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ABSTRACT: Exsolution generates stable and catalytically active metal nam@noparticie
particles via phase precipitation out of a host oxide. An ability to control the size™ > /
and dispersion of the exsolution particles is desirable for design of nanostructured |
(electro)catalysts. Here, we demonstrate that tuning point defects by lattice strain

a ects both the thermodynamics and the kinetics of irSnefEmolution on
Lay Sk 4FeQ; (LSF) thin Im model. By combininig situsurface charactel
ization andab initiodefect modeling, we show oxygen vacancy and Schottky
defects to be the primary point defects formed uf@xs$@ution. Lattice strain  point defect
tunes the formation energy, and thus the abundance of these defects, and alters
the amount and size of the resulting exsolution particles. In additiwhthves
the density of exsolved nanoparticles matches the concentration of oxygen

vacancy pairs, thus pointing to the surface oxygen vacancy pairs as preferential nucleation sites for exsolution. The tensile-stre
LSF with a facile formation of these critical point defects results in a Rigletale@ncentration, a larger density of nanoparticles,

and a reduced particle size at its surfaces. These results provide important mechanistic insights and highlight the role of point-de
engineering in designing nanostructured catalysts in energy and fuel conversion technologies.

Strain

INTRODUCTION be inevitabl&®® ** As a result, the current exsolution studies

typically report metal nanoparticles with tens of nanometers in
S%e. To establish a desired morphology of the exsolved
panoparticles, one has to be able to control the exsolution

Oxide-supported metal nandigées are key functional
components in a wide range of energy storage and conver
technologies. A recent advance in the design of materials fo . .
these applications is égsolvenetal nanoparticles that act as parameters, through the underlyl-ng mechanisms. .

Herein, we propose that an ability to control the point defect

catalysts for reactions of interest. In this process, catalyticall o A )
active transition metals amst substituted into the parent ?o¥mat|on in the host oxide is needed to tune exsolution, both

thermodynamically and kinetically. First, formation of oxygen

oxide under oxidizing conditions, and the metallic nang acancy and cation vacancy defects has been suagested as the
particles are then precipitated from the host matrix upoK Y lon v y u9g

reduction. Nishihata et al. initially demonstrated exsolution ﬁlementary processes in exsoltitiéhus, the ease to form

three-way catalyéisCompared to partcles prepared by & (SRR T VN PGS 2 L SOE T
deposition or impregnationthe exsolved nanoparticles are y )

partially embedded in the parent ofiddeir anchored example, an increased concentration of A-site vacancies and

structure makes the exsolved nanoparticles highly resistgﬁ¥gen vacancies in perovskite oxides JAB&S been

toward coarseniﬁﬁand helps maintain the particles in their gxgsgée;néour?('jsesfct:o%r?j?r?atee):jsg-itilt%nc: 6%3;'”&&32?' B-site
original position of nucleatidorin addition, the exsolved €SP Y.

particles are more resilient against cokimg can be Second, it is known that oxygen vacancies on oxide surfaces

redissolved into the host oxide upon oxidation at clevat&pn serve as preferential nucleation sites for supported metal

; hanoparticles, based on the increased binding energy of metal
temperatures for catalyst regenerdtidi.oday, the concept . )
of exsolution has been expanded to a number of oth&Iom clusters to such point defétts.Using the same

applications including solid oxide electrochemical®célls,
ceramic membrane reactdr$, chemical looping combus- Received: March 8, 2021
tion!” and photocatalysis.Due to the size-dependent Revised: May 26, 2021
performance of supported metal catdfystssolved nano-

particles with ever smaller sizes and higher densities are

desirable. Since exsolution often requires long-time reduction

at elevated temperatures, some coarsening of particles seems to
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Figure 1.Chemistry and structure of LSF prior to and upon exsolution. @afe @ Espectra collectad situin 0.5 Torr H under dierent

temperatures. Fp 8nd O Bspectra were collected at a photon energy of 420 and 860 eV, respectively. (b) Evolution bésndacedfion

and the normalized Gihtensity during exsolution. (c) Schematic representation of the point defect formation reactions in LSF during exsolution:
rst formation of oxygen vacancies, followed by the Schottky defects. (d) SEM images, (e) out-of-plane syriRBtpaterns, and (f) O

K-edge TEY-XAS measurement of the as-prepared (top), reduced (middle), and exsolved (bottom) LSF. The XRD scan is collected at th

pseudocubic (002) rection, where LSF and SrTi€lbstrate peaks are indicated with an arrow and an asterisk, respectively.

argument, we propose that oxygen vacancies can also increlasaent perovskite hosts! This complexity requires a
the nucleation density and rate of exsolution of particles andgethod to decouple point defect formation during reduction,
hence, increase the nanoparticle density and dispersion. from other compositional ects on exsolution. Keeping the
Establishing the connection between the microscopic poination compositionxed while altering the concentration and
defect formation and the macroscopic nanoparticle exsoluti@tability of point defects in the host oxide by exteslth is
however, is not trivial. Thest challenge is to isolate point desirable for this purpose. The second challenge is to identify
defect formation from other experimental parameters. Mo#te key defect structure that facilitates the nucleation of
studies, to date, focused on screeniegetlit host perovskite exsolving particles. Previous studies have calculated the B-site
oxides and derent metal cation dopants to examine thesegregation energy (as a metric for exsolution) as a function of
exsolution process as a function of defect conceritration. defect concentratiéi®? ** However, it remains unclear how
However, the large variety in the surveyed compositiotBe point defect type, structure, and distributiectathe
introduces the uncertainty that other factors may interfere, fparticle nucleation process in exsolution. As noted above,
example, the dérence in the solubility of a given metal in oxygen vacancies may play a role here, akin to their role in
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binding the supported metal nanoparti¢i€g.o address this  point defects in tailoring exsolution and engineering nano-
problem, one needs to develop a method to link the local poistructured catalysts.
defect chemistry and structure to the exsolution properties of
the host oxide. RESULTS AND DISCUSSION

