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Exsolution Synthesis of Nanocomposite Perovskites
with Tunable Electrical and Magnetic Properties

Jiayue Wang, Komal Syed, Shuai Ning, Iradwikanari Waluyo, Adrian Hunt, Ethan J. Crumlin,
Alexander K. Opitz, Caroline A. Ross, William J. Bowman, and Bilge Yildiz*

Nanostructured functional oxides play an important role in enabling clean
energy technologies and novel memory and processor devices. Using thin-film
Lag ¢Sty 4FeO; (LSF) as a model system, the novel utility of exsolution in fabri-
cating self-assembled metal oxide nanocomposites with tunable functionalities
is shown. Exsolution triggers the formation of metallic iron (Fe®) nanoparticles,
Ruddlesden—Popper domains, and nm-scale percolated Fe-deficient channels

in LSF. Combining multimodal characterization with numerical modeling, the
chemical, magnetic, and electrical properties of the exsolution-synthesized
nanocomposite at different stages of Fe® exsolution as well as during redox
cycling are assessed. After exsolution, the electronic conductivity of the
nanocomposite LSF increased by more than two orders of magnitude. Based
on numerical analysis representing all the constituents, it is expected that this
increase in conductivity originates mainly from the Fe-deficient percolating
channels formed during exsolution. Moreover, the exsolved nanocomposite is
redox-active even at moderate temperatures. Such redox capabilities can enable
dynamic control of the nanocomposite functionality by tailoring the oxygen
non-stoichiometry. This concept is demonstrated with a continuous modulation
of magnetization between 0 and 110 emu cm~3. These findings point out that
exsolution may serve as a platform for scalable fabrication of complex metal
oxide nanocomposites for electrochemical and electronic applications.

has been wused to increase the elec-
tronic conductivity in solid oxide cells
(SOCs),1? as well as to improve the uni-
formity in resistive switching.>! It is
desirable to develop scalable synthesis
methods that can precisely control the
chemical and structural features, and
thereby the functional properties of the
nanocomposites.>10l

Exsolution is a partial decomposition
process where metallic nanoparticles are
precipitated out of the host metal-oxide
matrix upon thermal or electrochemical
reduction.”-2] Compared to nanoparti-
cles prepared by deposition or impregna-
tion,?!l the exsolved nanoparticles have
three unique advantages: First, exsolution
can generate nanoparticles both on the
surfacel’-20221 and in the interior(!>22-23]
of host oxides. Such flexibility makes
exsolution a powerful method to fabricate
nanostructures at specific, otherwise inac-
cessible locations in the devices. Second,
the exsolved nanoparticles can either
reintegrate into the host oxide,[%26-28]
or reversibly oxidize at their initially

1. Introduction

Nanocomposite oxides!" have been considered as a promising
platform to optimize the electronic,® mass/ion transport,®=!
magnetic,') and catalytic™! properties of the materials. For
example, integration of metallic phases into the oxide matrix

exsolved locations.?*293% This reversible redox ability opens
up the possibility to switch functional properties of the mate-
rials during operation.®3%31 Finally, for catalytic applications,
the anchored structurel®® of the exsolved nanoparticles on the
surface makes them highly stable against particle coarsening
and aging.l?’!
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While exsolution has been extensively employed to enhance
surface catalytic properties,[!>233032.33] jts potential to modulate
bulk properties remains open. In fact, given that the original
application has been in catalysis, bulk exsolution has been
considered as an undesirable process.[?”?8] Herein, we propose
that exsolution can provide new opportunities in synthesizing
functional nanocomposite oxides with customizable structures
and functionalities. First, since exsolution is a partial decompo-
sition process, it can generate multiple phases®¥ and different
types of lattice defects*>~3! in the host oxides. Such defects
are paramount for a wide range of electrical, optical, and mag-
netic properties,3¥40 which provides a tuning knob to tailor
materials’ functionality by controlling the extent of exsolution.
Second, since exsolution can be implemented to a wide class of
materials and does not require a delicate synthetic platform, it
can act as a scalable and practical approach to synthesize self-
assembled functional nanocomposites. For rational synthesis
of exsolved nanocomposites, one has to carefully control the
exsolution parameters through the underlying mechanisms.
To date, it still remains unclear as to how exsolution affects
the structure, chemistry, and properties in the bulk of the host
oxide.

In this work, we chose single-phase thin-film La St 4FeO;
(LSF) as a model perovskite oxide to systematically investigate
the bulk exsolution process. LSF is a suitable model system
due to its well-studied bulk defect chemistry,™ and its broad
applications in chemical looping,*! SOCs,?% and magnetic
nanostructure formation.*! Moreover, thin-film LSF has also
been employed as model systems to investigate surface exsolu-
tion in previous studies.3%¥#1 We showed that exsolution in
such oxide thin films generates not only metal nanoparticles
(as in prior work), but also more complex nanostructures with
implications for the thin-film properties; including crystalline
Ruddlesden-Popper (RP) domains and percolated Fe-deficient
nm-scale channels. These phenomena, to the best of our
knowledge, are reported for the first time in LSF. While pre-
vious studies mainly focused on the exsolved metal nanoparti-
cles, in this study we provide novel findings that the exsolution-
induced extended defects can also be critical in determining
the final functionality and property of the evolving composite
material. Combining multimodal experiments with numerical
simulations, we demonstrated that besides the exsolved Fe®
nanoparticles, the Fe-deficient percolating channels formed
during exsolution can increase the electronic conductivity of
the nanocomposite LSF by more than two orders of magnitude.

Furthermore, we achieved a multi-state control of the
exsolved nanocomposite and the quantification of that state
reliably. For this, one needs to control the exsolution extent in
the material and quantify its properties without altering the
exsolution state. This task, however, is not trivial. In our pre-
vious study,’”) we have shown that the surface exsolved metal
nanoparticle can be quickly re-oxidized into metal oxides upon
air exposure. Moreover, we have shown that the nanoparticle
exsolution in thin-film samples would not induce noticeable
changes in the ex situ XRD diffraction.’”] Therefore, it is very
challenging, if not impossible, to accurately measure the exso-
lution states and the corresponding materials properties’ in the
exsolved nanocomposites using ex situ characterizations. To
address this challenge, here we employed state-of-the-art near
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ambient pressure X-ray photoelectron spectroscopy (NAP-XPS)
measurements to synthesize and characterize exsolved nano-
composite at different exsolution extents and at different stages
of re-oxidation. Using this method, we unambiguously demon-
strate that one can realize a multi-stage control of the electrical
conductivity (by more than 2 orders of magnitude), and the
magnetization (between 0 and 110 emu cm™) of the nanocom-
posite LSF by controllably tailoring the oxygen non-stoichiom-
etry and the exsolution extent. These findings not only extend
the mechanistic understanding of the bulk exsolution process,
but also provide motivation to nano-engineer oxide thin films
for novel and tunable properties via the exsolution route.

2. Results and Discussion

2.1. Structure and Chemistry of the Exsolved
Nanocomposite LSF

To begin with, we demonstrate that bulk exsolution can trans-
form a single-phase perovskite oxide into a metal/oxide nano-
composite (schematically shown in Figure 1a). In particular, we
will examine the resulting heterogeneous chemical, atomic and
electronic structure of the exsolved nanocomposite, as this has
significant implications for the properties of interest. As shown
in Figure 1b, 120 nm thick polycrystalline LSF films were
deposited onto MgO (001) single crystal substrates using pulsed
laser deposition (PLD) (for film growth details see Experimental
Section). 6-26 X-ray diffraction (XRD) confirmed the domi-
nant (001) texture of the polycrystalline LSF film, while a small
amount of (011) contribution can also be observed (Note S1, Sup-
porting Information). Scanning transmission electron micros-
copy (STEM) high-angle annular dark-field (HAADF) imaging
was employed to demonstrate the cross-sectional structure of
the LSF films before and after exsolution. The as-prepared LSF
specimen shows a columnar structure with little contrast other
than vertical striations. After reducing the sample at 400 °C in
0.5 Torr flowing H,, a variety of nanostructures with varying
Z-contrast can be observed throughout the exsolved LSF film
(Figure 1b). As shown in Figure 1c, nanoparticles can be clearly
seen both on the surface and in the bulk of the exsolved sample.
In accordance with the STEM images, the surface morphology
of the LSF film also evolved during the exsolution process.
After exsolution, small particles with a mean radius of ca. 8 nm
appeared on the surface. Representative atomic force micros-
copy (AFM) and scanning electron microscopy (SEM) images
are presented in the Note S1, Supporting Information.
Furthermore, we have also observed numerous channel-like
features in the exsolved LSF film, featured by the threading
dark stripes in Figure 1d-top. The nanoparticle precipitates are
typically located along these channels. As highlighted by the
white dashed lines in Figure 1d-bottom, these channels form
long-range connectivity (i.e., percolation)*! across the entire
exsolved sample. Since such percolating channels did not exist
in the as-prepared sample (Figure 1b and Note S1, Supporting
Information), they must be formed during the exsolution pro-
cess together with the nanoparticles. The dark contrast of the
percolating channels in the HAADF images suggest that they
may contain considerable structural disorder.*?l In addition,
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Figure 1. Exsolution nanocomposite. a) Simplified sketch of synthesizing metal oxide nanocomposite via exsolution. b) Cross-sectional scanning
HAADF images of the LSF film before and after Fe® exsolution. c) High-resolution HAADF images showing the nanoparticles on the surface and in
the bulk of the exsolved LSF film. d) Magnified HAADF image from the region highlighted in (b) showing the percolating channels in the exsolved LSF
film. The dashed lines marked the location of the channels. e) High magnification HAADF and the corresponding EDX chemical mapping showing an

individual channel. Note the channel is depleted in Fe. Plot (e) was collected from the region highlighted in (d) with a solid box.

