
Exsolution-Driven Surface Transformation in the Host Oxide
Jiayue Wang, Abinash Kumar, Jenna L. Wardini, Zhan Zhang, Hua Zhou, Ethan J. Crumlin,
Jerzy T. Sadowski, Kevin B. Woller, William J. Bowman, James M. LeBeau, and Bilge Yildiz*

Cite This: https://doi.org/10.1021/acs.nanolett.2c01439 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Exsolution synthesizes self-assembled metal nanoparticle
catalysts via phase precipitation. An overlooked aspect in this method thus
far is how exsolution affects the host oxide surface chemistry and
structure. Such information is critical as the oxide itself can also contribute
to the overall catalytic activity. Combining X-ray and electron probes, we
investigated the surface transformation of thin-film SrTi0.65Fe0.35O3 during
Fe0 exsolution. We found that exsolution generates a highly Fe-deficient
near-surface layer of about 2 nm thick. Moreover, the originally single-
crystalline oxide near-surface region became partially polycrystalline after
exsolution. Such drastic transformations at the surface of the oxide are
important because the exsolution-induced nonstoichiometry and grain
boundaries can alter the oxide ion transport and oxygen exchange kinetics
and, hence, the catalytic activity toward water splitting or hydrogen oxidation reactions. These findings highlight the need to
consider the exsolved oxide surface, in addition to the metal nanoparticles, in designing the exsolved nanocatalysts.

KEYWORDS: exsolution, self-assembly, perovskite oxides, surface transformation, nanoparticles

In renewable energy technologies today, a central theme is to
design nanostructured catalysts at the solid/gas and solid/

liquid interfaces toward desired reactions.1,2 Exsolution2−4

(Figure 1a) is a promising approach to generate self-assembled
metal nanoparticle catalysts via phase precipitation, which
often occurs when the host oxide is chemically5,6 or
electrochemically7,8 reduced. Unlike the deposited or infil-
trated nanoparticles, the exsolved nanoparticles are anchored
in the host oxide,9−11 which makes them more resistant against
particle agglomeration and carbon poisoning (i.e., coking).9,11

As a result, the exsolved nanoparticles often exhibit out-
standing catalytic stability6,12 under operating conditions and
have been applied to a broad range of applications such as
three-way catalysts,6 solid oxide fuel/electrolysis cells,13,14 and
ceramic membrane reactors.15

Extensive efforts have been made in the past decade to
optimize the composition,16 size,17,18 and density18 of the
exsolved nanoparticles to efficiently catalyze various reactions
of importance to energy conversion. However, an equally
important component in the exsolved systemthe host oxide
surface after exsolutionhas received little attention. Since the
host oxides used in exsolution are often mixed ionic and
electronic conductors (MIEC),19 they can be inherently active
in (electro)catalysis if the ideal ionic and electronic structure is
present in the oxide. Consequently, the active reaction zones
on the exsolved metal−oxides are not necessarily constrained
to the metal nanoparticles but can extend to the oxide
surfaces.20 For example, Roy et al. found that the catalytic
activity of the exsolved calcium cobalt oxide increased after

etching away the surface nanoparticles.21 This interesting
observation indicates that the remaining host oxides after
exsolution may be more catalytically active than the exsolved
nanoparticles, although we must note that the etching process
may introduce potential artifacts to the oxide chemistry. The
need to investigate the exsolved host oxide is further seen from
recent studies where reduced or invariable performance was
observed after exsolution.22−24 For example, while Pd
nanoparticles are excellent catalysts for CO oxidation
reactions,25 Singh et al. found that the catalytic activity of
Pd-doped BaCeO3−δ for CO oxidation decreases after Pd
exsolution.22 These results may seem counterintuitive and
clearly demonstrate that one should carefully consider not only
the exsolved nanoparticles but also what happens to the host
oxide during exsolution.
As exsolution is a partial decomposition process, it can