In this work, we present an experimental and analysis Point Defect Reactions Prior to and at the Onset of
framework to tackle both of the challenges noted above. Vi&solution. We assessed the surface defect chemistry during
use biaxial lattice strain as an approach to tailor point defestsolution on the LSHm grown on SrTigj001) substrate
formation without changing the nominal cation composition afising NAP-XPS. The LSF thim was heated in 0.5 mbar of
the host oxide. Previous studies have shown that lattice strdiy H, during continuous gasw (Supplementary Notd.1
can change the concentraffoii, migration barriet, as well As shown ifrigure &, a feature at 51.5 eV in the psfctra
as the degree of orderfhgpf point defects in oxides. emerges at 35, which can be assigned to the metaflic Fe
Therefore, by tuning the formation energy (and thus thepecies Supplementary Note).ZThe intensity of this Fe
abundance) of the point defects in the host oxide with biaxi&pecies indicates the amount of Fe exsolution. Meanwhile, two
lattice strain, we can examine their impact on metallighanges in the normalized ® spectra arise during Fe
nanoparticle exsolution while keeping the nominal compogixsolution. First, the overall intensity of the normalized O 1
tion of the perovskite unchanged. To quantitatively interprépectra decreased upon heating,iatrosphere, indicating
the role of point defects, we developed a multiscale defeéd® increase in the oxygen nonstoichiometryin(
model by combining density functional theory (DFT)La&540s ) in the near-surface regiBn(XPS analysis
calculations and Monte Carlo (MC) simulations. We usedPproach is presented $upplementary Note)3Second,
the former to obtain the energetics associated with straifhen the LSF surface is being reduced, the oxygen species at
dependent point defect formation, as well as binding of metaP32 €V, which is usually assigned to the segregated SrO
atoms to point defects, and the latter to identify the criticaurface layer of the perovsrl_ﬂ?é,vamshes. A consistent
defect structures that facilitate nanoparticle nucleation. ~ OPservation regarding the disappearance of the surface Sr

To demonstrate this approach, we take epitaxiaiPECiesis present in the Sr 3d speStraplementary Notg. 4

; o The evolution of the surface® Eencentration, along with
Lay Sih.F€Q; (LSF) thin Ims as a model system, primarily X X ) ) L
due to its well-studied defect chemistry and the range &€ relative change in the normalized dténsity, is plotted

applications that use it as an electrocatdljserevious N Figure b, as a function of the reduction temperature. As
studies have demonstrated that upon reduction (botHIustrated,the surface chemical evolution during the exsolution
chemicalf?*! and electrochemicaffy** metallic iron process consists of two stages. First, when heating the sample
particles (F® can be exsolved from the LSF lattice. It js N Hz at a temperature below 3% the surface became more

known that exsolution can occur both at the surface and in tﬁgduped as IS featured by_ a decrease in trmlrm?r.lsny,
bulk of an oxid&*® Recentlyjn situtransmission electron consistent with the formation of oxygen vacancies near the

microscopy experiments have demonstrated that the me u]rface. Meanwhile, nd s present on the surface. In the
Py exp . cond stage, when the reduction temperature is higher than
nanoparticles nucleate directly at the surface of a perovsl%

xide at earlv st f exsoldtd&ince the nanoparticl °C, F& appeared at the surface, and its concentration
oxide at early stages of €xso ce the nanoparticles o556 was accompanied by a further decrease in the O 1s
being exsolved on the surface are of greater importance

Vs d el Vi f h ’ iﬁ’trensity. The absolute values of thesit&nsity change in
catalysis and electrocatalysis, we focus on the surfagg . b should be treated as only semiquantitative. This is
exsolution on LSF in this work.

o . . because exsolution introduces chemical and roughness
By quantifying surface defect states with near-ambieg{ tion on the surface, making it verycdt to nd a

pressure X-ray photoelectron spectroscopy (NAP-XPS), W8nstant surface species to normalize thes Gpectra.
identify the initial oxygen vacancy formation and the followingeyertheless, the quangition uncertainties do not impede
Schottky defect formation as the primary defect reactions prigfe  demonstration of the increase in the oxygen non-
to and during Fenanoparticle exsolution on LSF. MC stoichiometry during exsolution.

simulations, usirap initiodefect and binding energies, show Based on the NAP-XPS results, we show Fe metal
that oxygen vacancy pair concentration at the surface COffe'qiﬁa?cipitation can only occur beyond a certain threshold of
well with the experimentally found nanoparticle concentratiopeduction. We can thus ascribe two types of point defect
and thus, these defect pairs could serve as nucleation sitesé@ictions being involved in the exsolution process (schemati-
the exsolved Feanoparticles. DFT calculations alsoroon cally shown iffigure ). In the rst step, which we call mild

the oxygen vacancy pairs to be a more favorable binding siuction, the oxidized perovskite releases lattice oxygen (seen
for Fe adatoms and Fe dimers, compared to isolated oxygg the decrease in @ dignal), forming oxygen vacancies,
vacancy. Then, by tuning the formation of oxygen vacancy anithout reaching its critical decomposition nonstoichiometry.
Schottky defects in the LSF thims with lattice strain, while  This step is prior to metal precipitation and can be expressed
keeping all other experimental parameters unchanged, iweKroger Vink notation” as

unequivocally demonstrate the capability to tailor nanoparticle of V& 2

exsolution via point defect control. As a result, the LSF surface™© o &  Qu @)

with the most enhanced point defect formation under tensilghere @, V35, e, and Q,,, denote a neutral lattice oxygen, a
strain had the highest’Fencentration, the largest particle doubly positive-charged oxygen vacancy, an electron, and an
density, as well as theest particle size. The strain-medi  oxygen atom in the gas phase, respectively. Depending on the
point defect formation model here can also reconcile theeducing agent, @ can be present in the form ofatent
inconsistent strain dependencies that have been reported fioolecules such as, ®1,0, and CQ.

