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Nano-engineered oxides play a frontier role in the development of next-generation catalysts and
microelectronics. Recently, metal exsolution from oxides has emerged as a promising nano-structuring
tool to fabricate nanoparticle-decorated oxides. However, controlling the size, density, composition, and
location of exsolved nanoparticles remains a challenge, limiting the ultimate performance achievable by
these nanostructures. Here, we present ion irradiation as a general platform to allow control over these
parameters during metal nanoparticle exsolution, by simultaneous sputtering, implantation, and defect
generation mechanisms. Using thin-film perovskite and binary oxides as model systems, we showed ion
beams can controllably reduce the size of exsolved nanoparticles down to 2 nm through ion sputtering.
Meanwhile, we tailored the exsolved nanoparticle composition from unitary metal to metal alloy via ion
implantation. Furthermore, irradiation creates point defects and defect clusters, which serve as
nucleation sites for metal exsolution. By leveraging this process, we tuned the density and spatial
distribution of exsolved nanoparticles. Finally, we demonstrated that nanocatalysts prepared by
irradiation-assisted exsolution exhibit superior catalytic activity toward water-splitting reactions than
those produced using conventional exsolution methods. These findings highlight the potential of ion
irradiation for engineering nanoparticle exsolution in diverse materials systems, with broad implications
for electrochemical and electronic applications.

Nanomaterials play a pivotal role in enabling next-generation energy and environmental technologies, but achieving precise nano-engineering has remained a

challenge. One recent breakthrough is to synthesize nanoparticle-decorated oxides through a process termed “exsolution”, wherein metallic nanoparticles
precipitate out of host oxides upon reduction treatment. Through exsolution, researchers have successfully created nanostructured oxides with novel catalytic

and transport properties, leading to remarkable progress in clean energy conversion and energy-efficient computing devices. Nonetheless, existing exsolution
strategies are limited by their reliance on specific host metal oxides, which restricts their applicability to a narrow range of materials. Consequently, there is a

strong motivation to develop a more universal and oxide-independent method for controlling exsolution. In this study, we leverage ion irradiation as an
external stimulus to enable precise control of metal nanoparticle exsolution. Through ion-matter interactions, we have successfully engineered the size,

composition, density, and location of the exsolved nanoparticles across various materials systems. The resulting nanostructures achieved through irradiation-
assisted exsolution exhibited significantly enhanced catalytic activity for water-splitting reactions, surpassing those synthesized using conventional exsolution
methods. These exciting findings highlight the potential of irradiation-assisted exsolution as a powerful platform for nano-engineering, with broad
implications for energy and environmental applications.
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oxides in a phase precipitation process termed “exsolution’”.*™

In exsolution, the to-be-exsolved metal cations are first dis-
solved in the host oxide as dopants, forming a metal oxide solid
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treatment, metal cations phase precipitate out of the host
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oxides as well-dispersed metal nanoparticles. Due to the simple
processing and broad applications, exsolution has powered
advances in the performance of electrochemical and electronic
devices. For example, by exsolving nanoparticles on the oxide
surface, researchers have prepared nanocatalysts with excep-
tional (electro)chemical stability’ and self-regeneration
capabilities®'® for clean energy and fuel conversion.""> By
exsolving nanoparticles in the bulk of oxides, self-assembled
oxide nanocomposites with unique transport,'® redox,'* and
magnetic'®> properties were achieved for next-generation elec-
trochemical and electronic devices.

With the promising applications described above, there is
substantial motivation in the field to gain better control over
exsolution to realize its full potential. Today’s nanoparticle
exsolution often results in unitary metal particles of 10s nm
size.>? Since ultrafine (e.g., sub-5 nm)'®'” and multi-element"®
nanoparticles can have higher catalytic activities, it is desirable
to exsolve nanoparticles with tunable composition (multi-
component) and with tunable (reduced) size. Researchers have
tried various methods, such as doping,'>*° plasma
treatment,”"?*> and electrochemistry>*** (see Table S1, ESIt
for a more comprehensive summary) to tailor exsolution. While
significant progress has been made, most strategies proposed
thus far still rely on choosing a specific host oxide composition
for metal exsolution.'®?®?* Such oxide-dependent exsolution
approach can have two limitations. First, due to the phase
stability limit, the choice of host oxides is often constrained.>
Second, the ideal oxide composition for exsolution may not
possess other critical properties that are required in electro-
chemical applications, such as electronic and ionic
conductivities.'* Therefore, developing an exsolution method
that is independent from the host oxide can present advantages
in obtaining higher levels of functionality.