change the chemistry,5,18 morphology,26 and microstructure8,10

of the host oxide surface, while precipitating the metal
nanoparticles. It is well-known that surface grain bounda-
ries,27,28 lattice defects,29,30 atomic structures,31 and composi-
tions32,33 can greatly affect the kinetics of oxygen exchange at
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the surface and oxide ion transport within the material.
Therefore, any chemical and structural transformations on/in
the oxide should also be considered in interpreting the changes
in catalytic activity upon exsolution. To date, the detailed
mechanism regarding the exsolution-induced surface trans-
formation in the host oxide remains an open question. For
example, a common assumption in today’s literature is that
exsolution is associated with the surface enrichment/
segregation of the to-be-exsolved cations.34−39 However,
whether the hypothesized cation-enriched surface layer exists
on the exsolved host oxide has never been experimentally
validated.
Here, we aim to bridge this knowledge gap by investigating

the surface transformation of perovskite SrTi0.65Fe0.35O3 (STF)
thin films during metallic iron (Fe0) exsolution. We chose STF
as a model system due to its technological relevance to the
solid oxide fuel/electrolysis cells.16,40 Combining grazing
incidence synchrotron X-ray diffraction, in situ X-ray photo-
electron spectroscopy, and scanning transmission electron
microscopy, we systematically characterized the exsolution-
induced chemical and structural evolution at the STF surface.
As a result, we demonstrate unambiguously that the top ∼2 nm
of the STF surface become highly Fe-deficient after Fe0

exsolution. Moreover, the as-prepared single-crystalline STF
near-surface region became partially polycrystalline after
exsolution. The drastic exsolution-driven chemical and
structural transformation at the oxide surface has implications
for the surface reaction kinetics such as water splitting,
hydrogen oxidation, and oxygen exchange reactions, and calls
for attention of the field to consider these changes in the
interpretation of catalytic activity upon metal nanoparticle
exsolution.

Epitaxial STF films were grown on the (001)-oriented
SrTiO3 (STO) and Nb-doped SrTiO3 single crystal substrates
using pulsed laser deposition (see Methods). To verify the
chemical composition of the STF film, we conducted
Rutherford backscattering spectrometry (RBS), and the result
is shown in Figure 1b. The quantified film composition is
SrTi0.65Fe0.34Ox, which agrees with its nominal value (i.e.,
SrTi0.65Fe0.35O3−δ). We then conducted atomic force micros-
copy (AFM) and low-energy electron diffraction (LEED)
measurements to probe the surface morphology and structure
of the as-prepared STF films. As a result, AFM imaging (Figure
1c) shows that the as-prepared STF has a smooth surface, with
root-mean-square (RMS) roughness of ∼0.1 nm. Meanwhile,
the LEED pattern (Figure 1d) shows a characteristic p(1 × 1)
perovskite (001) surface structure with a 4-fold symmetry. The
(001) orientation of the STF film is also confirmed via out-of-
plane θ−2θ X-ray diffraction measurements (Figure S1). Based
on these characterizations, we confirm that the as-prepared
STF films have well-defined surface structure, morphology and
composition, which can serve as an ideal model system to
investigate the exsolution-driven surface transformation.
We first conducted in situ near ambient pressure X-ray

photoelectron spectroscopy (NAP-XPS) measurements to
track the surface chemistry evolution of the STF film during
Fe0 exsolution. In the measurement, we heated the STF film up
to 600 °C in 75 mTorr H2 and collected core-level spectra at
different temperatures (see Methods). As shown in Figure 2a,
the Ti 2p and Sr 3d spectra profile remained relatively stable
during the entire course of the measurement. On the other
hand, there is a significant evolution in the Fe 3p spectra:
Metallic iron species18,41 (Fe0) started to appear at ∼52.5 eV in
the Fe 3p spectra when the STF film was heated to 500 °C in
H2, which marks the onset of Fe0 exsolution in STF.
Using the fitting methods described in Figures S2−S4, we

deconvoluted the NAP-XPS spectra to quantify the surface
chemistry evolution. As shown in Figure 2a, Tilattice in Ti 2p
denotes the lattice Ti4+ component in STF. Meanwhile, Srlattice
and Srsurf represent the lattice Sr2+ and the segregated surface
Sr species, respectively. Such a fitting model for Sr has been
commonly used in the literature to account for the potential Sr
segregation42−44 on perovskites surfaces. Finally, for the Fe 3p
spectra, we fit the spectra with lattice Fe2+/Fe3+ (Felattice