exsolution on derent perovskite oxides (discussed Inthe second step, which involves metal phase precipitation,
below)?"*® Our results highlight the fundamental role of metallic Fe species form together with the oxygen release (as
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Figure 2.Atomic structure and chemical nature of the exsolved nanoparticles. (a) SEM image (scale bar: 200 nmijnoféer beig

reduced in 200 sccm 3%/Mi, at 650°C for 5 h. (b) Low magn¢ation high-angle annular daekd (HAADF) STEM cross-sectional image

(scale bar: 10 nm) of the same sample as in (a), together with the corresponding elemental maps obtained by EDX. (c) High-resolution HAADI
image (scale bar: 2 nm) of the region highlighted in (b). Note that the exsolved particle is partially embedded in time &isd-firims a

coherent particle/oxide interface.

revealed by the NAP-XPS measuremériginme b). Upon during the mild reduction step, the out-of-plane lattice
su cient reduction, this leads to the nucleation of metaparameter increased by 0.69.1%) compared to the as-
nanoparticles. This step is associated with oxygen release prgghared one. This chemical expansion is induced by oxygen

metal precipitation, resulting in the formation\ef3/5 vacancy formatioiand similar lattice expansion as a result of

Schottky defects within the lattice oxygen release has also been reported for LSF péwders.
. . According to the bulk chemical expansion aest;° the

P+ 3¢, ¥+ 2Fer E+  3Q @) 0.6% lattice expansion corresponds to an increase of 0.3 in

prior to the onset of exsolutioBupplementary Note).3

where Fg, Vi, and F denote a neutral Fe site, a triply While a quantitative comparison between NAP-XPS and XRD

negatively charged Fe vaganand Fe metal species, . : . :
respectively. We recognize that Schottky defects can incly not possible due to the efent probing depths and

X ; : erimental conditions, both technigues consistently point to
A-site vacancies as well, but we do not have evidence to th se increase in in the LSF lattice during the prereduction
defects that would result in the formation of La or S 9 P

precipitation under these conditions. As presenfédtire step. The formation of oxygen vacancies during this step is also
S6 the La 4 and Sr @ XPS spectra remained unchangedcon rmed by total electron yield mode X-ray absorption
during the experiment. As such, we only considered Fe an ectroscopy (TEY-XAS). In the as-prepared LSF, the pre-
vacancies as a part of the Schottky defect formation proceidgde band is clearly visible in thi-@dge igure 1). This
Meanwhile, we are aware that several intermediate steps fRgjuré is assigned to an empty state in the oxygen
take place in exsolution so thét dees not necessarily form molecular orblt%I i.e., the electrc_m hole charge compensating
directly from F%. For example, Eecan be rst reduced into  the St doping” Upon reduction, the pre-edge feature
F&* and precipitate as iron oxide prior t@ feemation. completely va_nl_shes, |nd|cat|ng that the hole ‘concentration
Nevertheless, since the goalRis to describe the overall becomes negligible due to the increased oxygeendg in
thermodynamic driving force instead of microkinetics, we ke®F.~ . _ _ _
the current format for clarity and simplicity. During the second step, involving more signi reduction

We further demonstrate the role of these two defeckfter heating the sample to 6@ in 80 mTorr H, the
reactions in exsolution, with a coupled chemical, morph¢articles started to appear on the surface, as segrénd.
logical, and structural characterization of the LSHrthifio Since there is metal precipitation at this step, this has to be
begin with, we reduce the LR at 400°C in ultrahigh associated with Schottky defect formation within the latfice (
vacuum (UHV) to mildly reduce the sample. As illustrated ir2). Nevertheless, no apparent lattice volume change could be
Figure &l f, although no particles appeared on the surfacdetected with the XRD measurement during this step, as
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Figure 3.Tuning point defect formation in the LSF thims with biaxial lattice strain. (a) Schematic representation depicting the sample
geometry, where biaxial lattice strain is introduced by heteroepitaxy. The number of lines indicates the range of in-plane strains achieved in L
Here, the tensile strain is denoted as positive, and compressive strain as negative. (b) X-ray RSM aboetction(@D8dherently strained

LSF thin Ims, collected after the exsolution test. Notdrthpeaks are directly below or above that of the substrataicgmdentical in-plane

lattice constants and that the epitaxy is preserved after this exsolution process. (c) Change in the defect formation energy for the oxygen vaca
iron vacancy, and the Schottky defect versus biaxial lattice strain. The data points are calculated by DFT, while the lines repregent the parabolic
The zero reference point corresponds to the unstrained state. Note that tensile strain facilitates the formation of both the oxygen vacancy and
Schottky defect. (d) Calculated defect formation enegggriie at the nominal strain values of tleatitly strained LSHms. The unit cell

used in the DFT calculation is describegipplementary Note 7

indicated by the dashed ling=igure &. This may arise from The structure and chemical composition of the exsolved
two possible scenarios: counteraction of cation and anigranoparticles were further investigated by aberration-corrected
vacancy formation on the lattice volume, as cation vacanci&&nning tran_smlss]on electron microscopy (STEM) iImaging
contract the lattice while oxygen vacancies exp&taitd a and energy-dlsperswe X-ray spectroscopy (EDX). To faC|I|t'ate
nonuniform distribution of Schottky defects that imeaito € STE(';" gpem(rjnen prhepargtlon, large exlsol(\j/e_d nar;]oparr]tlcles
the near-surface region underusion-limited conditions are needed, and so t eo il waso exsolved In a hars
" . reducing environment (3%/N ,, 650°C, seeMethodsfor