In this study, we present a flexible and oxide-independent
approach to engineer metal nanoparticle exsolution, using
transition-metal ion irradiation (Fig. 1a). Ion beam techniques
have been widely used in semiconductor manufacturing for
decades.”® Recently, ion irradiation has also emerged as an
effective tool for tailoring oxides’ functionalities,”” including
ferroelectricity,”® catalytic activity,” and metal-insulator
transition.*® Since ion irradiation is an external stimulus, it
does not require specific host oxides and can be applied to
diverse materials systems. Specifically, we hypothesize that
metal ion beams can be an effective platform for metal nano-
particle exsolution via ion-matter interactions; i.e., defect for-
mation, implantation, and sputtering, see Fig. 1b. First,
irradiation modifies the type and concentration of defects in
host oxides,*' and these radiation-induced defects can tailor
the location and density of exsolved nanoparticles via the
defect-mediated anion/cation diffusion®* and nanoparticle
nucleation.*® Secondly, by tuning the beam energy and dose, we
can implant the to-be-exsolved metal into host oxides at specific
depth®* and at concentrations above the thermodynamic limits*?
to tailor the composition of exsolved nanoparticles. Thirdly, ion
sputtering can downsize the surface exsolved nanoparticles in a
progressive and well-controlled manner.*®
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To validate these hypotheses, we systematically investigated
the metal exsolution behavior as a result of Ni and Cu ion beam
irradiation on model binary and perovskite oxide thin films.
Based on Stopping and Range of Ions in Matter (SRIM)*”
simulations, we chose to investigate the irradiation effects from
10 keV and 150 keV ions. First, as shown in Fig. 1c, ions in the
10-150 keV energy range have the highest surface sputtering
yield. Therefore, by using 10 and 150 keV ion beams, we can
effectively examine the ion sputtering effect on modifying the
size of the exsolved nanoparticles. Secondly, as shown in Fig. 1d
and Fig. S1 (ESIT), 10 and 150 keV ion beams have considerably
different penetration depths, with 10 keV ions being implanted
much closer to the surface. Therefore, by comparing the
“surface-doping” 10 keV and the “bulk-doping” 150 keV ions,
we can examine the role of ion implantation depth in modulat-
ing the composition of surface and bulk nanoparticle exsolu-
tion. In this paper, we employed the tandem accelerator to
generate 10 keV and 150 keV transition metal ion beams, with
the experimental setup shown in Fig. le. For a consistent
comparison, both thermal and irradiation-assisted exsolutions
were induced with identical environmental conditions in the
same chamber (see Methods).

Using the methods described above, we first examined
the irradiation effect on SrTig ¢5Feo.350;5 (STF) due to its tech-
nical relevance as electrode materials in fuel cells and
electrolyzers.*®*° Previous studies have shown that STF can
exsolve metallic Fe nanoparticles upon reduction of this
material.*>*! In accordance with our hypotheses, we found that
Ni irradiation can downsize the surface exsolved nanoparticles
on STF to 2 nm in radius and change their compositions from
unitary Fe to bimetallic Fe-Ni alloy. In addition to the surface,
irradiation-induced defects also promoted bulk exsolution'**?
in STF. As a result, the irradiation-modified STF demonstrated
superior activity toward alkaline oxygen evolution reactions
(OER) than the conventional thermally exsolved STF. We
further demonstrated that Ni irradiation can promote nano-
particle exsolution on binary oxides (ceria and zirconia) and
enhance their reactivity toward high-temperature H,O splitting.
Finally, by varying the local irradiation dose, we have achieved
mm-scale spatial control of exsolution on La, ¢St 4FeO; (LSF)
thin films. These exciting findings highlight the utility of ion
irradiation in tailoring nanoparticle exsolution to fabricate
well-controlled nanocatalysts and functional oxide nanocom-
posites for a broad range of applications.

Results & discussion

Ion sputtering reduces the size of surface exsolved
nanoparticles

We first examine the ion sputtering effect on tailoring the
size of surface exsolved nanoparticles on (001)-oriented epitax-
ial STF thin films (Fig. 1f). Fig. 2a-c shows the top-view
scanning electron microscopy (SEM) images and the corres-
ponding radii histograms of the surface nanoparticles on
the thermally exsolved, 5 x 10" em™> 150 keV Ni-irradiated,
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Fig. 1 Goal and experimental design. (a) Schematics of using an ion beam to tailor the size and composition of exsolved nanoparticles at specific
locations in oxides. (b) Three types of ion—matter interactions, defect formation, implantation, and sputtering can play a role in the resulting exsolution.
(c) Energy dependence of sputtering yields for a Fe target bombarded with Ni ions at normal incidence, calculated by SRIM. Note that both 10 and
150 keV Ni ions have high sputtering yields. (d) Simulated Ni profile along the irradiation direction (i.e., normal incidence) in SrTiOs (STO) for both 10 and
150 keV Niions. Note that 10 keV Ni is more surface-sensitive than 150 keV Ni. (e) The experimental setup is coupled to a tandem accelerator for in situ
ion irradiation during nanoparticle exsolution. (f) Cross-sectional high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image
showing the as-prepared STF thin film on the (001)-oriented STO substrate. The zoom-in plot highlights the [001] orientation of the STF film.

and 5 x 10" em™? 10 keV Ni-irradiated STF films. The average
sizes and density of surface exsolved nanoparticles at different
irradiation conditions are summarized in Fig. 2d, e and Fig. S2,
S3 (ESTt).

We have found that ion irradiation can reduce the particle
size. As shown in Fig. 2d and Fig. S4 (ESIt), the size of surface
nanoparticles on STF can be controllably reduced by increasing
the Ni irradiation dose. In particular, at a dose of 5 x
10" em 2, 10 keV Ni irradiation reduced the average particle

5466 | Energy Environ. Sci., 2023, 16, 5464-5478

radius to ~2 nm, which are among the smallest values reported
in the literature thus far for exsolved metal nanoparticles
(Table S1, ESIt). Moreover, these ultrafine nanoparticles are
also stable upon 20-hour thermal annealing at 800 °C (Fig. S5,
ESIT), a desirable trait for high-temperature electrochemical
applications such as solid fuel cells and electrolyzers.'?