these percolating channels are depleted in Fe as seen by energy
dispersive spectroscopy (EDX) mapping (Figure 1le and Note S2,
Supporting Information). We are aware that similar percolating
channels have also been observed in partially decomposed
cobalt-based perovskites®¥ and lithium-excess cathode mate-
rials,*3) and were identified as the fast cation migration channels
in those systems. In analogy to those systems, the percolating
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channels in the exsolved LSF may act as the diffusion pathways
that connect to regions where Fe has been exsolved from. This
may also explain why the exsolved nanoparticles are prefer-
entially located along these channels. It should also be noted
that while each percolating channel appeared as a 1D line
defect in the projected HAADF images (Figure 1d,e), they can
be 2D structures in the interior of the film. In the following
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paragraphs, we will demonstrate that many of these channels
are phase boundaries. At this point we cannot identify precisely
the atomic and chemical state of these Fe-deficient percolating
channels. For the remaining of the paper, we will refer to these
features as “channels” for simplicity. The formation of such per-
colating structures is important to note because this can lead to
significant changes in the macroscopic transport properties of
the oxide film, arising from the local properties of these struc-
tures being different from those of the original material.[**~]
In this study, we will demonstrate that the exsolution-induced
percolating channels can lead to an electrical conductivity
increase by more than two orders of magnitude compared to
the original LSF films (to be discussed later).

A detailed phase analysis of the exsolved nanocomposite
LSF is presented in Figure 2. Unlike the as-prepared LSF film
that has a homogeneous bulk chemistry (Note S3, Supporting
Information), the exsolved LSF exhibited considerable chemical
inhomogeneity. As shown in Figure 2a,b and Figure S8, Sup-
porting Information, the nanoparticles both at the surface and
in the bulk are enriched in Fe while depleted in La and Sr.
Zoom-in views of these Fe-enriched nanoparticles are presented
in Figure 2c,e. With the aid of fast Fourier transformation
(FFT) analysis (Figure 2d,f), we assign the bulk nanoparticles
to be orFe (PDF#00-006-0696).1 Meanwhile, surface nano-
particles could be either Fe;O, (PDF#01-071-6336)/*/! or y:Fe,05
(PDF# 00-039-1346).181 As both iron oxide phases adopt similar
inverse spinel structures,*>% we cannot unambiguously distin-
guish between them in this work. Nevertheless, the observation
of iron oxides on the surface clearly indicates that the surface
Fe? particles became oxidized during sample transfer for TEM
analysis. In agreement with our findings, re-oxidation of the
surface exsolved metal nanoparticles into metal oxides has also
been reported in previous studies.?*! On the other hand, the
o-Fe particles embedded in the bulk are protected from oxida-
tion upon air exposure of the sample surface.

The fuzzy layer around the exsolved nanoparticles reflects
the phase boundary. As labeled in Figure 2c,e, we identified two
distinct phases adjacent to the exsolved nanoparticles. Based
on the interatomic lattice spacing revealed by the high-resolu-
tion images (Figure 2d,f), we assigned these two phases to be
perovskite-type (La,Sr)FeO; (PDF#04-007-6521)P% and RP-type
(La,St),FeO, (PDF#01-082-8811),5% and denoted as LSC;y; and
LSCy4 respectively. These observations indicate that many of Fe-
deficient percolating channels observed in Figure 1d,e are phase
boundaries between the LSF;;; and LSF,;4, domains. Neverthe-
less, as shown in the Note S2, Supporting Information, we also
find a few percolating channels are located within a single phase.

Therefore, the Fe nanoparticle exsolution both at the sur-
face and in the bulk is correlated with the formation of the RP
phase. This is consistent with the bulk phase decomposition
of LSF into iron metal and RP phase under reducing condi-
tions.>*>%l As such, we can describe the nanocomposite forma-
tion in LSF with the following reaction:

2(La,Sr)FeO; 5 — (La,Sr), FeO, 5 + Fe’ +(2+ 8’ —25) Oy )]
where O,, denotes a gas-phase oxygen, which can be pre-

sent in the form of different molecules (such as H,O or CO,)
depending on the reducing agent. Meanwhile, d and & denote
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oxygen nonstoichiometry in the perovskite and RP phase,
respectively. We are aware that cation vacancies can also exist
in both phases. Nevertheless, since the purpose of Equation (1)
is to provide a general description of the exsolution process, we
use the current format for simplicity. It should be also noted that
we did not observe discernible reflections from the o~Fe and RP
phases in the nanocomposite LSF with 6 —26 XRD (Note S1,
Supporting Information), likely due to the small crystalline
volume fraction of both phases. Therefore, we expect the perov-
skite LSF remains as the dominant phase (matrix) even after
Fe? exsolution. The preservation of the perovskite-type structure
indicates a good structural stability of the LSF lattice during Fe®
exsolution under the conditions of these experiments.

Finally, we employed ex situ partial fluorescence-yield X-ray
absorption spectroscopy (PFY-XAS) to demonstrate the evolu-
tion of bulk chemistry upon nanocomposite formation. For La
Ms-edge (Figure 2g), we did not observe noticeable changes in
the main peak, indicating a constant oxidation state of La during
exsolution. On the other hand, the increased pre-edge intensity
at ca. 707 eV in Fe L;-edge after exsolution (Figure 2h) suggests
the presence of metallic iron (Fe°) in the nanocomposite LSF.F
Note the Fe® feature in the Fe L;-edge agrees well with the o-Fe
particles observed by STEM characterization (Figure 2ef).
Regarding the O K-edge (Figure 2i), the pre-edge feature A in
the as-prepared LSF corresponds to the transition from O 1s to
the ligand hole L in the 3d°L configuration.’”* The pre-edge
peak vanished after exsolution, indicating a filling of the ligand
band, which corresponds to a reduction of the LSF film.’”) In
agreement with the pre-edge evolution in the O K-edge, lattice
chemical expansion®>%l has also been observed after exsolu-
tion (Note S1, Supporting Information), which confirms the
increased oxygen vacancy concentration in the nanocomposite
LSF. The two peaks between 529 and 532 eV (feature B) in the
as-prepared LSF have been assigned to the unoccupied tzgi
and ¢, states, respectively.5¥ The variation of these absorp-
tion features during exsolution may indicate a change in cova-
lency.”! Finally, a new feature emerged at around 532.5 eV
(feature C) after exsolution. Since feature C did not exist in the
mildly reduced LSF film (Note S4, Supporting Information), it
should be related to the new phase(s) or lattice defect(s) that are
formed in exsolution. Accordingly, the peak position of feature C
agrees with the La/Sr—O hybridization of La,03,1! 1O,/ and
RP phase oxides,3#6263 which are all likely decomposition prod-
ucts of LSF during exsolution.'¢4-%¢] Therefore, while the nano-
composite LSF is mainly composed of the perovskite matrix,
it exhibits completely different electronic structures from the
perovskite LSF. As indicated earlier, this will have implica-
tions for the resulting electronic and magnetic properties of the
exsolved nanocomposite with respect to the initial LSF.