(Supplementary Note).5In addition, we did not observe . : X .
di i ks allic i 4 LaSrFeoth details) prior to STEM. As a result, the nanoparticles in the

I raction peaks for metaflic iron and Lasy € STEM imaging were larger than the other nanoparticles
exsolved LSFIm the t\NS%SShaI’aCteI’IStIC phases for fully nresented in this work, which were imaged right after the
decomposed LSF thitms™>" These observations indicate exsolution onset. The planar and cross-sectional views of the
that the LSFIms investigated in this work were at early stagesxsolved LSFIm are presented ifigure a,b, respectively.
of surface exsolution, prior to bulk metal precipitationVhile exsolution can occur both at the surface and in the bulk
(decomposition§” of the host oxid&*° only surface exsolution was observed in
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Figure 4.Comparison of Beexsolution on the LSF thitms with strain-modulated point defect formation. (a) ComparisosinfFe 3

spectra at 400C in 0.5 mbar K where the LSHm under tensile strain (LSF/KTO) demonstrated the largtitdtere. (bEx SituAFM

images showing the surface morphology after exsolution (scale bar: 100 nm), together with histograms of the (c) equivalent disk radius and (
average height of the nanoparticles on the surface. From in-plane compression to tension, there is a clear decrease in both height and radius ¢
surface particles. (e) Surfackdemcentration and particle density on therditly strained LSF thitms after exsolution. LSFEns under

tensile strain demonstrated the highest particle density as well as the fhegetsie[Barface upon exsolution.

this study. Assuming that the Fe vacancies are uniformdyalysis Supplementary Note),1we expect the surface
distributed in the entirdm, the nanoparticles showirigure nanoparticles to be initially exsolved as metallic iron nano-
2a correspond to only aboutl% Fe vacancy in LSF. In particles. However, the surface particles were Ointizzid
addition, the particles are partially embedded into the LS#uring the STEM sample preparation, which explains the iron
surface. As discussed in théroduction section, this  Oxide observed in the STEM characterization instead of
“anchoret structure is a typical characteristic of exsolvednetallic iron. This observation highlights the importance of
nanoparticlésThe elemental mapping reveals that the surfacBMPloyingn situcharacterization tools such as NAP-XPS to
nanoparticle is composed of Fe and O. Remarkably, Hyestigate the exsolution process. _

indicated by the red dashed lineFigure 2, the exsolved Tuning Exsolution with Strain-Modi_ed Point Defect
nanoparticle formed a coherent interface with its parent oxic@?rmaé'osn'hThE %bc;ven’]:entlor!ed resultﬁ demon;trate th_at
The highlighted atomic spacing of the particle represeshts the dgfeacr; re;ct%;é QSeleafr: d%rrcvar::grqst;;g t I:Ct(\;vo rFi)onrn:grgnp domt
spacing of the (220) planes of@g(space groupd3m), : b P

: ; during exsolution, respectively. As a result, the ease to form
which demonstrates the (22Q) (220)q,q crystalline  {hese two defects in the oxide lattice thermodynamically

orientation relation at the interface. Based orintrsitu determines the onset of exsolution. In this section, we
NAP-XPS characterizatioRigure ) and thermodynamics demonstrate the capability to taildt €esolution on LSF by
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tuning the formation energy of these two defects with a biaxidlO. In other words, tensile strain could facilitate both the
lattice strain. prereduction reactioreq 1) and the Schottky reactioaq( 9,

As sketched iRigure &, the lattice strain is introduced by i.e., the two essential steps of exsolution in thdrhSFAs a
growing the LSHms epitaxially onto the three (001)-oriented result, we would expect the tensile-strained LSF/KTO sample
perovskite-type single crystal substrates wétenli lattice  to exhibit the most enhanced exsolution among the three LSF
parameters: LasSh sAlysol 89403 (LSAT), SITiQ (STO), samples.
and KTaQ (KTO). These three LSHms are denoted with To test this hypothesis, we compared the exsolution
LSF/LSAT, LSF/STO, and LSF/KTO, respectively. The in-behavior of the three @rently strained LSF thinms.
plane lattice strainof the LSF Ims is dened as Since LSF is expected to completely decompose over time in

pure H, we did not focus on the equilibrated state of these
_a Ims. Instead, we compared the surface chemistry and
N (3) morphology of thesdms consistently after 0.5 h reduction

in 0.5 mbar Hat 400°C. As shown iBupplementary Note 8
wherea, represents the strain-free lattice parameter,aand the as-prepared drently strained LSHms have similar
indicates the change in lattice parameter due to substraterface cation chemistry and morphology. After Fe exsolution,
clamping. To verify thelm epitaxy during the exsolution a clear strain-dependent surface morphology and chemistry
experiment, X-ray daction reciprocal space maps (RSMs)were observed on these samptesi(e 3 Consistent with
were collected after Fe exsolution. As depicteédure B, our computational predictions, the tensile-strained LSF/KTO
the Im peaks are directly below or above that of the substratggample exhibited the most enhanced exsolution outcome. First,
meaning that the LSF thilms maintained identical in-plane in situ Fe 3 spectra resct an increase in the surface
lattice parameters as that of the substrates even afgancentration of metallic iron fFgom in-plane compression
exsolution. The RSM measurement, thus.esethat the  to tension Figure &). Second, strain-dependent morphology
LSF Ims were coherently strained during the entire exsolutiomas also observed on the same sarfjdesg 4). To better
process. As discussedSimpplementary Notg ¢the strains  visualize the dérence in the morphology, histograms of the
introduced by lattice clampireg)(3 are much larger than the equivalent disk radius as well as average height of these
thermal strains during exsolution. As a result, the overall elastanoparticles were generated from the images and are
strain for the three samples at the exsolution condition (40@resented inFigure 4,d. As illustrated, the mode value
°C) is expected to bel.34% (LSF/LSAT), 0.34% (LSF/ (Figure @) of the equivalent particle radius decreases from
STO), and +1.66% (LSF/KTO). Therefore, the three samplesompressive to tensile strain: while the particles on the surface
used in this work clearly represent the U8B with three  of LSF/LSAT have a mode radius df0 nm, LSF/KTO
di erent strain states during exsolution: compressive, neagigneratedner particles with a mode radius of around 4 nm.
stress-free, and tensilefor LSF/LSAT, LSF/STO, and LSFsimilar trends can also be observed for the average particle
KTO, respectively. height Eigure d), which also decreases with the increase in