The nearly identical nucleation density across all irradiation
conditions (Fig. 2e) suggests that the reduced particle size
(Fig. 2d) is not a result of increased nucleation sites via

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Effect of Ni irradiation in tailoring particle size and density on epitaxial STF films. (a—c) Top-view SEM images and the corresponding radii
histograms of the surface nanoparticles on the (a) thermally exsolved, (b) 5 x 10> cm~2 150 keV Ni-irradiated, and (c) 5 x 10'® cm~2 10 keV Ni-irradiated
STF films. The arrows in the radii histograms indicate the mean values, while the shaded regions indicate the resolution limit in the SEM imaging and
analyses. (d) and (e) Evolution of the (d) mean particle radii and (e) particle densities as a function of 10 keV and 150 keV Ni irradiation. Note that the mean
particle radius decreased with prolonged Ni irradiation, while the particle density is largely invariant. In addition, the exsolved nanoparticles on the
epitaxial STF films in this study also have smaller sizes than those generated on polycrystalline STF, Ni-doped STO (STN), and Ni-doped STF (STFN)

surfaces (dashed lines, adapted from ref. 45-47).

irradiation-induced defect creation. Instead, the observed par-
ticle shrinkage upon ion irradiation should primarily originate
from the removal of surface atoms through ion sputtering.
Therefore, these observations validate our hypothesis that ion
sputtering can effectively reduce the size of surface exsolved
nanoparticles.

We also observed that even the thermally exsolved nano-
particles on our epitaxial STF films were significantly smaller
than those reported in literature for polycrystalline samples
(Fig. 2d), and had orders of magnitude higher particle density
(Fig. 2e). This difference can be attributed to two main factors:
the single-crystalline surface structure®' and the fast tempera-
ture ramp rate of 200 °C min " (Fig. S6, ESI{). In the case of
polycrystalline samples, surface exsolved nanoparticles prefer-
entially nucleate along extended defects such as the grain
boundaries.*>** For the single-crystalline surfaces in this study,
however, the nanoparticle nucleation is governed by point
defects,*® which results in higher particle densities and smaller
particle sizes. Additionally, the fast temperature ramp rate
ensures that most nanoparticles nucleate during high-
temperature annealing rather than during the ramping process
(Fig. S7, ESIf), leading to an increased nucleation rate.**

This journal is © The Royal Society of Chemistry 2023

Consequently, this further decreases the particle size and
enhances the particle density.

Due to the already fast nucleation kinetics of the thermally
exsolved nanoparticles on epitaxial STF films, in situ Ni irradia-
tion did not induce a further increase in the nucleation rate on
the STF surface. Consequently, the surface particle densities on
STF under different irradiation conditions were very similar to
the thermal exsolution case (Fig. 2e). However, it is important
to note that the observed insensitivity of nanoparticle density to
irradiation on epitaxial STF films does not invalidate our
hypothesis that irradiation-induced defects in oxides can facil-
itate nanoparticle nucleation. In the forthcoming sections, we
will elucidate how irradiation-induced defects can effectively
promote nucleation and enhance the density of exsolved nano-
particles in the bulk (Fig. 4) as well as during surface exsolution
under a slow ramp rate (Fig. 6).

To provide another reference of comparison, we also inves-
tigated the thermal exsolution characteristics of Ni-doped STF
(SrTig.¢sFeo.sNip 0503, referred to as “STFN”) thin-films. As
depicted in Fig. S8 (ESIT), the thermally exsolved nanoparticles
on the STFN surface exhibit an average particle radius of 4 nm,
which is larger than the size observed on the Ni-irradiated STF

Energy Environ. Sci., 2023, 16, 5464-5478 | 5467
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Fig. 3 Energy-dependent Ni ion implantation in STF. Cross-sectional HAADF-STEM images and the corresponding EDX maps of the (a) thermally
exsolved, (b) 5 x 101 cm~210 keV Ni-irradiated, and (c) 5 x 10> cm™2 150 keV Ni-irradiated STF films. The surface exsolved nanoparticles are highlighted
with arrows in the EDX maps. Color intensities in the EDX maps reflect the atomic compositions. (d)—(f) The SRIM-simulated Niimplantation depth for the
three cases in figures (a)-(c). Note that the Ni distribution probed by the EDX chemical mapping agrees well with the SRIM simulation. As illustrated,
10 keV Ni ions can effectively implant into the STF near-surface region, changing the surface nanoparticle composition from unitary Fe to Fe—Ni alloy. On
the other hand, 150 keV Ni ions were mostly implanted into the STO substrate and hence did not change the surface nanoparticle composition.

surface. Meanwhile, the average particle density on the STFN
is 7 x 10 cm™?, which is also lower than those of the Ni-
irradiated STF films. Consequently, our experimental findings
suggest that Ni-irradiated STF can yield finer and larger amount
of exsolved nanoparticles compared to those generated through
thermal exsolution in STFN.

Ion implantation tailors the composition of surface exsolved
nanoparticles

To investigate the effect of ion implantation on modulating the
composition of exsolved nanoparticles, we conducted chemical
mapping on the thermally exsolved STF film, as well as the
STF films exsolved during Ni-irradiation up to a fluence of 5 x
10" cm ™2 at 10 keV and at 150 keV (Fig. 3a—-c). For comparison,
corresponding SRIM simulations are presented in Fig. 3d-f. It

5468 | Energy Environ. Sci.,, 2023, 16, 5464-5478

is noteworthy that the Ni distribution revealed by the energy
dispersive X-ray spectroscopy (EDX) agrees well with the SRIM
simulation. Specifically, 10 keV Ni ions were implanted into
the STF near-surface region (with an implanted depth of
about 10 nm), while the 150 keV Ni ions were mostly implanted
into the STO substrate (with an implanted depth > 80 nm).
Such energy-dependent Ni implantation is further confirmed
with macroscopic X-ray photoelectron/absorption spectroscopy
(XPS/XAS) measurements. Using surface-sensitive XPS and
total electron yield (TEY) mode XAS, we show that Ni is
exclusively present on the surface of 10 keV Ni-irradiated STF
film (Fig. 4a, b and Fig. S9, ESIt). In contrast, for the 150 keV
Ni-irradiated STF film, the deeply implanted Ni can only be
probed with bulk-sensitive partial fluorescence yield (PFY)
mode XAS (Fig. S11, ESIf). Using X-ray absorption near-edge