2.2. Enhanced Electrical Conductivity from In Situ Fe® Exsolution

Having demonstrated that Fe® exsolution can transform the
single-phase perovskite LSF into a triple-phase nanocomposite,
we now turn to its impact on the functionalities of the material.
The experimental setup is schematically shown in Figure 3a.
As illustrated, NAP-XPS and in-plane electrical conductivity
measurements were performed simultaneously to monitor the

© 2021 Wiley-VCH GmbH



ADVANCED FUNCTIONAL
SCIENCE NEWS MATERIALS
|

www.advancedsciencenews.com

Surface

(100) LSFq13

Fe L,
s, : s =,
8 : 9 g A B C
c ! c =
®© 1 © @©
= ' i =
S : S Fe® S
3 : 3 3
< | < <
Exsolved :
825 830 835 840 706 710 715 525 530 535
Photon energy (eV) Photon energy (eV) Photon energy (eV)

Figure 2. Atomic structure and chemical nature of the nanocomposite LSF. a) Low magnification HAADF and b) the corresponding EDX chemical map-
ping showing the chemical inhomogeneity of the exsolved LSF. High-resolution HAADF images of the c) surface and e) bulk nanocomposite, which are
acquired from the regions highlighted in (a,b) with the solid boxes. d,f) High-resolution images (scale bars: 2nm) showing the lattice fringes of the three
different phases in (c, €) with the inset diffractogram from FFT (scale bars: 5 1/nm). The labeled lattice spacing corresponds to the circled FFT patterns.
LSFyy3 and LSF;y, denote the perovskite phase and the RP phase, respectively. g) La Ms-edge, h) Fe L;-edge, and i) O K-edge PFY-XAS measurements
revealing the macroscopically averaged bulk chemistry and electronic structure of the LSF film before (gray lines) and after (black lines) exsolution.
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Figure 3. Evolution of surface chemistry and electrical conductivity of LSF upon nanocomposite formation. a) Schematics and photo image of the
experimental setup. b) Fe 3p and O 1s NAP-XPS spectra and c) the quantified surface concentrations of Fe® and O* at the LSF surface during heating
and cooling in 0.5 Torr H,. Origins of each surface species are described in the main text. d) In-plane electrical conductivity of the LSF films during
heating and cooling in 0.5 Torr H,. Note the Fe? exsolution clearly alters both the surface and bulk properties of the LSF.

surface and bulk properties of the LSF film in situ at different
stages of Fe® exsolution.

The typical O 1s and Fe 3p spectra of the LSF film during
Fel exsolution are presented in Figure 3b. We deconvoluted
the Fe 3p spectra into two components: one metallic (Fe?)
species at low binding energy and one oxidized iron species
(Fe?* and/or Fe’") at high binding energy.l’”] We are aware
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that the peak model is a simplification of the complex Fe
peak structure. Nevertheless, utilizing these reduced fitting
parameters allowed us to quantify the relative proportions of
metallic and oxidized irons at the surface in situ in a facile
way. For the O 1s spectra, we identified a total of three oxygen
species. The highest binding energy species (denoted as
Osuf) is typically assigned to a SrO segregation layer at the

© 2021 Wiley-VCH GmbH
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surface of the perovskite.l®®] Since the Og,,r component only
exists before Fe® exsolution and irreversibly disappeared after
heating in H,, we will not discuss it further in this paper. The
most intense peak (denoted as O%7) that exists in all the exper-
imental conditions is assigned to the lattice oxygen atoms
from the perovskite and/or RP phases.[®®7! The shoulder fea-
ture (denoted as O%*) at =1.1 eV higher binding energy than
the O%~ species only appeared after the onset of exsolution
and did not vanish even after Ar* sputtering under ultra-high
vacuum conditions (Note S5, Supporting Information). There-
fore, the O* feature should not originate from surface adsorb-
ates.”? Instead, we expect the O* species to be associated
with the non-stoichiometric defect regions that were formed
during Fe? exsolution. Based on the STEM characterizations
presented in the previous section, one such defect region can
be the phase boundaries between the metallic iron, RP phase,
and the perovskite lattice. While further investigations are
required to elucidate the exact chemical nature of the O* spe-
cies, its concentration indirectly measures the extent of sur-
face decomposition in LSF during Fe? exsolution. As will be
shown below, the temporal changes in the intensities of Fe’
and O* are consistent with each other, which validates our
assignment.

Therefore, we can use the surface concentrations of Fe’
and O* to quantitatively determine the extent of exsolution in
LSF (Figure 3c). During the heating step, the normalized O 1s
intensity gradually decreased (Figure S15, Supporting Infor-
mation), which indicates oxygen vacancy formation (i.e., lat-
tice reduction).l’”? The Fe® species appeared on the surface at
450 °C, which marked the onset of Fe? exsolution. Upon further
heating in 0.5 Torr H,, the surface concentrations of Fe® and
O* increased synergistically with temperature, indicating an
increasing extent of Fe® exsolution in the LSF film. The correla-
tion between the surface concentrations of Fe’ and O* further
supports our assignment that the O* species are the side prod-
ucts of Fe® exsolution. During the cooling step, the LSF film
cannot exchange oxygen with the atmosphere as there is no
oxygen source in the chamber.”3 As a result, the LSF surface
maintained a constant stoichiometry during the cooling step,
which is exemplified by the invariant Fe® and O* concentration
(Figure 3c) and the stable O 1s intensity (Figure S15, Supporting
Information). Cooling in H, atmosphere thus enables the pres-
ervation of the nanocomposite LSF.

Simultaneously with the NAP-XPS measurement, the in-
plane DC electrical conductivity of the LSF films was character-
ized. As shown in Figure 3d, the in-plane electrical conductivity
of the film exhibited an asymmetric temperature dependence
during respective heating and cooling steps. In particular, the
electrical conductivity of the LSF film increased significantly
after being heated in H, (i.e., after Fe exsolution). As an
example, the in-plane conductivity of the LSF film increased by
ca. 460 times at 250 °C after Fe® exsolution. The appearance of
surface Fe’ and O%, together with the enhancement in electrical
conductivity, clearly demonstrated that Fe® exsolution can pro-
foundly modulate the bulk properties of the LSF film. More-
over, the observed increase in surface Fe® concentration as well
as bulk electrical conductivity (upon nanocomposite formation)
are beneficial in improving the electrochemical performance of
the materials.7+7¢]
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2.3. Tunable Electronic Transport in the Nanocomposite LSF

In this section, we show the enhanced electrical conductivity
in the nanocomposite LSF is mainly electronic, highly tunable
and arises from the Fe-deficient percolating channels. To do so,
we prepared LSF films at three different stages of Fe® exsolu-
tion: prior to, after medium, and after heavy Fe® exsolution. The
extent of Fe? exsolution in each sample was controlled by moni-
toring the surface chemistry with NAP-XPS during thermal
reduction in 0.5 Torr H,. As illustrated in Figure 4a, the LSF
sample with the most intense Fe® exsolution is featured by the
highest surface concentrations of Fe® and O*. The “no exso-
lution” state in Figure 4 corresponds to the LSF film reduced
in 0.5 Torr H, at 400 °C, where no Fe® can be observed with
NAP-XPS (Figure 3c). For each sample, we characterized its
electrical conductivity right after sample synthesis in 0.5 Torr
H,, without air exposure, in the cooling direction. As the elec-
trical conductivity was measured in the cooling direction, the
exsolution states in the sample were kinetically trapped. The
kinetically trapped exsolution state can be inferred by the stable
surface defect chemistry and oxygen non-stoichiometry during
the entire conductivity measurement (Figure 3c and Figure S15,
Supporting Information). As such, we can directly compare the
intrinsic electrical properties of the nanocomposite LSF at dif-
ferent exsolution states. All the conductivity data were obtained
after annealing the sample at the highest reduction tempera-
ture for = 0.5 h (see Experimental Section). Longer reduction
time, however, may result in more exsolved (decomposed)
states. Therefore, the conductivity data reported in this study
should represent snapshots of certain exsolution states that are
defined by both the annealing temperature and time.

The temperature-dependent electrical conductivities (0T) of
the nanocomposite LSF films in 0.5 Torr H, and in the cooling
direction are summarized in Figure 4b. As illustrated, the total
electrical conductivity of the LSF film progressively, and sub-
stantially increased with the increasing extent of Fe? exsolu-
tion. As an example, the electrical conductivity of the LSF film
increased by more than two orders of magnitude at 400 °C
after exsolution. The extent of electrical enhancement was even
larger at lower temperatures. In particular, the electrical con-
ductivities for the LSF films at different stages of exsolution
all exhibit a temperature-activated, Arrhenius-type behavior.
This is interesting as it immediately indicates that the strong
enhancement in electrical conductivity does not originate from
the metallic phase. In the following paragraphs, we are going to
show that the change in the total electrical conductivity mostly
likely stems from the formation of the abovementioned per-
colating Fe-deficient channels in the nanocomposite LSF (see
Figure 1).