To illustrate how the point defect formation energy in LSF ithe tensile strain.
modulated by the biaxial lattice strain, we used DFT to Please note that due to the particle oxidation by the
calculate the defect formation energy in LSF as a function afmosphereRjgure 2, the ex situatomic force microscopy
lattice strain. A slightly @rent composition (k&g Fe0;) (AFM) results shown ifrigure 4may overestimate the real
was chosen in the DFT calculation to reduce the size of thparticle size. In addition, due to the tip convolutieots*
simulation cell and minimize the calculation time neededhe apparent topography in AFM scans can flom the real
Consistent with experimental samples, the cell is strained jFarticle morphology. In particular, the particles on the LSF/
plane and fully relaxed in the out-of-plane directiorKTO surface are approaching the AFM resolutiorP?limit
(Supplementary Note).7As a result of these calculations, (Supplementary Note).9Nevertheless, by comparing the
we nd that oxygen vacancy formation in thke22x 2 LSF AFM resolution limit with the mode particle size and by
unit cell expands the lattice 826, while an Fe vacancy alone examining the surface morphology witkrdnt AFM tips, we
contracts the lattice by2%. Consistent with their volume can safely exclude artifacts being responsible for the observed
change, the formation energies of these two defects beh&nemds. As an additional support, we observed similar strain-
oppositely under strain. As showRigure 8, tensile strains dependent exsolution in LSF when reducing the Ithin-
reduce the formation energygf but increase the formation samples in a UHV chamber at higher temperatures
energies fokg, Assuming noninteracting defects assta (Supplementary Note )10
order approximation, we estimate the strain dependency of theAs summarized irfrigure 4, these ndings clearly
formation of the \2+3Vy Schottky defect (céq 2 by a demonstrate that, even with the same bulk cation chemistry
linear combination of the individ¥@ andVg. As a result, and the same reduction conditions, tuning point defect
the formation energy of theVz23Vg Schottky defect formation of LSF can sigoantly modulate its exsolution
decreases under tensile strain; thus, tensile strain makesehavior. That is, we expect the tensile-strained LSF to have
easier to form and stabilize this type of defect that triggetse highest surface °Feoncentration, the largest particle
exsolution of metal precipitates. density, as well as theest particle size after exsolution. It

Figure 8 compares the relative change in the defecshould also be noted that, although the surface catalytic activity
formation energy at the nominal strain values of the LSFif these strainedms was not examined in this work, this can
LSAT, LSF/STO, and LSF/KTOIms. Here, the zero be inferred from the previous work. First, it has been
reference point corresponds to the unstrained state amtémonstrated that the surface catalytic activity of LSF
negative E values indicate favorable defect formation. Théncreases with surface|Rehen LSF was used as a cathode
formation energy of botfj and the ¥ +3V5 Schottky for H,O splitting>® Moreover, it is also known from other
defect decreases from LSF/LSAT to LSF/STO and to LSF£tatalytic studies that smaller metal nanoparticles increase the
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Figure 5.Correlation of Fenanoparticle exsolution wit§j pair formation. (a) AFM images of an atomicatly.SF(001) thinIm before and

after exsolution (same samplegrdint imaging spots). The arrows indicate the locations of the atomic steps. Scale bars: 200 nm. (b) lllustration of
the defect model for the LSF(001) oxygen sublatticasThed G sites are colored by orange and gray in the 2D cubic lattice, respectively.

Two Vg sites are considered to be in the same defect complex if they are nearest neighbors in a vacancy cluster. (c) Calculated surface densitie
the isolated , Vg pairs, an¥g clusters on the LSF(001) surface at 400 antib&8 a function of totel; concentration taken as a variable at

the surface. The solid lines are obtained with a neighl§prikg interaction energy of 0.3 eV, while the shaded region indicates the uncertainty

in the defect modeling, which is calculated by changing the interaction er@dgg\WyThe scattered data points represent the experimentally
observed iron particle densitfFigures i and 5a. Note that the exsolvebirmoparticle densities fall well within the range of the computed
surface/s pair density.

rate of various chemical reactions either by increasing thebe obtained in the lattice prior to the onset of exsolution. As
e ective surface area per volume or by increasing the intrinsicesult, oxygen vacancy and Schottky defect should be the two
reactivity of the catalyst material itséff’ Therefore, with ~ fundamental point defects that determine the thermodynamics
the highest [P and smallest particle size on LSF/KTO, we for exsolution, not the B-site vacancy alone. This point can be
anticipate the tensile-strained LSF to have the highest surféggher supported by our observations f8refsolution in

catalytic activity. LSF: while the formation of Fe vacancy is more favorable
Discussion on Strain Dependencies of Nanopatrticle under lattice compressidriqure 8), the overall exsolution
Exsolution. Prior to this work, there have been @ximg phenomenon was boosted with lattice tensigure 4and