18),
exsolved metal Fe0, and a satellite component from Sr and Ti
at ∼50 eV. With the deconvolutions described above, we plot
the surface concentrations of Fe0 and Srsurf in Figure 2b as a
function of the annealing temperature. As illustrated, the
surface Fe0 concentration increased with the annealing
temperature, consistent with metal precipitation. The Srsurf
concentration remained largely stable, confirming negligible Sr
segregation44 under the current experimental conditions. To
quantify the lattice Fe concentrations on the STF surface, we
plot the Felattice intensity normalized with Ti and Sr in Figure
2c. Such a normalization procedure is necessary to reveal the
surface compositional evolution, as variations in both temper-
ature45 and surface morphology/roughness46 can change the
NAP-XPS intensities. As a result, we found that both the Ti-
and Sr-normalized Felattice intensities decrease by as much as
∼63% after exsolution. These observations clearly indicate that
the STF surface became Fe-deficient after Fe0 exsolution.
We then characterized the surface morphology of the STF

film after the NAP-XPS measurement using ex-situ AFM
imaging (Figure 3a). In contrast to the originally smooth
surface morphology (Figure 1c), nanoparticles can now be

Figure 1. Paper theme and sample description. (a) Sketch of the
exsolution process, which shows that exsolution not only generates
supported metal nanoparticles but also transforms the host oxide
surface. The aim of this work is to resolve how the surface chemistry
and structure of the host oxide change upon exsolution. (b−d)
Characterizations of the as-prepared STF film: (b) RBS data and the
corresponding fitting results revealing the film composition. (c) AFM
image showing the smooth surface morphology. (d) LEED pattern
showing the p(1 × 1) (001) surface structure, where the 4-fold
symmetry is highlighted by the solid square. From parts (b)−(d), we
confirm that the as-prepared epitaxial STF film has well-defined
composition, morphology, and structure.
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clearly observed on the exsolved STF surface. With the aid of
electron energy loss spectroscopy (EELS), we confirmed these
nanoparticles are iron (Figure 3b). Note that the exsolved Fe0

nanoparticle in Figure 3b is encapsulated by a thin layer of iron
oxide, which is due to the passivation by oxygen in air when
the sample was taken out of the exsolution experiment.18,41

From 10 representative AFM images, we quantified the area-
specific volumes of the surface nanoparticles to be ±0.11 0.03
nm3/nm2. Other particle statistics (including particle size,
density, and surface coverage) are summarized in Figure S5.
We note that the surface coverage of the exsolved nano-
particles is rather low (∼4%), which implies that most NAP-
XPS signals in Figure 2 are collected from the oxide surface
regions that are not covered by the nanoparticles. This
observation provides additional support that the observed
surface Fe depletion in the oxide lattice is real, and not an
artifact in the XPS data collection.
Based on the volume of the exsolved Fe0 nanoparticles, we

further estimate the thickness of the Fe-deficient layer in the
exsolved STF film using a bilayer model (Figure 3c). In this
model, the exsolved STF film consists of a Fe-deficient surface
layer with thickness d, and a stoichiometric bulk without any
Fe deficiency (i.e., SrTi0.65Fe0.35O3−δ). We assume that the
surface layer in the exsolved STF film has a uniform Fe
deficiency and that all the Fe atoms in exsolved nanoparticles
are drawn out from this Fe-deficient surface layer. As a result,