This journal is © The Royal Society of Chemistry 2023
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absorption spectra, and (c) and (d) Grazing incidence diffraction patterns showing the near-surface chemistry and structure of the thermally exsolved, 5 x
10%* cm~2 10 keV Ni-irradiated, and 5 x 10'® cm™2 150 keV Ni-irradiated STF films. (e) Schematics of the 30 nm STF film under different exsolution
conditions. While thermal exsolution only generates surface Fe nanoparticles on STF, both 10 keV and 150 keV induced bulk exsolution in STF due to the
ion-induced defect formation. Moreover, as 10 keV ions can effectively implant in to the STF film, it further tailors the nanoparticle composition from
unitary Fe to Ni—Fe alloy (denoted as FeNi,). Finally, both 10 and 150 keV Ni irradiation reduced the surface nanoparticle size due to the ion sputtering
effect. The indexes labeled at the top of Fig. 4c represent the diffractions from STF/STO. The data in Fig. 4a—d are displaced vertically for better
visualization.

spectroscopy (XANES), we confirm that the implanted Ni Since the surface particles are small in volume (Fig. 2), they
within the STF film primarily has a metallic valence state have low contrasts in the HAADF-STEM images.*! Therefore, we
(Fig. S10, ESIY). used EDX elemental maps to locate the exsolved surface

Having demonstrated the energy-dependent Ni implanta- nanoparticles, which are highlighted with arrows in Fig. 3a-c.
tion depth in STF, we next examine if the implanted Ni in STF  As our reference, the surface nanoparticles on the thermally
can tailor the composition of surface exsolved nanoparticles. exsolved STF are made of iron (Fig. 3a), which has been

This journal is © The Royal Society of Chemistry 2023 Energy Environ. Sci., 2023, 16, 5464-5478 | 5469
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discussed in detail in our previous studies.*®*" For the 10 keV
Ni-irradiated STF film (Fig. 3b), the surface nanoparticles are
enriched in both Fe and Ni while depleted in Sr and Ti (Fig. S12,
ESIt), which validates our hypothesis that implanted Ni in the
near-surface region can serve as the metal reservoir to tailor the
composition of surface exsolved nanoparticles. On the other
hand, since the 150 keV Ni ion beam was mainly implanted into
the STO substrate and did not have enough temperature/time
to diffuse to the STF surface, the surface nanoparticles on the
150 keV Ni-irradiated sample remained to be unitary iron
(Fig. 3c and Fig. S13, ESIY).

The composition and phase of surface exsolved nano-
particles were further confirmed with the surface-sensitive
and synchrotron-based grazing incidence diffraction (GID)
measurements (Fig. 4c). While no metal peaks can be observed
on the as-prepared STF film (Fig. S14, ESIt), clear metallic
diffractions (Im-3m) can be found on both the thermally
exsolved and Ni-irradiated STF (highlighted in Fig. 4d). As
discussed in our previous work,*" for the thermally exsolved
STF, the metal diffraction peaks align well with the o-Fe phase
(PDF#04-007-9753), which originate from the surface exsolved
nanoparticles. Upon 10 KeV Ni irradiation, the metal diffrac-
tion peak shifted to a lower 2-theta position, indicating the
formation of Fe-Ni alloys.*® Therefore, in agreement with EDX
mapping (Fig. 3b), GID measurements also confirm that the
implanted 10 keV Ni ion can change the composition of surface
nanoparticles from unitary iron to nickel-iron alloys. On the
other hand, for 150 keV Ni-irradiated STF, the metal diffraction
peak remains at the o-Fe position. This finding indicates that
the surface nanoparticles on the 150 keV Ni-irradiated STF are
unitary iron, which again agrees with the EDX results (Fig. 3c).

Irradiation-induced defects in oxides promote sub-surface
exsolution

Besides the surface modification effects described above, we
found that ion irradiation can also promote bulk exsolution in
STF. As shown in Fig. 3a and Fig. S15, S16 (ESIt), no bulk
exsolution can be observed in the thermally exsolved STF film.
Nevertheless, after Ni irradiation, nanoscale Fe (Fig. 3c) or Fe—
Ni (Fig. 3b) precipitates can be found in the STF sub-surface,
indicating irradiation-induced bulk exsolution.

Since 150 keV Ni ions did not implant into the STF film but
can still effectively promote bulk exsolution of Fe (Fig. 3c), the
enhanced bulk exsolution in the Ni-irradiated STF film should
mainly come from the irradiation-induced defects. Previous
studies have shown that both point defects (such as oxygen
vacancy>®) and extended defects (e.g., grain boundary®® and
anti-phase boundary*®) in host oxides can serve as preferential
nucleation sites for the exsolved nanoparticles. As we did not
observe noticeable extended defects in irradiated STF films
(Fig. 3), we anticipate that the irradiation-induced point defects
or defect clusters in the STF sub-surface to be the critical
defects to promote bulk exsolution.

Like the case of surface exsolved nanoparticles, the compo-
sition of embedded nanoparticles can be also tuned by the
energy-dependent ion implantation. While the embedded

5470 | Energy Environ. Sci., 2023, 16, 5464-5478
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nanoparticles induced by the 10 keV Ni are Ni-Fe alloys
(Fig. 3b and Fig. S10, S12, S17, S18, ESIf), the ones from
150 keV Ni are unitary Fe (Fig. 3¢ and Fig. S13, ESIT). Note that
the capability to promote and tailor bulk exsolution in oxides
with irradiation is desirable for (electro)catalysis and micro-
electronics, as it can increase the oxygen storage capability®®
and electrical conductivity">" in oxides.