To resolve the mechanism of enhanced conductivity, we
first analyze the evolution in activation energies. As shown
in Figure 4b, the reduced perovskite LSF (prior to exsolu-
tion) had poor conductivity in H, with an activation energy of
1.2 eV. The measured activation energy agrees well with pre-
vious studies on the bulk LSF in reducing atmospheres.®! The
high activation energy suggests that the ionic contribution is
significant in the total conductivity, which originates from the
minimal concentrations of electrons and holes in the reduced
LSF. A detailed defect chemistry and conductivity analysis are

© 2021 Wiley-VCH GmbH
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Figure 4. Electrical conductivity of nanocomposites. a) Surface chemistry at three different exsolution stages: before exsolution, medium exsolution,
and heavy exsolution (quantified with NAP-XPS). b) In-plane electrical conductivities of the same samples as in (a), where the dashed lines represent
the best fit to the Arrhenius relation (see Note S7, Supporting Information). The conductivities were measured in the cooling direction in 0.5 Torr H,
and the activation energies are presented with 95% confidence interval. The color codes in (b) are the same as in (a). The electrical conductivities of
the RP phase Laj,SrysFeO, (denoted as “LSFy,”) in 5% H,/Ar atmospherel”’] are also shown for comparison. c-h) Finite element analysis (FEA) of
the contributions from the non-percolating nanoparticles and percolation channels to the electrical conductivity enhancement. ¢,f) FEA models. d,g)
Electrical conductivity of the nanocomposite as a function of (d) nanoparticle density, and (g) channel density. e,h) Comparison of the finite element
calculation to the Hashin—-Shtrikman (H-S) bounds. Note the percolating channels are more effective in increasing the total electrical conductivity
than the non-percolating nanoparticles.
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presented in the Note S6, Supporting Information. After Fe®
exsolution, the activation energy decreased from 1.2 to =0.3 eV
for both the medium- and heavily-exsolved LSF films. The low
activation energies indicate that the electronic conduction dom-
inates the nanocomposite LSF, which was further supported by
the impedance characterization (Note S7, Supporting Informa-
tion). Therefore, based on the activation energy and impedance
analysis, we confirmed that the electronic contributions domi-
nate the total conductivity in the nanocomposite LSF. In other
words, in the experimental conditions of this work, Fe exsolu-
tion turns LSF from a dominantly ionic conductor and elec-
tronic insulator, to a dominantly electronic conductor. When
varying the extent of exsolution in a nanocomposite LSF, above
the limit where a new conduction mechanism dominates, one
tailors the concentration of charge carriers. That means the
conduction mechanism remains the same for the medium and
heavily exsolved LSF films, evident from their identical activa-
tion energies.

We then assess the different components of the exsolved
LSF and demonstrate that the enhanced electronic conduc-
tivities should originate from the percolating channels. First
of all, we show that the conductivity enhancement does not
originate from the LSF,;; perovskite phase. As illustrated above
(Figure 4b and Note S7, Supporting Information) and also in
other studies,>>* the perovskite matrix became off-stoichio-
metric during the exsolution process. Such off-stoichiometry in
the LSF matrix can strongly decrease its electronic conductivity.
This is because the electronic conduction in the LSF lattice
occurs along Fe—O—Fe chains,”3% and a disruption of these
chains by the introduction of oxygen and Fe vacancies would
impede the hopping of the electronic charge carriers.®! In sup-
port of this model, both oxygen and B-site vacancy formation
were found to lower the electrical conductivity in LSFEU and
other perovskite systems. 482!

Second, we show that the formation of RP-type LSF,;, during
exsolution does not explain the observed conductivity enhance-
ment. As shown in Figure 2, we observed RP phase formation
in the bulk lattice during Fe® exsolution. To assess the effect
of the RP phase formation on the total conductivity change,
we plotted the conductivity of the La;,SrogFeO, in Figure 4b
(data from ref. [77] measured in 5% H,/Ar gas atmosphere).
As illustrated, La;,Sr,gFeO, exhibited a much lower electrical
conductivity than the perovskite phase LSF in H, atmosphere.
Consequently, we expect the formation of only RP phase as a
by-product to Fe’ exsolution would rather decrease the total
electrical conductivity of the film instead of increasing it.

Third, we show that the formation of the exsolved Fe® nano-
particles cannot explain the conductivity enhancement, either,
because they are not percolated as seen in the STEM images in
Figure 1. For this, we conducted finite element analysis (FEA)
to calculate how the total conductivity is affected by the conduc-
tivity and density of the exsolved nanoparticles. As shown in
Figure 4c, the nanoparticles were modeled as homogeneously
dispersed spheres of 5 nm radius (see Experimental Section
for the detailed modeling description). According to the mag-
netic measurement, the total volume fraction of the Fe’ nan-
oparticles in the exsolved LSF film was around 6% (Note S8,
Supporting Information). Therefore, we varied the volume
concentrations of the spheres between 0 and 10% in the FEA
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modeling and the results are displayed in Figure 4d. For better
visualization, we normalized the particle conductivity (Gparticte)
and the spatially averaged total conductivity (O ) to that of the
LSF matrix (Opmauiy)- As shown in Figure 4d, the introduction
of non-percolating nanoparticles to the matrix has minimal
impact on the total conductivity. By increasing the particle con-
ductivities (Gparticie/ Omatrix) from 10° to 10, the total conductivity
of the nanocomposite (G/0 i) can only increase up to 40%.
Therefore, the non-percolating nanoparticles cannot explain the
more than 100 times higher electrical conductivity observed in
Figure 3d.

Finally, we show that the percolating channels can substan-
tially modulate the total electrical conductivity of the exsolved
LSF film. As shown in Figure 1d, Fe? exsolution forms both in-
plane and cross-plane percolating channels in the LSF matrix.
Since the channels that are perpendicular to the electrical cur-
rent have negligible impact on the total electrical conductivity
(Note S9, Supporting Information), we focus on the chan-
nels that percolate in the same direction as the electrical cur-
rents (i.e., the in-plane direction). While the channels can be
2D shapes traversing the matrix, we modeled the channels as
cylinders oriented parallel to the electrical current for compu-
tational efficiency (Figure 4f). Based on the STEM characteri-
zations (Figure 1le), we set the cylinder radius to be 1 nm and
varied the cylinder densities (i.e., the total channel length per
unit volume) between 107° to 102 cm ™ in the model. As shown
in Figure 4g, we find the total conductivity (6 /0 mux) increased
significantly with the channel conductivity (Oghannel/ Omatrix)> €Vi-
dent from the logarithmic scale in the plot. To further elucidate
the role of percolating channels in modulating the total conduc-
tivity, we compared our modeling to the theoretical Hashin—
Shtrikman (H-S) bounds.®¥ As indicated by the shaded regions
in Figure 4e,h, the H-S bounds provide theoretical bounds for
the macroscopic electrical conductivity of isotropic two-phase
media of arbitrary phase geometry. As illustrated, the non-
percolating nanoparticles and percolating channels essentially
represent the lower and upper H-S bounds, respectively.

Based on these results, we expect the electronic conductivity
enhancement in the nanocomposite LSF can only originate
from the formation of percolating channels. Several factors
could contribute to the observed enhanced electronic conduc-
tivities. First, as revealed by the EDX mapping (Figure le) and
XPS analysis (Figure 3c and Note S10, Supporting Information),
the percolating channels can be highly off-stoichiometric and
contain high concentrations of lattice defects. Due to charge
neutrality, the off-stoichiometry and lattice defects in the per-
colating channels may lead to locally enriched electronic charge
carriers, which can result in an apparent higher electronic con-
ductivity. Second, the observed electronic conductivity enhance-
ment may also originate from interface effects. As discussed in
Figures 1 and 2, many of the percolating channels are located
near the phase boundaries. Such heterostructures may also
lead to emergent transport properties.® For example, Chang
et al. observed a confined polaronic transport near the LaFeO;/
SrFeOj; interface, which results in a significantly enhanced
electronic conductivity as well as a reduction in the activation
energy.B Previous studies have also demonstrated that the
space-charge layer near the extended defects can significantly
modulate the total electronic conductivities of the oxides.3*8580]
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While further studies are needed to elucidate the detailed con-
duction mechanisms, our results unambiguously demonstrate
that Fe® exsolution can be used as an effective tuning parameter
to tailor the electronic conductivities of the nanocomposite LSF.

2.4. Tuning Nanocomposite Magnetism via Redox Switching

As seen in recent exciting studies, oxygen non-stoichiometry in
oxides can be utilized to control the materials’ magnetic proper-
ties.¥89 Motivated by this idea, we demonstrate in this section
that one can further modulate the magnetism of the nanocom-
posite LSF via reversible redox switching of the precipitated Fe
nanoparticles. To examine the redox behavior of the nanocom-
posite LSF, we cycled the exsolved LSF film between 0.2 Torr
O, and 0.5 Torr H, at 400 °C (for experimental details, see
Note S10, Supporting Information). The temperature is chosen
to be below the exsolution onset (450 °C, see Figure 3) so that
no additional exsolution would occur from the host oxide.