for any given Fe-deficient layer thickness (i.e., d), we can
calculate the corresponding Fe deficiency in that layer based on
the mass conservation of Fe. In the calculation, we consider the
Fe0 nanoparticles to be α-Fe (space group Im3̅m, lattice
parameter 2.87 Å), while the exsolved STF surface has a cubic
perovskite structure (space group Pm3̅m, lattice parameter 3.90
Å). These structural assignments are based on previous studies
on the exsolved Fe nanoparticles41,47 as well as the grazing
incident X-ray diffraction characterizations on the exsolved
STF film (to be discussed in Figure 5). We are aware that the
uniform bilayer model described above can be an over-
simplification of the reality, where compositional gradients can
be developed near the surface after exsolution. Nevertheless,
we adopt this model in this study as a first-order approximation
of the thickness of the surface Fe-deficient layer.
The obtained relationship between the average Fe deficiency

and the thickness d of the Fe-deficient surface layer is shown

Figure 2. Exsolution-induced surface Fe depletion revealed by NAP-
XPS. (a) In situ NAP-XPS spectra of the STF film while being heated
in 75 mTorr H2. All the spectra are collected at a photon energy of
665 eV. (b) Evolution of the metallic iron (Fe0) and segregated Sr
(Srsurf) concentrations during the experiment. The surface concen-
tration of Fe0 increased with temperature, while the Srsurf
concentration remained stable. (c) Evolution of the lattice Fe
intensity during exsolution, normalized to the total Ti and Sr
intensities. Note that, for both types of normalizations, the normalized
Felattice intensities decreased significantly after the onset of Fe0

exsolution. This observation indicates that the STF surface became
Fe-deficient after Fe0 exsolution.

Figure 3. Estimation of the Fe-deficient layer thickness in the
exsolved STF film. (a) AFM image of the STF film after the NAP-XPS
measurement (Figure 2). Note that the exsolved Fe0 particles are
present on the surface. (b) High-angle annular dark-field image
(HAADF) and the corresponding EELS-based chemical map of an
exsolved Fe nanoparticle. The tiny particles in the HAADF image are
Pt clusters introduced during the TEM sample preparation and the Sr
intensity modulation in the EELS map is due to a sampling artifact.
(c) Bilayer model for estimating the Fe-deficient layer thickness
(denoted as d) at the surface of the exsolved STF film. The model
assumes that exsolution generates a surface layer with a uniform Fe
deficiency. (d) Calculated surface Fe deficiency (yellow solid line) in
the exsolved STF as a function of the Fe-deficient layer thickness (i.e.,
d). The NAP-XPS quantified surface Fe deficiency is shown by the
gray line. Based on the intersection of the yellow and gray lines, we
estimate the Fe-deficient layer thickness in the exsolved STF film to
be ∼2.5 nm (indicated by the dashed red line). The shaded bands
represent the uncertainties in the AFM and NAP-XPS quantifications.
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with the solid yellow line in Figure 3d. As expected, the average
surface Fe deficiency is inversely proportional to the surface
layer thickness: Given the fixed amount of exsolved Fe0, the
wider the Fe-deficient layer, the smaller the averaged Fe
deficiency in the layer will be. Using this curve, we can thus
estimate the surface Fe-deficient layer from the NAP-XPS
quantified surface Fe deficiency (Figure 2c). As indicated by
the red dashed line in Figure 3d, the estimated surface Fe-
deficient layer thickness is 2.5 nm. Note that this value should
be perceived with caution as there are several simplified
assumptions behind it. For example, in addition to the bilayer
model itself, we have also neglected the embedded volume of
the exsolved nanoparticles and have assumed that surface
nanoparticles are completely Fe0 (without iron oxide surface
layer). Therefore, the estimated 2.5 nm should only be treated

as a semiquantitative indication that the surface Fe-deficient
layer is very narrow (on the order of a few nanometers).
To confirm the near-surface Fe depletion, we performed