We have observed that the lattice parameter of STF films can
be modulated through the process of Ni irradiation and
implantation. As revealed by X-ray diffraction (XRD) measure-
ments, the out-of-plane lattice parameter of STF films increased
upon 10 keV Ni irradiation (Fig. S19, ESIt). The observed lattice
expansion can be attributed to two potential origins. Firstly,
the formation of point defects induced by irradiation in
STF is a plausible reason. For instance, the creation of oxygen
vacancies®® and cation interstitials®® is widely recognized for
increasing the lattice parameter in STF. Secondly, the
irradiation-induced ion implantation and bulk exsolution lead
to the formation of nanoscale metal precipitates within
the oxide matrix (Fig. 3b and c), which in turn could introduce
strain into the host oxide lattice. Recent investigations
have highlighted that embedded metal nanoparticles can
induce tensile strain within the surrounding oxide
matrix."**>>* Given that lattice strain in oxides can enhance
their electronic conductivity,> ionic conductivity’*** and sur-
face reactivity,”>>® the observed lattice evolution upon ion
irradiation may also benefit a broad range of electrochemical
applications.

Finally, based on the local and global characterization
described above, we can summarize the Ni irradiation effect
on STF in Fig. 4e. First, both 10 keV and 150 keV Ni ion beams
help reduce the size of surface exsolved nanoparticles via ion
sputtering. Second, at the moderate exsolution temperatures
employed in this study, we found that only low-energy ion
beams (i.e., 10 keV Ni) can effectively tailor the surface nano-
particle composition via ion implantation into the near-surface
regions of the film. In contrast, high-energy ions (i.e., 150 keV
Ni) are implanted into the bulk interior (Fig. 3c) and did not
have enough time (and temperature) to diffuse to the surface to
alloy with exsolved Fe particles. Since moderate exsolution
temperatures are generally desirable to prevent nanoparticle
coarsening,’® low-energy ion beams are more effective in the
compositional control of surface exsolved nanoparticles.
Thirdly, both 10 and 150 keV Ni beams can generate lattice
defects in the STF sub-surface, which promote bulk exsolution
in STF and forms embedded, nanoscale metallic phases.

Moderate ion irradiation enhances electrocatalytic activity

We next compare the catalytic activity between the thermally
exsolved and Ni-irradiated STF films. In particular, we probed
the oxygen evolution reaction®” (OER) activity of STF in an
alkaline environment (1 M KOH), as a result of 10 keV Ni
irradiation. As discussed earlier, 10 keV Ni irradiation reduces
the size of surface nanoparticles while preserving the particle
density, and changes the particle composition from unitary Fe
to Fe-Ni alloy (Fig. 2, 3 and 5a). We anticipate that these

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Effect of Ni irradiation on the electrocatalytic activity of STF. (a) SEM images and schematics showing the impact of 10 keV Ni irradiation on
surface exsolved nanoparticles — size reduction, Ni alloying, and maintenance of a relatively stable nanoparticle density. (b) Increasing the Ni dose results
in a higher surface Ni concentration (quantified by XPS) and reduced nanoparticle size, which may increase the intrinsic reactivity of each active site. (c)
Increased Ni dose also reduces the total surface area (Sparicle) Of €xsolved nanoparticles, and the density of triple phase boundaries (dtpg) on the STF
surface, which may reduce the number of active sites for electrocatalysis. Sparicie and drpg Were calculated based on SEM images, assuming that surface
nanoparticles exhibit hemispherical geometries. (d) Linear sweep voltammetry (LSV) curves for alkaline OER on STF films at different Ni doses. The inset
figure compares the current density () at an overpotential () of 0.5 V. Note that the 10 keV Ni irradiation increased the OER activity of STF at a low dose
(1 x 10'® cm™2), but decreased the performance at a high dose (5 x 10** cm™2).

modifications will induce two competing effects on OER: an
increase in intrinsic activity by changing the composition of the
particles and reducing the particle size, and a decrease in total
surface area and number of active sites®® due to ion-induced
sputtering:

First, as Ni irradiation reduces the particle size and
increases the surface Ni concentration by alloying (Fig. 5b), it
can increase the intrinsic OER'®'® (Fig. 520, ESIt). On the other
hand, as ion sputtering reduces the particle size while main-
taining the surface particle density, it can also reduce the
total surface area of the catalyst particles and reduce the
number of total active sites for OER. Since the surface defects
on the particle’® and particle-oxide interphases (triple phase

This journal is © The Royal Society of Chemistry 2023

boundary)®® are common active sites in oxygen evolution and
oxygen reduction reactions (OER/ORR), we quantified the triple
phase boundary density (drpg = 7 x 277) and the total particle

surface area (Spanjcle =nx 2nr2) on the STF surface as a function

of Ni dose. Here n denotes surface nanoparticle density, and 7
represents the average radius of surface nanoparticles. As shown
in Fig. 5d, both drpg and Sparticie decreased with increasing 10 keV
Ni irradiation, suggesting that the total active sites for OER must
decrease. Thus, due to these two competing effects of Ni irradia-
tion on OER activity (i.e., an increase in the intrinsic activity but a
decrease in total active sites), we expect the optimal catalytic
activity will occur at an intermediate irradiation dose.
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In accordance with our hypothesis, we found that the 10 keV
Ni irradiation has a non-monotonic effect on STF’s OER activ-
ity. First, while the thermally exsolved STF film shows negligi-
ble OER activity, 1 x 10" em 2 10 keV Ni irradiated STF shows
considerably improved OER performance (Fig. 5d). Secondly,
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while low doses of Ni irradiation are beneficial for OER, we
found that increasing the 10 keV Ni dose from 1 x 10" to
5 x 10" cm™? decreases the OER activity (Fig. 5d). These
findings show that by properly choosing the ion irradiation
dose, irradiation-modified exsolution can have superior
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Irradiation on different materials systems and local control of exsolution. (a) and (b) AFM images showing the surface morphology evolution of