The in situ NAP-XPS analysis of the nanocomposite LSF
during the redox cycles is summarized in Figure 5a—c. First,
after each oxidation treatment, the Fe® species disappeared and
the O* concentration decreased to =10%. These findings indi-
cate that the oxidative treatment not only oxidized the surface
Fe® nanoparticles, but also partially recovered the surface defects
that had been formed in exsolution. Second, after the successive
reduction treatment, the Fe® species appeared again on the sur-
face, together with an increase in the O* concentration. Since
the reduction temperature is below the exsolution onset, no
further Fe® exsolution should occur. Therefore, the resurgence
of Fe® and O* indicates that the surface Fe® nanoparticles did
not reintegrate into the host oxide upon re-oxidation, but were
oxidized to iron oxides. Ex situ AFM measurements also con-
firmed that the nanoparticles did not dissolve upon re-oxidation
(Note S10, Supporting Information). This is reasonable because
the exsolved nanoparticles would only dissolve at very high tem-
peratures.'*26-28 On the other hand, mild oxidation would only
oxidize the Fe® nanoparticles into iron oxides.*" Then, the suc-
cessive reduction process reduced these iron oxides back to Fe®
and (partially) regenerated the surface defects (i.e., the O* spe-
cies). As the reduction temperature (400 °C) is lower than that
of the exsolution condition (600 °C, see Figure 3), the surface
concentrations of Fe® and O* after the re-reduction step were
smaller than that of the as-exsolved LSF surface (cycle 0).

Therefore, Figure 5a—c unambiguously demonstrates that
both the surface exsolved iron nanoparticles (featured by the
surface Fe’ species) and the surface oxide lattice (featured by
surface O*) can reversibly exchange oxygen with the gas atmos-
phere even at temperatures below the exsolution onset. As
stated in the Introduction section, the unique redox capability
to cycle exsolved Fe nanoparticles between the metallic and
oxide states is crucial in both catalytic activity switchingl®”! as
well as catalyst regeneration.'”3! The highly reversible surface
chemistry during the redox cycling also highlights the redox
stability of the nanocomposite LSF film.

Having demonstrated the reversible surface redox capa-
bility, we then turn to the bulk redox properties of the nano-
composite LSF. To probe the phase evolution of the embedded
nanoparticles, we employed magnetic measurements due to
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their exceptional sensitivity to the ferromagnetic exsolved nano-
particles.?®%! As metallic iron has much higher magnetization
than the iron oxides, oxidation of the embedded Fe® nanoparti-
cles should result in a decreased saturation magnetization.*>%l
Therefore, the saturation magnetization of the LSF nanocom-
posite can be used to estimate the oxidation state of the exsolved
nanoparticles. We employed vibrating-sample magnetometry
(VSM) to probe the magnetic property of the nanocomposite
LSF at different stages of the redox cycling: as-exsolved, mildly
oxidized, and heavily oxidized. The surface chemistry of each
sample before taking out of the XPS chamber is shown in
Figure 5d.

Figure 5e summarizes the room-temperature in-plane mag-
netic hysteresis loops of these three samples, along with that of
the as-prepared state. As illustrated, the as-prepared LSF film
shows negligible magnetic hysteresis, which is consistent with
the reported weak ferromagnetism in Lag ¢Sty 4FeO; (Ref. [94]).
After Fe® exsolution, however, magnetic hysteresis (M—H)
loops are clearly present at room temperature with a saturation
magnetization (Ms) of about 110 emu cm™ (normalized by the
entire volume of LSF film). Since both the reduced perovskite
LSF matrix (Note S11, Supporting Information) and the RP
phase LSF,y, (ref. [95]) have negligible magnetic properties, the
enhanced magnetism is due to the formation of ferromagnetic
exsolved nanoparticles. Since the embedded Fe® nanoparticles
can maintain their metallic state even upon air exposure at
room temperature (Figure 2), we expect the magnetism of the
as-exsolved LSF to be mainly determined by the Fe® nanoparti-
cles embedded within the LSF film. In accordance with the iso-
tropic geometry and uniform spatial distribution of the exsolved
Fe? nanoparticles (Figure 1), the nanocomposite LSF exhibited
similar in-plane and out-of-plane magnetic properties (Note S11,
Supporting Information). If the Fe nanoparticles have the bulk
magnetization of iron, the net magnetization of the film implies
6% by volume of nanoparticles. The estimated volume fraction
agrees well with the TEM observation, where the particle area
fraction is =8% (Note S8, Supporting Information).

The successive oxidation treatment progressively reduced
the saturation magnetization to =25 emu cm™. As the oxida-
tion temperature is too low for the exsolved nanoparticles to
reintegrate into the lattice (Note S10, Supporting Information),
the decrease in the total saturation magnetization originates
from the oxidation of the embedded Fe’ nanoparticles into iron
oxides. A likely scenario would be that the re-oxidation pro-
cess occurred via the growth of oxide shells at the expense of
Fe? cores, forming core-shell structures during the evolution
of oxidation. A similar phenomenon has also been observed
in the oxidation of iron nanoparticles.’3! In accord with this
hypothesis, the coercivity of the nanocomposite LSF also
decreased upon re-oxidation (inset figure in Figure 5e). Since
the embedded Fe® particles in the nanocomposite LSF adopt
single-domain structures (Note S8, Supporting Information), a
decrease in coercivity is consistent with a reduction in size of
the Fe® core and in the thermal stability of the magnetization
upon oxidation.?®l The continuous modulation of the saturation
magnetization and coercivity of the nanocomposite LSF thus
reflects the reversible oxidation of the embedded Fe® nanopar-
ticles. Moreover, our observations demonstrate one can realize
a multiple-state control of the nanocomposite LSF via oxygen
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Figure 5. Redox properties of the nanocomposite LSF. a) NAP-XPS Fe 3p and O 1s spectra, surface concentrations of b) O%, and c) Fe? of the exsolved
LSF film during redox cycling between 0.2 Torr O, (empty symbols) and 0.5 Torr H, (solid symbols) at 400 °C. The solid and dashed lines in plot (b)
and (c) indicate the oxidation and reduction step, respectively. Here, cycle O represents the as-exsolved state. d) In situ surface chemistry quantified with
NAP-XPS and e) ex situ room temperature magnetization versus field (M—H) loops of the LSF films at different stages of the redox cycling: as-exsolved,
medium oxidized, and heavily oxidized. The color codes in (e) are the same as in (d). Meanwhile, the as-prepared LSF (without exsolution) is also shown
in (e) for comparison. M is normalized to the total volume of the film. The inset figure in (e) highlights the decrease in coercivity upon re-oxidation.

non-stoichiometry. The tuning range of the magnetic moment

in the nanocomposite LSF (from

is comparable to other state-of-art perovskite systems.[”l While
we demonstrate here the modulation of magnetism modulation

Adv. Funct. Mater. 2021, 2108005

zero to =110 emu cm™)

2108005 (11 0f15)

at elevated temperatures and slow rate, the switching could
potentially be done at a much faster rate and at room tem-
perature if we use electrochemistry to trigger the redox
switching.3%%7:%8] Therefore, redox switching can be an effective
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“tuning knob” to dynamically manipulate the microstructure,
phase composition, and magnetic properties of the exsolved
nanocomposite.

3. Conclusion

In summary, this study demonstrates a novel utility of exsolu-
tion in preparing nanostructured, multi-phase metal oxides
with tunable properties. First, we showed that Fe’ exsolution
can induce a drastic chemical and structural reorganization
both at the surface and in the bulk of LSF, transforming the
single-phase perovskite into a multi-phase nanocomposite that
consists of Fe® nanoparticles, crystalline RP domains, and per-
colated Fe-deficient nm-scale channels. Second, by comparing
nanocomposite LSF at different stages of Fe® exsolution, we
demonstrated that the extent of Fe® exsolution can be used as
an effective tool to tailor the chemical, electrical, and magnetic
properties of the nanocomposite LSF. We found that, in addi-
tion to the exsolved nanoparticles, the exsolution-induced lattice
defects can profoundly impact the properties of the material.
In particular, we observed an increase in the electronic con-
ductivity by more than two orders of magnitude, turning LSF
from a dominantly ionic conductor to a dominantly electronic
conductor. With the aid of numerical analysis, we demonstrated
that such a large change in conductivity can only arise from
the Fe-deficient percolating channels formed during exsolu-
tion in this structure. Moreover, as both the surface and the
embedded exsolved Fe nanoparticles are highly redox active, the
magnetic properties of the nanocomposite LSF can be modu-
lated via redox control. At moderate temperatures even below
the exsolution onset, we achieved a continuous control of the
magnetic properties of the nanocomposite LSF between 0 and
110 emu cm™. Besides the temperature and gas atmospheres
that are used in this work, other external stimuli such as electro-
chemical overpotential®” and photo-illumination® could also
be employed to tailor exsolution, and hence the geometry and
functionalities of the resulting nanocomposite. Moreover, while
this paper focused on the thin-film system, it is conceivable that
one can also synthesize bulk versions of nanocomposite mate-
rials via exsolution. The findings of this work thus highlight
the potential of bulk exsolution in synthesizing tunable mul-
tifunctional nanocomposites, which can benefit a broad range
of applications including SOCs, nanophotonics, thermoelectric
devices, multiferroics, and memory/logic technologies.