reports regarding the dependence of exsolution on strain $upplementary Note )L0As both Co vacancy and oxygen
perovskite oxides. For example, Kim “%étraported tensile  vacancy formation are easier in STC under tensilé sivain,
strain to promote Co exsolution in $5I1a; ,405 (STC). On can infer that tensile strain facilitates both the prereduction
the contrary, Han et &l.reported that compressive strain reaction éq 1) and the Schottky reactioaq 2 in STC, too.
facilitated Ni exsolution in 8% ;TigdNigOs; (LSTN). This explains the enhanced exsolution of Co on tensile-
These studies suggest that the strain dependency can dtmined STC, similar to the LSF case reported in this work.
system-dependent and the underlying mechanism still needs télowever, Han et a.work on LSTN, which shows more
be explored and discussed. As will be elaborated below, thessolution under compressive strain, does not explicitly
seemingly contradictory observations can be reconciled withionsider the role of any point deféttslevertheless, we
the framework proposed in this work in terms of point defeatan estimate the strain dependency of point defects and the
formation. resulting exsolution in that material system, too, based on
In the work by Kim et &l/,the authors interpret the strain defect formation volume and strain energy. Since a point defect
dependence of exsolution based solely on the Co (B sitérmation can result in lattice expansion or contractios,
vacancy formation that becomes easier under tensile straimerall lattice volume often changes after the exsolution
Their analysis misses a key step in exsolution; that is, theaction Supplementary Note)lConversely, the expanded/
reduction in the lattice itself. While Co vacancy formation is eontracted lattice volume imposed facilitates or impedes the
part of the process, it is not the only, and certainly nasthe  formation of point defectsThus, we expect that introducing
defect to be involved. Critically, one has to also consider tlensile strain to the host oxide facilitates the formation of the
reduction of the metal cations in the oxide via oxygen vacandgfect(s) formed upon exsolution, if that oxide lattice expands
formation. This is because B-site vacancies do not foraiter exsolution, and vice versa. For the case of LSF, lattice
independently in the host oxide during exsolution but ratherxpands during exsolutioRigure &) so that applying a
form together with oxygen vacancies as Schottky defetgnsile strain to this material facilitates the formation of both
Moreover, a threshold of oxygen nonstoichiometry also neealsygen vacancies and Schottky defects and results in more

H https://doi.org/10.1021/acs.chemmater.1c00821
Chem. MaterXXXX, XXX, XX¥XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00821/suppl_file/cm1c00821_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00821/suppl_file/cm1c00821_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00821?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00821?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00821?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00821?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c00821?rel=cite-as&ref=PDF&jav=VoR

Chemistry of Materials pubs.acs.orglcm

Figure 6.E ect of oxygen vacancy on adsorption of Fe atoms.adichEes. (a and b) Fe and,F#mer structures on (a) isolateégd sites

(1Vo), and (b) Vg pair (2/p) sites of the Fe@terminated LSF(100) surface. (c) Comparison of the Fe adsorptiadsdtetion, and Fe
dimerization energies on isolat8dandVy pairs. The energy @drences (Di) for these two types of adsorption sites are summarized at the
bottom of each panel. As illustrated, all three processes are more fagpnegirarcompared to on the isola¥%d

facile exsolution. However, the LSTN lattice contracted aft&e exsolution. Thelm was exsolved by thermal reduction in

Ni exsolution in Has work® indicating that the point defects the UHV chamber (base pressure 2 fithar), where the Fe

involved in the exsolution reaction contract the lattice. Baseasolution was camed within situlab-based XPS. Tha

on the above thoughts, we thus expect compressive strainsttu AFM images of the LSF surfaces before and after

facilitate Ni exsolution in LSTN, which is consistent with theexsolution are shown Kgure a. As illustrated, the as-
nding in ref48 prepared LSF thinm has at terraces that are separated by
Therefore, we can reconcile all these works, LSF in thisonolayer atomic stepSupplementary Note )12After

report and LSTN and STC in réf§and48 by considering  heating the LSF sample to 6%D in UHV, nanoparticles

the coupling of point defects involved in exsolution to thetarted to form on the surface, together with the appearance of

strain energy of the thinms. The favored strain tensor to F& species in the F@ photoelectron spectraypplementary

promote nanoparticle exsolution in all the systems represeéwbte 13. One important feature to notekigure & is that

the one that favors the formation of the defects responsible fine exsolved nanoparticles are uniformly distributed on the

exsolution of metal particles out of the host oxideSF, we  terraces, with no preference to the step edges. This

have shown these defects to be oxygen vacancy and Schattigracteristic suggests that certain defect sites at the surface

defects that are favored under tensile strain. are more favorable for nanoparticle nucleation and growth than
Vg -Mediated Nanoparticle Nucleation. To date, several  step edges?®

studies analyzed the nanoparticle exsolution based on thés discussed in tHatroductionsection, we hypothesize

homogeneous nucleation thédfy.In this section, we show that this preferential nucleation site is related to the surface

that a heterogeneous nucleation model can be momxygen vacancies. This is because both isolated and clustered

appropriate to describe exsolution because nucleation of t#§ sites have been shown as favorable nucleation sites for

metal particles can preferentially take place on defect sitesvattal particle growth on binary oxffe®¥ We cannot

the surface. To do so, we investigated the morphologicakually probe the nucleation sites on the LSF surface at the

evolution of an atomically smooth LSF(001) thinduring exsolution onset. We can, instead, correlate the concentration
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of oxygen vacancies to the concentration’ efaReparticles E(Ssp =S Bel S+ (Ee)+ (E S 4)
as an indirect measure to test this hypothesis. Since the .
exsolved particles are anchored and maintain their nucleation Ex(Ssp =S BFe 4 Sg+2x (Ee)+ (E S

position’ we expect that the observed particle density largely (5)

re ects the density of the nucleation sites at the exsolution . .