nanoscale chemical mapping of the as-prepared and exsolved
STF films using energy dispersive X-ray spectroscopy (EDX)
and EELS. In particular, we examined two STF films that were
exsolved at different conditions. The first sample was exsolved
during the NAP-XPS measurement (Figure 2), while the
second one was exsolved by 800 °C vacuum annealing (see
Methods). As will be elaborated below, we observed ∼2 nm
near-surface Fe depletion for both types of the exsolved
samples, suggesting that the exsolution-induced surface Fe
depletion near the very surface is a generalized phenomenon,
regardless of the exsolution condition.
As shown in Figure S6, the as-prepared STF has a

homogeneous chemistry across the entire sample. However,

Figure 4. Nanoscale chemical analysis of the exsolved STF surface. (a) EDX chemical maps, where the color intensities represent the atomic
concentrations. (b) Annular dark-field (ADF) image, together with the corresponding EELS chemical maps. The colors in the EELS maps
represent absolute intensities. (c) Averaged EELS intensity profiles of the Fe, Ti, and O maps, with the profiling direction highlighted by the arrow
in plot (b). The dashed lines in plot (c) represent the simplified profile of the O intensity, which serve as the guide to the eyes. The shaded regions
in the Fe and Ti maps clearly demonstrate that the exsolved STF surface is depleted in Fe while enriched in Ti. The sample was exsolved in vacuum
at 800 °C.
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significant chemical inhomogeneities develop at the surface of
the exsolved (vacuum annealed) STF (Figure 4a,b). In
particular, a clear intensity drop in the Fe maps (highlighted
by the dashed lines) can be observed on the exsolved STF
surface right beneath the exsolved Fe0 nanoparticles. Mean-
while, a bright intensity band appears at the same location in
the Ti maps. These observations indicate that the exsolved
STF near-surface is depleted in Fe while enriched in Ti. Similar
phenomena can be also observed on the STF films that were
exsolved in the NAP-XPS conditions (Figure S7). To better
visualize the Fe depletion and Ti enrichment at the exsolved
STF surface, we plot the averaged EELS intensity profiles of
the Fe, Ti, and O (calculated from Figure 4b) in Figure 4c. As
EELS intensities depend on both the chemical concentration
and the sample thickness, we use the O profile as our reference
(indicated by the dashed line). As highlighted by the shaded
regions in Figure 4c, the EELS intensities of Fe/Ti are
considerably below/above that of the dashed lines within the
top ∼2 nm of the surface, indicating significant surface Fe
depletion and Ti enrichment. From the EELS maps, we
estimated the surface Ti/Fe ratio to be 95:5, which is much
higher than the nominal 65:35 value in the bulk. Due to Fe0

exsolution, we also expect B-site deficiency in this layer;
however, the exact surface stoichiometry was beyond our
detection limit.
Based on the results described above, we can summarize

some general features of the exsolution-induced surface
chemical evolution. First, the STF surface became deficient
in Fe but enriched in Ti after Fe0 exsolution. Second, the
exsolution-induced chemical transformation in the STF film is
highly localized to the top ∼2 nm of the surface, while the
subsurface (“bulk”) chemistry remained uniform even after
exsolution (see Figures S7−S8). It should be noted that for
cases where exsolution takes place in the bulk,48 the bulk
chemistry of the host oxide can also evolve after bulk
exsolution. For example, we have recently observed percolating
Fe-deficient channels41 (∼2 nm wide) and other Fe-deficient
nanostructures49 near the exsolved Fe0 nanoparticles in the
La0.6Sr0.4FeO3 film after bulk exsolution. The similarities

between these two cases (i.e., surface and bulk exsolutions)
suggest that the formation of nanoscale regions that are
depleted in the to-be-exsolved cations near the exsolved
nanoparticles can be a general phenomenon in exsolution.
Finally, we collected the reciprocal space mapping (RSM) of