4. Experimental Section

Sample  Preparation: The thin-film LaggSrg.FeO; (LSF) was
deposited using PLD with a KrF (1 = 248 nm) excimer laser. Insulating
10 mm x 5 mm x 0.5 mm MgO (001) single crystal substrates (MTI
Corporation, 1-side polished) were employed in this work to minimize
substrate leakage current during the conductivity measurement.
For film deposition, the backside substrate temperature was kept at
850 °C (which approximately corresponds to 650 °C film temperature)
in an oxygen pressure of 20 mTorr. By applying 30 000 laser pulses
(5 Hz, 1.5 mJ cm™) to the LSF target, a LSF thin film of ca. 120 nm
thickness was grown on the substrate. After deposition, 5 nm Ti followed
by 100 nm Pt were deposited as electrical contacts onto the film surface
using magnetron sputtering.
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Thin-Film Characterization: AFM images were collected on a Cypher
S AFM Microscope with tapping mode, using a Bruker TESP-V2 AFM
probe. The AFM characterization was done on the center of the
sample to avoid edge effects. XRD measurements were conducted
with Rigaku SmartLab X-ray diffractometer using Cu K-alpha
1 radiation.

Near-Ambient Pressure XPS (NAP-XPS) Measurement: The in situ
NAP-XPS measurements were carried out at the 10S (23-1D-2) beamline
of the National Synchrotron Light Source Il (NSLS-Il) at Brookhaven
National Lab. The sample was placed on a ceramic button heater,
with a K-type thermocouples mounted directly onto the surface for
temperature measurements. The LSF films were preconditioned at
400 °C in 0.2 Torr O, at the beginning of each measurement to remove
adventitious carbon. At each temperature, the data was collected
after waiting for 15 min. As the NAP-XPS measurements took about
around 25 min, the time spent at each temperature was around
40 min. The electrical measurements were conducted with a Keithley
2461 Sourcemeter, available at the beamline. During the NAP-XPS
measurement, the in-plane electrical measurements were carried out
in a 2-probe geometry on the LSF film. Representative current-voltage
characteristics of the LSF films are shown in Note S7, Supporting
Information. All the NAP-XPS spectra were quantified with CasaXPS
software. The XPS peaks were fitted with a 30% Lorentz/Gaussian line
shape over a Shirley background.

X-Ray Absorption Spectroscopy (XAS): Ex situ XAS were collected by
partial fluorescence yield (PFY) modes at the IOS beamline of NSLS-II.
PFY spectra were collected at room temperature in an ultrahigh-vacuum
chamber (base pressure, =10~ torr), using a Vortex silicon drift detector.
In situ XAS were collected using the partial electron yield (PEY) method
at Beamline 9.3.2 of the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory.

Scanning  Transmission  Electron  Microscopy (STEM) —  Energy
Dispersive X-Ray Spectroscopy (EDX) Characterization: LSF films were
characterized using a state-of-the-art aberration-corrected JEOL Grand
ARM300CF STEM operated at 300 keV. This instrument was equipped
with dual silicon drift detectors for EDX with a total detector area of
200 mm?2. Gatan Microscopy Suite (GMS version 3) software was
used for STEM-EDS elemental mapping using these EDS peaks: O K|,
(0.52 keV), Fe K, and Kp (6.40 and 7.06 keV respectively), La L, and Lg
(4.65 and 5.04 keV respectively), and Sr K, and Kz (14.16 and 15.84 keV
respectively). FFT analysis on the STEM images, using the Gatan
Microscopy Suite and Image), was also performed to identify the phases
in the LSF exsolved film.

Finite Element Analysis (FEA): The Poisson—Boltzmann equation
was solved to obtain the nanocomposite electrical conductivity. The
LSF matrix was modeled as a homogeneous 100 x 100 x 100 nm3 cube,
while the nanoparticles and the percolating channels were idealized
as homogeneous spheres (5 nm in radius) and cylinders (radius 1 nm
and height 100 nm), respectively. The geometry of these two objects
was set based on their average dimensions, which were quantified by
the cross-sectional STEM imaging. In this model, the nanoparticles
and percolating channels were randomly generated in the matrix
without intersection. All the materials properties in the FEA modeling
were homogeneous and isotropic. The FEA analysis was coded in
MATLAB.

Magnetic Properties Characterization: The magnetic hysteresis loops
were measured using a Digital Measurement System 7035B VSM at
room temperature. During the VSM measurement, the magnetic field
was applied parallel to the sample surface (i.e., in-plane direction).
The data processing procedure is presented in Note S11, Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Supplementary Note 1: Complementary characterization of the LSF film

The as-prepared LSF surface contains a relatively flat background and protruding grains with an
average size of ~30 nm (Figure S1a). Similar surface microstructures have also been observed in
other PLD-grown perovskite thin films where relatively large lattice mismatch exists between the
film and the substrate'”. After reducing the sample at 400 °C in 0.5 Torr flowing H,, considerably

smaller nanoparticles with a mean radius of ca. 8 nm appeared on the surface (Figure S1b).

Figure S2 displays the cross-sectional bright-field scanning transmission electron microscopy
(BF-STEM) image of the as-prepared LSF film. As illustrated, conical nanostructures can be

observed in the polycrystalline LSF film.

Figure S3 shows the out-of-plane X-ray diffraction (XRD) pattern of the LSF films before and
after Fe® exsolution. The as-prepared LSF film (Figure S3a) shows a clear (001) texture in the out-
of-plane, with small components arising from (011). After Fe’ exsolution, no discernible a-Fe and
Ruddlesden-Popper (La,Sr),FeO, reflections can be observed (Figure S3b). These findings
indicate the (001)-oriented perovskite LSF remains to be the dominant phase (matrix) in the
exsolved film. Meanwhile, the peak position for the LSF shifted to a lower 28 position after Fe"
exsolution (Figure S4), which represents chemical expansion® in the LSF lattice due to oxygen

vacancy formation.



Exsolved

a As-prepared

Figure S1. AFM and SEM image showing the surface morphology evolution (a) before and (b) after Fe exsolution. Notably,
considerable nanoparticles appeared on the surface after Fe° exsolution. The data were collected from the same sample. To reduce
charging effect, the SEM image was collected with 10 nm carbon coating. Scale bars for all the images are 200 nm.
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Figure S2. Cross-sectional BF-STEM image of the as-prepared LSF film grown on the MgO (001) substrate. Note the zoom-in
plot highlights the conical nanopillar in the as-prepared LSF film. Note the surface grains observed by AFM (Figure 1 in the main
text) can be also found here (indicated with arrows), which are located on top of the cone structure.
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Figure S3. Out-of-plane symmetric 26-w X-ray diffraction scan of the (a) as-prepared and (b) exsolved LSF thin films. The dotted
lines in (b) indicate the peak positions of the BCC iron and the Ruddlesden-Popper phase LSF,,,.
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Figure S4. Out-of-plane symmetric 20-w X-ray diffraction scans highlight the chemical expansion of the LSF lattice during Fe’
exsolution. The arrow indicates the peak shift direction of the LSF (002) reflection.



Supplementary Note 2: Percolating channels in the exsolved LSF film

Percolating
. Channels
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Figure S5. Percolating channels between the distinct phases as well as within the same phase. (a) Low magnification STEM
high-angle annular dark field (HAADF) images showing the percolating channels in the exsolved LSF film. (b) Magnified HAADF
images from the region highlighted in (a). The blue arrows highlight the percolating channels within the LSF,; phase, while the

yellow arrows show the channels at the phase boundaries between the matrix LSF, ;, Ruddlesden-Popper phase LSF,,, and the
metallic iron.
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Figure S6. Chemical analysis of the percolating channel. (a) HAADF-STEM image showing bulk exsolved nanostructures. The
percolating channels are indicated with arrows. (b) Composite image with overlap of Fe/La/Sr EDS counts map, together with the
individual EDX mapping. The EDX mapping was conducted at the same location as in (a). Note the percolating channel correlates
with the Fe depleted zone in the Fe-mapping. Line profiles showing variation in (¢) HAADF intensity and the (d) normalized EDS
elemental signal across the LSF, ;-LSF,, phase boundary and the percolating channel. The location of the line scan is indicated by
the white line in plot (b), and the channel regions are highlighted in grey in plot (c) and (d). Note the lowest point in HAADF
intensity matches well with local minima in Fe-signal, suggesting that the percolating channels are Fe-deficient.



