fe and Fe, adsorption, respectively. As

illustrated, we expect more than 99% of the Fe adatoms and more than 80% of the Fe dimers will stick to VE). pairs compared to isolated

V.O. under exsolution conditions.

-
o

Vo pair fraction
o
©

Qe
o0
T

Fe adsorprtion
Fe, adsorption

200

400 600
Temperature (°C)

800

.
Figure S26. Fraction of Fe and Fe, adsorbed on VO pairs as a function of temperature. The two solid lines are calculated with AE =0.15 eV and AE =0.52 eV for Fe and Fe,

adsorption, respectively.
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