the as-prepared and exsolved (vacuum annealed) STF films
with grazing-incidence X-ray. As illustrated in Figure 5a, the
RSM of the as-prepared STF surface shows a 4-fold symmetry
for the STF/STO (200) diffractions. This observation
confirms the single-crystalline nature of the as-prepared STF
near-surface, which agrees well with the LEED measurement in
Figure 1d. However, after exsolution, powder-like polycrystal-
line features (highlighted by the dashed boxes and arrows in
Figure 5b) appear in the RSM. By examining the RSMs around
other diffraction peaks and at an incidence below the critical
angle (Figure S9), we confirm that the polycrystalline
contribution is from the exsolved STF surface with random
orientation (Figure S10). The formation of polycrystalline
surface regions after exsolution can be also seen in the grazing
incidence X-ray diffraction patterns (Figure S11). These
observations clearly indicate that in addition to the composi-
tional modulation described above, exsolution also transforms
the microstructure of the near-surface region of the STF film.
Note that from both RSM measurements (Figure 5 and S10)
and ADF imaging (Figure 4b), we can tell that there is still
some epitaxial portion of the surface zone remaining after
exsolution, indicating that the top Fe-depleted layer is not fully
polycrystalline. Therefore, our observations suggest the near-
surface polycrystalline regions are spatially dispersed, making
the exsolved STF partially polycrystalline near its surface. The
structural changes on the exsolved STF surface could be
caused by the substantial chemical contraction/expansion50 of
the surface lattice (Figure S12) and/or due to stress
accumulation26 near the metal−oxide interfaces.
In summary, by carrying out surface-sensitive character-

izations using X-ray and electron probes, we revealed
exsolution-driven chemical and structural transformation on
the (001)-oriented STF thin film surfaces. We demonstrated
unequivocally that the STF surface became highly Fe-deficient

Figure 5. Structural evolution of the STF film during exsolution. Grazing incident X-ray reciprocal space mapping in the vicinity of the STF/STO
(200) Bragg peaks (HK slices at L = 0.04) for the (a) as-prepared and (b) exsolved STF film. Note that, for the as-prepared STF film, a 4-fold
symmetry can be observed without any other component present, which confirms the single-crystalline nature of the as-prepared STF film.
Nevertheless, after exsolution, powder-like features (highlighted by the dashed boxes and arrows) started to appear. This clearly indicates that the
near-surface region of the STF film evolved structurally during exsolution and became partially polycrystalline. The dashed circles represent the
amplitude of the momentum transfer, |Q|, of the STF (200) reflection. The sample was exsolved in vacuum at 800 °C.
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(and Ti-enriched) after Fe0 exsolution. In addition to the
compositional change, the initially single-crystalline STF near-
surface also become partially polycrystalline after exsolution.
Intriguingly, we found that the exsolution-transformed surface
layer in the exsolved STF film is quite thin, which is ∼2 nm
even after being exsolved at 800 °C. While our experiments
were performed on single crystalline films, we believe similar
chemical and structural transformations can also take place
upon exsolution near the surface of the grains in a
polycrystalline specimen. Grain boundaries on the MIEC
surfaces are well-known to be preferential sites for oxygen
exchange and oxygen diffusion.27,28 In addition, the non-
stoichiometry and defects (such as oxygen and cation
vacancies) can also facilitate oxide ion transport in the lattice
and oxygen exchange at the surface.29,30 Therefore, the
structure and density of the grain boundaries, as well as the
nonstoichiometry on the exsolved oxide surface, can impact
the oxygen exchange kinetics involved in high-temperature
water splitting and hydrogen oxidation reactions. The drastic
surface transformations that we have found during exsolution
show that an isolated optimization of the exsolved metal
nanoparticles alone for catalytic activity in a metal−oxide
composite system is insufficient. Rather, the exsolved metal−
oxide composite should be considered holistically in designing
the exsolved nanocatalysts. We believe that dynamic tuning of
the compositions and micro/nanostructures of the host oxide
surface via exsolution offers an attractive avenue for designing
the next-generation exsolved nanocatalysts.
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