Supplementary Note 3: Additional EDX mapping

Figure S7. As-prepared LSF. HAADF imaging and the corresponding EDX chemical mapping showing the homogeneous bulk
chemistry of the as-prepared LSF film.

Figure S8. Exsolved LSF. HAADF imaging and the corresponding EDX chemical mapping showing the inhomogeneity in bulk
chemistry of the LSF exsolved film. The numbers in each plot highlight some regions that are enriched in Fe while depleted in La
and Sr. Scale bars: 10 nm.



Supplementary Note 4: Feature C in the O K-edge spectra

Here, we demonstrate that the feature C in the O K-edge are only present in LSF after Fe’
exsolution. To do so, we conducted in-situ partial electron yield X-ray absorption spectroscopy
(PEY-XAS) on a mildly reduced LSF film, prior to Fe’ exsolution. As revealed by the O K-edge
spectra in Figure S9, the pre-edge feature completely vanished after reducing the LSF film at 400
°Cin 0.2 Torr H,. The absence of the pre-edge feature indicates that the ligand hole concentration
became negligible, indicating a considerable oxygen deficiency is present in LSF’. Nevertheless,
feature C is not present in the O K-edge spectrum at this stage. These findings clearly indicate that
the feature C is not from oxygen vacancies. We note the feature C agrees with the the La/Sr-O
hybridization of La,0,’, SrO°, and Ruddlesden-Popper (RP) phase oxides®®, which are all the likely

decomposition products in exsolution®"?.
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Figure S9. In-situ O K-edge PEY-XAS of the LSF film at 400 °C in 0.2 Torr H,, without Fe” exsolution. Note feature C is not
present in the O K-edge XAS spectrum of the mildly reduced LSF film.



Supplementary Note 5: O” species in the O 1s spectra

First, we demonstrate that the O” species are only present in LSF after Fe” exsolution. To do so,
we conducted in-situ partial electron yield X-ray absorption spectroscopy (PEY-XAS) and NAP-
XPS measurements on a mildly reduced LSF film, prior to Fe’ exsolution. As revealed by the O
K-edge spectra in Figure S10, the pre-edge feature (i.e., the feature A) completely vanished after
reducing the LSF film at 400 °C in 0.2 Torr H,. The absence of the pre-edge feature suggests that
the hole concentration became negligible, indicating a considerable oxygen deficiency is present
in LSF’. Nevertheless, no O" peak is present in the O 1s spectrum at this stage. These findings
clearly indicate that the O species are not from lattice reduction (i.e., oxygen vacancy formation)

alone.
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Figure S10. (a) O K-edge PEY-XAS and (b) O 1s XPS spectra of the LSF film at 400 °C in 0.2 Torr H,, without Fe’ exsolution.
Note no O features is present in the O s spectrum. The O 1s spectrum is collected at a photo energy of 665 eV.

Second, we demonstrate that the O° species are not surface adsorbates. We first cool down the
exsolved LSF film to room temperature and pump out the gas in the XPS chamber. After staying

in the ultra-high vacuum (UHV) environment for 10 hours, we collected the O 1s spectrum on the



sample again, and the result is shown in FigureS11a. As illustrated, the O" species are still present
on the LSF surface after UHV pumping, indicating the O" species are not likely to be surface
adsorbates. To further demonstrate this idea, we collected the O 1s upon 1 keV Ar* sputtering (10
mA emission current). As illustrated in FigureS11b and FigureS11c, the intensities of the O
species deceased after half-hour Ar" sputtering, but remained almost invariant upon another half-
hour sputtering. These findings indicate that while the surface has a higher concentration of O°,
there is still a considerable amount of O species in the sub-surfaces (or bulk lattice). Therefore,

the O” species are not likely to originate from the surface adsorbates either.

10-hour UHV H

pumping
_ 10.5-hour Ar »
S |sputtering u 5
S 3
3 (0]
= =
- (o]

35
1-hour Ar
sputtering
535 530 525

Binding energy (eV)

FigureS11. O 1s spectra of the exsolved LSF film after a sequence of treatments: (a) pumping in UHV for 10 hours, (b) half-hour
Ar sputtering, and (¢) 1-hour Ar sputtering. The spectra are collected with a photon energy of 863 eV.
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Supplementary Note 6: Defect chemistry and electrical conductivities of LSF

Here we summarize the bulk defect chemistry’ and electrical properties" of LSF in Figure S12.
At high pO,, LSF exhibit p-type conductivities with relatively low activation energies. In this
region Sr doping is charge compensated by electron holes, and a characteristic +1/4 slope can
clearly be observed in the conductivity-pO, plot (Figure S12a). As the sample gets reduced in the
low pO, region, the conductivity decreased dramatically due to the depleted hole concentration. In
this region, the ionic and electronic contributions to the total conductivity can be comparable. As
a result, the electrical conductivity demonstrated large activation energy (~1.4 eV), which is
similar to what we have observed for the reduced LSF (Figure 4b in the main text). Finally, at very
reducing atmospheres, the LSF perovskite phase becomes unstable and starts to decompose

(denoted as “Decomp.” in Figure S12a).
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Figure S12. Bulk properties of the LSF from the literature. (a) Oxygen non-stoichiometry and electrical conductivity of powder
La, (S, ,FeO; (LSF) as a function of oxygen partial pressure (pO,) at 800 °C. (b) Temperature-dependent electrical conductivities
of powder LSF at different pO,. Figures are replotted with the data from ref. 3 and ref. 13.
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Supplementary Note 7: Electrical conductivity measurement

During the two-probe measurement, the DC voltage was swept between -0.1 V and 0.1 eV between
the two Pt current collectors. The resistances are calculated as the slope of the (ohmic) I-V curves
using linear fitting and the conductivities are then calculated from the separation between the two

Pt pads (5 mm) and the film thickness (110 nm).
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Figure S13.1-V curves of the as-prepared and exsolved LSF film in 0.5 Torr H, at 400 °C.

At low oxygen partial pressures, it is known from previous studies that the n-type electronic
transport dominates the total electrical conductivity in LSF" (see Supplementary Note 7). In this
regime, the electronic transport occurs by small polaron conduction, which involves thermally
activated hops of electron polarons (i.e., Fe’*)’. Therefore, the measured electrical conductivity in
this work should be largely electronic. In accord with this assumption, impedance measurements
at similar conditions also revealed negligible contributions from the ionic transport. As illustrated
in Figure S14, only one high-frequency arc exists in the obtained impedance spectra. The absence

of any low frequency electrode polarization resistance indicates the electrical conductance is
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dominated by electronic transport'*". In addition, this high-frequency arc can be nicely fitted with
one RICPE element, which represents the bulk resistance and the geometric capacitance (~0.1 nF)

of the LSF thin film sample'’.

200
e Data
Fit 7.9 kHz
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Figure S14. Impedance spectrum (circles) and fit (solid line) of an in-plane measurement of the LSF film at 600 °C in 200 sccm
5% H,/N, atmosphere. The equivalent circuit consists of one RICPE element (CPE: constant phase element, Z = 1/[Q (iw)"]). The
fitting results are as follows: Ry, = 3.0X10% 2, Q = 9.6x10711, n = 9.7x10~1. The geometric capacitance of the thin film can
thus be calculated as'’ € = [Q XR,%;{,‘(]U" = 7x107 1! F. The fitting is performed using the ZView software.

As a result, the electrical conductivity (o) of the LSF film can be expressed in terms of the

elementary electron charge (e), and the concentration (c¢) and mobility (@) of the charge carrier:
o=cre-u (1)

The mobility u, in the high-temperature adiabatic regime'®, follows the Arrhenius behavior:

p=texp (-2, @

kgT

where E is the activation energy for electron migration and/or hopping, 1, is the pre-exponential
factor, kg is the Boltzmann constant, and T is the absolute temperature. Since the conductivity

was measured in the cooling direction in H, atmosphere, we were able to freeze in the defect
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chemistry of each sample during the measurement. The stable surface chemistry during the cooling
process is exemplified by the in-situ NAP-XPS measurements (Figure 3 and Figure S15). Since
the specimens cannot change stoichiometry during cooling down in H,, the charge carrier
concentration (i.e., ¢ in Eq. 1) stays constant during the electrical measurement. We can thus

combine Eq. 1 and 2 into

0T=c-e-y0-exp(—;7) ocexp(—k%). (3)

As a result, the activation energy measured in the experiment originates mainly from the polaron

migration, with negligible contributions from defect formation"’.
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Figure S15. La 4d normalized Sr 3d and O 1s intensity of the LSF surface during (a) heating and (b) cooling in 0.5 Torr H,. Note
that the O intensity is almost stable during the cooling down process, indicating a stable oxygen non-stoichiometry. The horizontal
gray band indicate the 10% uncertainty for the XPS analysis.
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Since the thin-film samples have large resistances (on the orders of M Q , see Figure S13) due to

the nanometer-scale thickness, we expect the contribution from the contact resistance to be
minimal. To verify this, we compared the electrical conductivities measured by both 2-probe and
4-probe methods at 400 °C at around 0.2 Torr O,. The condition is selected because LSF at this
condition represents the most conductive state (i.e., smallest resistance, see Figure S22). At this
condition, the impact from the contact resistance should be the most obvious. The results are shown
in the Table S1 below, where the 2-probe measurement was conducted at the NAP-XPS beamline at
NSLS-II, and the 4-probe measurement was conducted in the lab using Van der Pauw method. The
Van der Pauw measurement was conducted on a 1 cm® LSF film grown MgO (001) substrate, using
the same growth parameter as other samples in this work. To achieve ~0.2 Torr in the lab, an
electrochemical O, pump was used. As shown in Table S1, the conductivities measured from the two
measurements are similar (+2%). Therefore, we expect the contributions from the contact

resistance to be minimum.