onset. Hence, a direct comparison between fheaRe- Ex(Ssp=S Bed 9o (E 8t (FB/ B¢
particle density and the surface concentrationeoédi types + E(Fe/Ss) 6

of defect structures can be useful in identifying the nature of S ©)
the nucleation center. whereS srandS, sgindicate the dierent adsorption sites on

Motivated by this idea, we combined DFT and MCthe LSF surface, which can be either an isdgted a Vg
simulations to model the microscopic defect structure of theair. E;, and E, measure the capability to bind an Fe
LSF surface. The defect model takes into account the stabilitgatom and an Fdimer to a given site on the LSF surface.
of both individual oxygen vacancies and their interacting paleanwhile, the Fe dimerization enerdy measures the
(clusters), as schematically showrFigure 8. First, we  stability of the adsorbed,Eémer on a given site with respect
construct a 2D cubic lattice with periodic boundary conditiont® two separate Fe adatoms that are bound to an id@jated
to represent the LSF(001) surface as experimentally obsenadi aVy pair, respectively.

(Supplementary Note )12n this simulated 2D lattice, each  These three characteristic energies for the isdfatadd
element represents either a surface oxygen atorwgor a Vg pairs, together with the energyedence between these
Then, a model Metropolis MC simulation was conducted otwo types of adsorption sites, are summariZéglire 6. As

this 2D lattice to simulate the process of defect clustering. Tkaown, Fe and fFadsorption are favored on W pairs by
simulation temperatures were set to match the experimen@ab2 and 0.15 eV. Based on the equilibrium of two-level
exsolution condition FRgures 4and5. The interaction energy  systems, we expect more than 99% of the Fe adatoms and
between therst nearest neighbor (INN});, sitesis 0.3 0.1 more than 80% of fadsorbates to occupy tkg pairs

eV, with positive value representing repulsion. This interactiamstead of the isolatdq, sites at the exsolution conditions
energy comes from our DFT calculations of vacaamancy  (Supplementary Note)l3he DFT calculation thus cams
interactions on the Fg@rminated LSF(001) surface. Finally, that V5 pairs are more favorable to form Fe adatoms and Fe
the concentrations of isolad§l, nearest-neighb%f pairs, dimers on the LSF surface, compared to the isgfatsites.
andVg clusters were calculated from the thermodynamicallks a result of these MC simulations and DFT calculations, we
equilibrated lattices. Here, werdeV/y™ clusters as anvy™ can anticipate that th¥g pairs formed during the
complexes that contain more than two oxygen vacancies. prereduction step to be a critical defect structure responsible

Figure & shows the surface density of the isolgJedy for the nanoparticle nucleation in exsolution. Assuming
pairs, and/g clusters on the equilibrated oxygen sublattice agoninteracting defects as est-order approximation, we
a function of surface oxygenaiencies\(; concentration) at  estimate the strain dependency of oxygen vacancy pair
400 and 650C. As illustrated, due to thg Vg repulsion, formation to be similar to that of individv@l (Figure 3.
the surface defect density follows iso\ged Vg pairs As a result, tensile strain should also facilitate the formation of
Vg clusters for both temperatures. Meanwhile, due to thexygen vacancy pairs in LSF. As a support of this argument, we
increased thermal enerbyT(), the equilibratedly, pairs and  note that strain-enhanced oxygen vacancy pairing/ordering has
V3 clusters are higher at 68Dthan at 400C. In the same  also been observed in previous sttftfiés.
plot, the nanoparticle densities on the exsolved LSF surface¥vhile further studies are required to illustrate the detailed
(Figures B and5a) are plotted at\[3] = 8%, the critical  nucleation mechanism, some practical insights can be already
oxygen nonstoichiometry prior to the exsolution onseextrapolated from this work. Prior observations have shown
(Supplementary Noté.3y comparing the surface density that grain boundarf&€ can act as preferential nucleation sites
of the exsolved Faanoparticle and that of tNg -related ~ for the exsolved nanoparticles. It is reasonable that on
point defects, we found that the measured particle density faiglycrystalline specimens, grain boundaries act as nucleation
well within the range of the calculafgdpair concentration.  sites for the exsolved nanoparti¢leewever, for those grain-
However, the calculated density of both the indiWgusites boundary-facilitated nucleation scenarios, the particle density is
and the larg¥%; clusters are around 3 orders of magnitude o much smaller (10 cm ?) compared to the ones in this work
compared to the particle density. This comparison delivers(a10™ c¢cm ?). Therefore, promoting point-defect-mediated
strong evidence thaf pairs are more likely to be the nucleation may be even more important than engineering grain
nucleation site for Feanoparticle exsolution on the LSF boundaries in the host oxide to enhance the exsolution process.
surface, rather than individugl sites and largé&; clusters. ~ As a result, we expect oxygen vacancy engineering to be an

To assess the validity of this correlation at the atomic levél,ective approach to tailor the particle density in nanoparticle
we examine whether Fe prefers to nucleate & tipairs. exsolution.