CZO and YSZ upon 10 keV Ni irradiation (800 °C, 1 x 10 cm™2). (c) To realize spatial control of exsolution, 150 keV Cu beams of different doses were
used to irradiate different regions of one LSF sample. (d) Low magnification SEM image showing the spatially controlled ion irradiation on the LSF film.
(e)—(h) High magnification SEM images showing the irradiation-enabled local control of exsolution on LSF. The inset plots in (g-h) highlight the ultrasmall
nanoparticles produced by ion irradiation. (i) and (j) Comparison of the (i) particle densities and (j) average particle radii from different regions of the LSF
surface, as a function of irradiation doses. The dashed lines represent the properties of thermally exsolved nanoparticles on polycrystalline LSF surfaces,

adapted from ref. 23.
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electrocatalytic performance than conventional thermal
exsolution.

Irradiation on different materials systems and local control of
exsolution

To demonstrate the generality of using irradiation to tailor
exsolution, we continued to test this method on binary oxides.
In particular, we employed 10 keV Ni beams to irradiate (111)-
oriented Ceg 5Zr550, (CZO) thin films and yttria-stabilized
zirconia (YSZ) single crystals. The surface morphologies of
CZO and YSZ after 10 keV Ni irradiation are shown in Fig. 6a
and b. As illustrated, while the as-prepared surfaces are smooth
(Fig. S21, ESIY), well-dispersed nanoparticles can be found on
the surface of both materials after Ni irradiation. As a control
experiment, no particles can be observed on the thermally
reduced samples without irradiation (Fig. S22, ESIt), which
confirms that the surface nanoparticles are induced by Ni
irradiation. Along with Ni irradiation, metallic Ni (Ni®) species
started to appear on the surface (Fig. S23, ESIT). Meanwhile, no
apparent surface segregation of Ce or Zr has been observed in
the CZO film after Ni irradiation (Fig. S24, ESIt). These findings
collectively suggest the observed surface nanoparticles are
metallic Ni. To examine the catalytic activity evolution of binary
oxides upon Ni irradiation, we conducted electrical conductiv-
ity relaxation (ECR) measurements®® on the CZO films before
and after Ni irradiation at 400 °C in H,/H,O atmospheres
(Fig. S25 and S26, ESIt). As a result, we found that Ni irradia-
tion increased the surface exchange kinetics of CZO toward
H,O splitting by four times at 400 °C (Fig. S27, ESIf). The
observed irradiation-enhanced nanoparticle exsolution and
(electro)catalysis on both perovskite and binary oxides thus
prove that ion irradiation can be utilized to promote exsolution
in a wide range of oxides to enhance their catalytic activities.

Finally, we show spatially controlled ion irradiation can be
employed to tailor the local exsolution properties within a
single sample. Since point defects can serve as the preferential
nucleation sites for nanoparticle exsolution,®® we hypothesize
that we can effectively tailor the local density of exsolved
nanoparticles by tailoring the local point defect density with
irradiation. To test this hypothesis, we varied the irradiation
dose on four different regions of the (001)-oriented Lag ¢St 4-
FeO; (LSF) film (Fig. 6¢). The different irradiation doses in
these four different regions can be clearly visualized in SEM
imaging (Fig. 6d). In particular, we chose the 150 keV Cu beam
to exclude the implantation effect, as high-energy ions do not
stop in the LSF film (Fig. 1d) but implant into the substrate. To
further exclude the ion sputtering effect, we irradiated the LSF
film prior to the thermal reduction treatment (see Methods).
Therefore, by adopting the aforementioned experimental pro-
cedure, we can exclusively examine the effect of irradiation-
induced defects on metal nanoparticle exsolution.

After thermal reduction treatment, the surface morpholo-
gies from the four differently irradiated regions within the
same LSF sample are shown in Fig. 6e-h. As illustrated, the
regions with higher irradiation doses have higher particle
densities (Fig. 6i) and smaller particle sizes (Fig. 6j). In

This journal is © The Royal Society of Chemistry 2023
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particular, on the highly irradiated area, ultrafine nanoparticles
(~3 nm radius) started to appear on the surface (highlighted
with insets in Fig. 6g and h). The appearance of these ultrafine
nanoparticles clearly indicates that irradiation-induced surface
defects result in additional nucleation pathways during exsolu-
tion. The reason that we have observed radiation dependence of
size and density on LSF but not on STF (Fig. 2) is that here we
adopted a slower ramping rate (5 °C min~* vs. 200 °C min )
and a lower temperature (650 °C vs. 800 °C) to trigger exsolution
on LSF. As a result, the nucleation rate from thermal exsolution
is much reduced for the LSF experiments (Fig. 6), thus allowing
us to observe the irradiation-facilitated nanoparticle nucleation
better.

Currently, the precise nature of the defect structure respon-
sible for enhancing exsolution remains unclear. In our previous
study, we have identified surface oxygen vacancy pairs as the
preferential nucleation sites for metal exsolution on single-
crystalline, (001)-oriented LSF.** Given that earlier finding, we
expect that critical defects for nucleation of exsolution in this
study, too, are linked to oxygen vacancies. This is likely the
case, also because oxygen atoms have a lower threshold dis-
placement energy in comparison to metal cations,®’ making
oxygen anions more susceptible to displacement and subse-
quent oxygen vacancy defect formation upon irradiation.
Future studies are needed to describe the atomic structure of
the irradiation-induced defects in these oxides.