Table S1. Comparison between the electrical conductivities measured at 400 °C at around 0.2 Torr O2 using 2-probe and 4-probe
methods.

Pressure Method Conductivity (S/cm)
0.2 Torr 2-probe at synchrotron 37.88
0.14 Torr 4-probe in lab 38.65
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Supplementary Note 8: Magnetic property of the exsolved Fe’ nanoparticles

The magnetic properties of bulk BCC Fe are listed in Table S2, where the values are taken from
the Ref.”. Since the exsolved LSF film has a saturation magnetization of ~ 110 emu/cm’ (see
Figure Se in the main text), we estimate the volume fraction of the iron nanoparticles in the
nanocomposite LSF to be vol% = 110/1707x100% = 6.4%. Note this volume fraction is also

close to the 2D area fraction of the nanoparticles in the STEM imaging (~8%, see Figure S16).

Table S2. Saturation magnetization of BCC iron at room temperature®.

. Magnetic Saturation . Saturation
Materials . Density .
structure magnetization magnetization
o -Fe Ferromagnetic 216 emu/g 7.9 g/em’ 1707 emu/cm’

BF image Mark1 (~8% area fraction) Mark2 (~9% area fraction)

Figure S16. Bright field (BF) STEM images showing the exsolved nanoparticles in the bulk. In the BF imaging, the metallic
nanoparticles have dark contrast. Due to the challenges to unambiguously identify every metallic nanoparticle, we employed two
marking methods to estimate the area fraction of the nanoparticles in the STEM image. The area fraction from the two different
markings are 8% and 9%, respectively. Note both values agree well with the Fe” volume fraction estimated from the VSM.
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The relationship between particle size and the magnetic properties (such as coercivity) of iron
nanoparticles have been widely studies in the literature®'. One crucial parameter determining the
size-dependent magnetic property is the critical magnetic single-domain crystallite size, which
depicts the transition from single-domain (SD) to multi-domain (MD) structures®. In the SD region,
coercivity decreases with particle size until reaching the superparamagnetic limit>. For the
exsolved Fe’ particles in this study, their geometries were quantified with cross-sectional TEM. As
a result, the axial ratio (i.e., the ratio of major axis length to minor axis) was calculated to be 0.7
+ 0.2, while the particle size to be 12.1 + 4.8 nm. By comparing the particle geometry with the
theoretical phase diagram’ of metallic iron (Figure S17), we can clearly tell that the nanoparticles

are in the single-domain (SD) region.
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Figure S17. Phase diagram showing the stable single-domain (SD) region of the metallic iron, as a function of particle size and
axial ratio (i.e., short-axis/long-axis ratio). The dashed line is the theoretical boundary between the SD and multi-domain (MD)
structures for metallic iron, replotted from ref. **. The particle geometry is calculated from the cross-sectional TEM images of the
nanocomposite LSF. Error bars are calculated based on 30 nanoparticles. Note the exsolved Fe’ nanoparticles are expected to adopt
the SD state.
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Supplementary Note 9: Finite element analysis

As shown in Figure S18, the percolating channels that are perpendicular to the electrical currents

have negligible contributions to the total electrical conductivity.
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Figure S18. Impact of perpendicular channels to the electrical conductivity. (a) Finite element analysis (FEA) models of the
percolating channels that are perpendicular to the electrical current. (b) Total electrical conductivity of the nanocomposite as a
function of channel density. (¢) Comparison of the finite element calculation to the Hashin—Shtrikman (H-S) bounds.
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Supplementary Note 10: Redox cycling experiment

The exsolved LSF film was exposed to a cyclic gas change between 0.2 Torr O, and 0.5 Torr H,
at 400 °C, where each cycle lasted around 2 hours. The gas composition in the main chamber

during was monitored with mass spectrometry (MS) and is shown in Figure S19.
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Figure S19. Mass spectrometry (MS) showing the gas composition in the reaction chamber during the redox cycling between 0.2
Torr O, and 0.5 Torr H, at 400 °C. The O, signal is magnified by 10 for visibility.

Typical surface morphologies of the LSF films during exsolution and re-oxidation are summarized
in Figure S20. As illustrated, the nanoparticles did not reintegrate into the host oxide upon re-
oxidation. The ex-sitru AFM imaging and the in-situ NAP-XPS measurements (Figure 5) confirm

that the oxidation process did not dissolve the Fe’ nanoparticles, but oxidized them into iron oxides.

As-prepared Exsolved Re-oxidized
_ e _

§ » - B - >
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; AT

. Nanoparticles
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Figure S20. Ex-situ AFM images showing the surface morphology evolution during exsolution and re-oxidation. Scale bars: 200
nm. The exsolution condition is 5-hour annealing in 200 sccm 5% H,/N, at 700 °C. The re-oxidation condition is 2-hour annealing
in static air at 400 °C. Note the re-oxidation process did not dissolve the exsolved nanoparticles.
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As shown in Figure S21, the thin-film conductivity decreased after each oxidation treatment and
increased upon the successive re-reduction. Unlike the highly reversible surface chemistry, the
bulk electrical conductivity varied in a seemingly damped fashion during the redox cycling. As a
result, the electrical conductivity converged asymptotically to ~ 0.5 S/cm after four redox cycles.
This irreversible redox behavior may be caused by the microstrains® accumulated in the

nanocomposite LSF during the redox cycling.
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Figure S21. In-plane electrical conductivity of the exsolved LSF film during redox cycling between 0. The solid and dashed
lines indicate the oxidation and reduction step, respectively. Here, cycle O represents the as-exsolved state. The cycling condition
is 0.2 Torr O, and 0.5 Torr H, at 400 °C. Note that the conductivity of the nanocomposite LSF decreased after re-oxidation.

To compare the materials properties of the nanocomposite LSF (during the fourth redox cycle) and
that of the as-prepared state, we summarized the surface chemistry and electrical conductivity of
these two samples in Figure S22. The electrical conductivities of the nanocomposite LSF in the
oxidizing condition (400 °C, 0.2 Torr O,) is worth further discussion. As shown in Figure S22,
the as-prepared perovskite LSF film has a conductivity as high as ~40 S/cm at the same condition.
The low electrical conductivity of the nanocomposite LSF thus clearly indicates the re-oxidation
step did not transform the thin film back to its as-prepared state (i.e., the single-phase perovskite)

under the current experiment condition.
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Figure S22. Comparison of the surface chemistry and electrical conductivity in the reducing (400 °C, 0.5 Torr H,) and oxidizing
(400 °C, 0.2 Torr O,) atmospheres between the as-prepared LSF and the Fe’ exsolved LSF in the 4™ redox cycle. EC stands for
electrical conductivity and it is shown on a log scale. The dashed lines are the guide to the eye.
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Supplementary Note 11: Magnetic properties of the LSF film

As the single crystal MgO substrate is diamagnetic at room tempertaure®®, we extract the LSF film

contribution in the M-H loop with linear background subtraction (Figure S23).
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Figure S23. Background subtraction procedure for the VSM measurement.

As shown in Figure S24, the reduced LSF film (prior to exsolution) has a weaker magnetic
property than the as-prepared LSF film. This indicates the strong magnetization after Fe’
exsolution is from the nanoparticles instead of the perovskite matrix. After exsolution, the
saturation magnetization increased considerably. In addition, as revealed by the similar in-plane
and out-of-plane M-H loops (Figure S25), the magnetic property of the exsolved LSF film is

isotropic. The isotropic magnetic properties agree with the isotropic particle geometries revealed

by STEM imaging.
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Figure S24. Ex-situ room temperature M—H loops of the as-prepared LSF and the reduced LSF film. Inset: optical images of the
LSF films at these two states.
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Figure S25. Comparison of the in-plane and out-of-plane M—H loops of the exsolved LSF film.
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