Since metal dimer formation can constitute tthtestep in

metal nanoparticle nucleatidnye calculated the Fe dimer CONCLUSIONS

formation on the Fe@erminated LSF(001) surface using In summary, using lattice strain to tune the point defect
DFT. Figure @,b shows the coguration of the adsorbed Fe formation in a model perovskite oxide system, we demonstrate
and Fe dimers at isolated; andVg pairs. Based on these the capability to tailor nanoparticle exsolution using elastic
con gurations, we calculated three characteristic energissain and point defect engineering. We quantitatively
associated with Fe dimer {Féormation: Fe adsorption measured the fundamental role of oxygen vacancy and
energy E;, Fe dimer adsorption energ¥,, and the Fe  Schottky defect formation in both the thermodynamics and
dimerization energy E;. These energies are med as  the nucleation kinetics of °Feanoparticle exsolution in
follows: epitaxial thinim LSF. Tensile strain favors the formation of

J https://doi.org/10.1021/acs.chemmater.1c00821
Chem. MaterXXXX, XXX, XX¥XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00821/suppl_file/cm1c00821_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00821/suppl_file/cm1c00821_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00821/suppl_file/cm1c00821_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c00821?rel=cite-as&ref=PDF&jav=VoR

Chemistry of Materials pubs.acs.orglcm

these defects involved in exsolution and thereby increases (fiechione Nanomill). STEM images were acquired using a probe-
amount of Femetal formation with higher density and smallercorrected JEOL ARM 200F operating at 200 kV, and images were
size of particles compared to that on compressively straingdibrated to the_substrate Nb:STO(OO_l) lattice spacing 0f3.905_ nm.

Ims. Our experimental and computational results point to t emental mapping was performed using EDX in the aforementioned

oxygen vacancy pairs as the nucleation .Sites for Fhe exso_lv rféce Defect Modeling. A 100x 100 2D square lattice with
nanoparticles on the host oxide. The ability to engineer poiltiogic houndary conditions was employed to simulate the oxygen
defects in exsolution presents pathways for the design Qjbiattice of the LSF(001) surfaEay(re b). Since the aim of this
nanostructured catalysts energy and fuel conversion simulation is to quantify oxygen vacancy cluster formation, the

processes. simulated lattice consists purely of oxygen and oxygen vacancy sites.
In the simulated square 2D lattice, the interaction energy between the
METHODS nearesY; sites was set to be 0.3 eV based on DFT calculation, while

all other interactions were ignored. The Metropolis MC simulation

Film Preparation. The LSF target for pulsed laser deposition was conducted as follows: First, 100 randongwations were
(PLD) was synthesized from powders prepared by the shake and bakaerated as initial guesses at &gdhThen, each of the 100 initial
method. LgD; (Sigma-Aldrich, 99.999%), SgC(Sigma-Aldrich, lattices was evolved by switching sites according to the Metropolis
99.995%), and F@; (Alfa Aesar, 99.998%) powders were mixed inscheme. Each MC step consisted of 10 000 switching trials, and the
appropriate ratios and ground using agate mortar and pestle for haisemble average was estimated by averaging 500 MCS after
an hour and then calcinated at 1000or 5 h with a heating and  equilibrium. Finally, the densities \@f-related defects were
cooling rate of 3C/min. The powders were then pressed into pelletscalculated as the mean value of the 100 thermodynamically
using a hydrostatic press and sintered at°C3%6r 20 h with a equilibrated lattices. In accord with the experiment, the simulation
heating and cooling rate of&min in stagnant air, thus yielding an temperature was set to be 860and the lattice constant for the 2D
LSF target. (001)-oriented 20 10 x 0.5 mmi single crystal lattice was set to be 0.4 nm. A more detailed description of the MC
substrates (MTI Corporation, one side polished) were employed isimulation procedure is presented iff2ef
this work. Each crystal substrate was cleaned in methanol (Koptectensity Functional Theory. DFT calculations are performed
200 Proof) in an ultrasonic bath for 3 min before the PLD depositiorwith the Viennab initioSimulation Package (VASP) with PAW-
The thin-Im LSF was deposited with a KrF=(248 nm) excimer PW091 pseudopotentials. Energy cug-set to 500 eV. A Hubbard U
laser, at a pulse repetition rate of 5 Hz and a laser energy of 400 edQrection of 4.0 eV is applied to Fe. All calculations are spin-
During deposition, the substrate temperature was kept@ti6zh polarized. Defect formation energies in the bulk are calculated using a
oxygen pressure of 20 mTorr. By applying 4000 laser pulses to th& 2 x 2 Lg ¢St £eQ; supercell (8 formula units) with the ordered
LSF target, an LSF thilm of about 20 nm thickness was grown on alternating layers of La and Sk 4 x 4 x 4 k-point grid is used.
the substrate (substrate to target distance is 85 mm). After depositiddyltiple vacancy sites are considered and thgurations with the
the sample was cooled in the deposition atmosphere at a cooling rigt¢est energies are reported. Fe dimer formation calculations are
of 5°C/min. The as-prepared PLD thims were not exposed to any performed on a 2 BO-terminated LSF surface with 10 atomic
further surface treatment to avoid potential contamination. Thiayers (40 formula units) and 20 A of vacuum. Taatomic layers
deposited PLD thinlms exhibited desired composition as revealedn the middle arexed during the structural relaxation to mimic bulk
by ICP measurementSupplementary Notd.8 LSF. A 2x 2 x 1 k-point grid is used. The atomic structures used in

Near-Ambient Pressure X-ray Photoelectron Spectroscopy.  the DFT calculation are presentedipplementary Note 7
The NAP-XPS measurements were carried out at the NAP-XPS end
station of the Pierre and Marie Curie University set on TEMPO  ASSOCIATED CONTENT
beamline at Synchrotron SOLEIL and the 10S (23-1D-2) beamline of . .
the National Synchrotron Light Source 1l (NSLS-II) at Brookhaven ~ Supporting Information
National Lab. The sample was placed on a ceramic heater, witlhe Supporting Information is available free of charge at
thermocouples mounted directly onto the surface for temperatutetps:/pubs.acs.org/doi/10.1021/acs.chemmater.1c00821
measurements. During the measurement, samples were precondi-

tioned at 400C in 0.5 mbar @at the beginning of the measurement Details of the experimental and computational proce-

to remove adventitious carbon, cooled down in UHV, and then dure, thermodynamic analysis of the exsolution con-

gradually heated up to 40D in 0.5 mbar ushing H to trigger Fe dition, defect chemistry and uliion characteristics of
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