The findings described above prove that irradiation-induced
near-surface defects can promote and tailor nanoparticle
nucleation on the LSF surface during exsolution. Moreover,
this proof-of-concept demonstration of using spatially con-
trolled ion irradiation also opens new avenues for spatial
control of nanoparticles. Using a micro-fabricated shadow
mask or focused ion beam irradiation, we expect to leverage
ion irradiation to realize much finer spatial control of nano-
particle exsolution for precise nano-architecture.

Conclusion

In summary, we present a multi-faceted, oxide-independent
approach to tailor metal nanoparticle exsolution for controlla-
ble synthesis of nanocatalysts and functional oxide nanocom-
posites. Using binary (CZO and YSZ) and perovskite (STF and
LSF) oxide thin films as model systems, we show ion irradiation
can effectively tailor the size, density, composition, and loca-
tion of exsolved nanoparticles. First, ion sputtering can con-
trollably reduce the size of surface exsolved nanoparticles down
to 2 nm, which are among the smallest values reported in the
literature thus far. Second, implanted metal ions can tailor the
composition of nanoparticles exsolved both at the surface and
in the bulk, providing a convenient and direct way to synthesize
exsolved nanoparticles with alloyed compositions. Third,
irradiation-induced lattice defects can catalyze the nucleation
of nanoparticles, and this enables controlling the density and
location of exsolved nanoparticles at specific sample locations
using ion irradiation. As a result, the nanostructures from
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irradiation-assisted exsolution exhibited superior electrocataly-
tic activities toward water-splitting reactions than their counter-
parts prepared by conventional exsolution methods. Since ion
irradiation is an external stimulus, one can apply this method
to tailor exsolution in diverse materials, and not limited to a
particular set of oxide hosts. Moreover, besides tandem accel-
erators, one can exploit other types of ion sources (such as ion
implanter*>®* and focused ion beams®*) for practical applica-
tions and realize higher spatial resolution. Irradiation-assisted
exsolution provides an effective and general platform to fabri-
cate nanostructures with controlled size, composition and
distribution, which can benefit a broad range of applications
such as (electro)catalysis, nanophotonics, and electronic
devices.

Methods

Sample preparation

30 nm SrTiy e5Fe(.3503 (STF) film was deposited using Pulsed
Laser Deposition (PLD) with a KrF (/1 = 248 nm) excimer laser.
The STF thin films were grown onto 10 mm x 5 mm x 0.5 mm
0.7% Nb-doped SrTiO;(001) single crystal substrates (MTI Cor-
poration, 1-side polished). During the deposition, the backside
substrate temperature was kept at 815 °C (which approximately
corresponds to 600 °C surface temperature) in an oxygen
pressure of 0.5 mTorr. The orientation and thickness of the
STF film are confirmed via X-ray diffraction and reflectometry
measurements (Fig. S28, ESIT). The surface morphology of the
as-prepared STF film is characterized with atomic force micro-
scopy (AFM), which shows a root mean square surface rough-
ness of 0.1 nm (Fig. S29, ESIT). 30 nm Ce, 5Zr, 50, (CZO) films
were grown onto 10 mm x 5 mm x 0.5 mm yttria-stabilized
zirconia (YSZ) (111) single crystal substrates (MTI Corporation,
1-side polished) with PLD. Prior to the PLD deposition, the YSZ
(111) single crystal substrates were annealed in Ar at 1250 °C for
12 hours, which results in atomic-flat surfaces (Fig. S18, ESIT).
During deposition, the backside substrate temperature was
kept at 750 °C (which approximately corresponds to 550 °C
surface temperature) in an oxygen pressure of 20 mTorr. The
X-ray diffraction results for the CZO films are shown in Fig. S30
(ESIT). 20 nm Lag ¢Sty 4FeO3 (LSF) film was grown on 10 mm X
10 mm x 0.5 mm 0.7% Nb-doped SrTiO; (001) single crystal
substrates (MTI Corporation, 1-side polished) using PLD
(Fig. S31, ESIt). During deposition, the backside substrate
temperature was kept at 850 °C (which approximately corre-
sponds to 650 °C surface temperature) in an oxygen pressure
of 20 mTorr. More detailed characterizations of the epitaxial
thin films can be found in our previous studies (STF,*'
CZ0,%*** and LSF®).

In situ ion irradiation during metal nanoparticle exsolution

10 keV Ni~ and 150 keV Ni' beams were generated with a
tandem accelerator at the Cambridge Laboratory for
Accelerator-based Surface Science (CLASS). The opposite charge
states of ion beams are due to the different accelerating
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methods (Fig. S32, ESIT). For simplicity, in this paper, we do
not distinguish the charge states, but use the term Ni beam to
refer to both Ni" and Ni~. For each irradiation experiment, the
main chamber was first pumped down to 10 °Torr at room
temperature. The sample was then heated to 800 °C at a ramp
rate of ~200 °C per minute (Fig. S6, ESIt). The rapid heating
ensures that a majority (~90%, see Fig. S7, ESIf) of nano-
particles were exsolved during the irradiation/annealing step,
which enables ion irradiation to dynamically tailor materials’
exsolution process (e.g., particle nucleation and growth®?).
The high-temperature irradiation also helps avoid sample
amorphization.®® During the experiment, the incident ion
beam was roughly parallel to the surface normal (i.e., roughly
along the [001] direction in STF, and the [111] direction in CZO
and YSZ). A large aperture size (diameter = 8 mm, which is
comparable to the sample geometry) was used in order to
achieve a uniform irradiation dose distribution across the
entire surface. During the entirety of the experiments, the
pressure of the main chamber was actively maintained to be
around 10 ° Torr. After the irradiation, the sample was natu-
rally cooled in the same environment to 100 °C before it was
taken out of the chamber. The Ni dose of each sample was
controlled by adjusting the beam current, while keeping the
1 hour irradiation/annealing time fixed. For the control experi-
ment, we prepared a thermally exsolved STF film using the
exact same thermal treatment, just without ion beam irradia-
tion. No discernible surface damage can be observed by AFM on
the sample surface after Ni irradiation (Fig. S33, ESIY).

Spatially controlled ion irradiation and exsolution

150 keV Cu" beams from the CLASS tandem accelerator were
employed for room-temperature irradiation. During the experi-
ment, the incident ion beam was roughly parallel to the surface
normal (i.e., roughly along the [001] direction in LSF). A shadow
mask was employed to realize spatially controlled ion irradia-
tion (Fig. S34, ESIT). The aperture diameter was set to be 8 mm
to ensure uniform irradiation within the irradiated region.
During the entirety of the experiments, the pressure of the
main chamber was actively maintained to be around 10> Torr.
After irradiation, the sample was reduced in 200 sccm 3% H,/
N, at 650 °C for 5 hours to trigger exsolution, with a ramp rate

of 5 °C min~*.

Stopping and range of ions in matter (SRIM) simulation

In this study, we used SRIM-2013 software®” to simulate the
ion-matter interactions between the Ni beam and STF. We used
a very similar composition, SrTiO; (STO), in the simulation,
instead of SrTiy gsFeq 3503 (STF). This is because STO has well-
established threshold displacement energies,®" which are the
most critical input parameters in the SRIM simulation. In the
modeling, 10 keV and 150 keV Ni ions were set to bombard the
stoichiometric SrTiO; (density: 4.81 g cm °) at normal inci-
dence, which is in accordance with the experimental setup. A
total of 10° ions were simulated using the “monolayer collision
step/surface sputtering” option. The threshold displacement
energies (Eq) for Sr, Ti, and O were set to be 53.5, 65, and

This journal is © The Royal Society of Chemistry 2023
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35.7 eV, respectively. The displacement energies were chosen
based on the previous molecular dynamics simulations.®!

Soft X-ray absorption spectroscopy (XAS)

Ex situ total electron yield (TEY) mode and partial fluorescence
yield (PFY) mode soft XAS measurements were performed at the
I0S (23-ID-2) beamline of the National Synchrotron Light
Source II (NSLS-II) at Brookhaven National Laboratory. Previous
studies have shown that the electron sampling depth in the
TEY-XAS measurements is smaller than ~5 nm.®” Therefore,
the electronic structure revealed by TEY-XAS in this work
should directly reflect the near-surface chemistry of the STF
film. On the other hand, PFY mode has a much larger probing
depth (on the order of 100 nm), which can therefore reveal the
sub-surface chemistry in the irradiated STF film.

Grazing incidence diffraction (GID)

Ex situ GID experiments were carried out at beamline 33-ID at
the Advanced Photon Source, Argonne National Laboratory. A
photon energy of 15.5 keV was used, which corresponds to a
wavelength of 0.79987 A. To obtain the signal solely from the
top few nanometers of the STF film, we conducted the GID
measurements at 0.06° incident angle, which is far below the
critical angle 0.16°, at which total reflection occurs (Fig. S35,
ESIt). As such, the GID measurements are highly sensitive to
the near-surface structures.

Transmission electron microscopy

Cross-sectional TEM samples of thin-film STF were prepared by
either Au” or Ga' focused ion beams (FIB) using Raith VELION
or FEI Helios 660 SEM/FIB, respectively. Prior to the FIB
procedure, 20 nm carbon was deposited on the STF film by
carbon evaporation with EMS QT150 ES to protect the surface
morphology. Scanning transmission electron microscope
(STEM) imaging and energy-dispersive X-ray spectroscopy
(EDS) were performed with a probe-corrected Thermo Fisher
Scientific Themis Z G3 Titan operated at 200 kv, with a
convergence semi-angle of 19.2 mrad. The collection angle for
HAADF-STEM images was 65-200 mrad.

Oxygen evolution reaction (OER) measurements

The OER measurements on thin-film samples were conducted
following the methods developed by Stevens et al.®® As shown in
Fig. S36 (ESIt), a tinned-copper wire (GoodFellow) was attached
to the backside of the Nb:SrTiO; substrate with silver paint (SPI
Supplies). Then, all the tinned copper, silver paint, and the
sample were covered in non-conductive and chemically inert
hot glue (Gorilla). The sample treatment described above
ensured that only the thin-film surfaces were actively exposed
to the electrolytes, which is critical for impurity free OER
analyses. All the OER tests were conducted in 1 M KOH
(Sigma-Aldrich, 99.99%) electrolytes using a standard three
electrode cell configuration. The carbon cloth (Engineered
Fibers Technology) and Hg/HgO (CH Instruments) were
employed as the counter and reference electrodes, respectively.
The following equation was used to convert the potential

This journal is © The Royal Society of Chemistry 2023
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against the Hg/HgO electrode versus the RHE, for 1 M KOH
electrolyte:

Es. rug = Eys. Hg/HgO +0.924V (1)

A scan rate of 10 mV s~ ' was employed for all the linear-scan
voltammetry (LSV) measurements. Ultrahigh purity O, (Airgas)
was purged into the electrolyte both prior to and during the
measurements to ensure O, saturation. Finally, the iR correc-
tion was determined by the high frequency AC impedance
measurements (Fig. S37, ESIf). The current densities were
normalized to the surface area of the exposed STF films.
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