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ABSTRACT: Cermet catalysts formed via exsolution of metal
nanoparticles from perovskites promise to perform better in
electro- and thermochemical applications than those synthesized
by conventional wet-chemical approaches. However, a shortage of
robust material design principles still stands in the way of
widespread commercial adoption of exsolution. Working with Ni-
doped SrTiO3 solid solutions, we investigated how the
introduction of Sr deficiency as well as Ca, Ba, and La doping
on the Sr site changed the size and surface density of exsolved Ni
nanoparticles. We carried out exsolution on 11 different
compositions under fixed conditions. We elucidated the effect of
A-site defect size/valence on nanoparticle density and size as well
as the effect of composition on nanoparticle immersion and
ceramic microstructure. Based on our experimental results, we developed a model that quantitatively predicted a composition’s
exsolution properties using density functional theory calculations. The model and calculations provide insights into the exsolution
mechanism and can be used to find new compositions with high exsolution nanoparticle density.

1. INTRODUCTION
Nanoparticle (NP)-decorated ceramics are used in a wide
assortment of chemical and energy conversion applications.1

Most existing materials are made by deposition of metal NPs
on ceramic surfaces, for example, by infiltration and reduction
of an aqueous metal salt. This yields a metal−ceramic
composite, or cermet for short. However, metal−ceramic
interfaces created through deposition are relatively weak,
allowing for NP agglomeration,1 and provide little protection
against coking in carbon-rich environments.2 As a result,
conventional cermets degrade quickly, requiring costly
reactivation or replacement.
To solve these problems, an alternative synthetic route to

cermets has been proposed: exsolution. Here, a perovskite is
reduced at high temperatures, which drives exsolution of
transition-metal B-site cations from the ABO3‑δ structure to
form catalytically active metal NPs on the surfaces (Figure
1a,b). Exsolved metal NPs are partially immersed in the
perovskite, giving them uniquely high resistance to agglomer-
ation and coking.3,4 In some materials, such as precious-metal-
doped LaFeO3, exsolution is highly reversible, which can
improve the stability of catalysts operating in both reducing
and oxidizing environments.5 Over the past two decades, these
advantages have driven the development of a diverse range of
exsolution cermets for a multitude of applications, including
solid oxide fuel cells,6 steam electrolysis,7 thermochemical

cycling,8 and dry methane reforming.9 However, despite great
strides highlighted in recent reviews,10,11 a shortage of robust
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Figure 1. (a) Schematic of exsolution from a generic perovskite with
formula A(B1−xMx)O3‑δ. Under a reducing atmosphere, oxyegn leaves
the lattice and metal (M) cations combine with compensating
electrons to form metal nanoparticles on the material surface. (b)
Representat ive resul t of exsolut ion process ing on a
Sr0.8La0.1Ti0.94Ni0.06O3‑δ pellet observed via SEM.
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Table 1. Survey of Studies with Significant Emphasis on Tuning Exsolutiona

ABO3‑δ

design parameters
tuned nanoparticle
properties underlying perovskite properties study typeb A B (exsolved) refs

titanates
A-site composition density surface morphology e La0.3Sr0.7 Ti0.94Ni0.06 12
B-site composition A-site surface segregation La0.8Ce0.1 Ti0.6 Ni0.4
fracture phase stability La.64‑.06mSr.16+.06m Ti0.94Fe0.06

La.64‑.06mSr.16+.06m Ti0.94Ni0.06
La0.4Sr0.4 Ti0.94Mn0.06
La0.4Sr0.4 Ti0.94Fe0.06
La0.4Sr0.4 Ti0.94Ni0.06
La0.4Sr0.4 Ti0.94Co0.06

A-site composition immersion surface orientation e La0.4Sr0.4 Ti0.97Ni0.03 13
reduction temperature stability A-site surface segregation La0.52Sr0.28 Ti0.94Ni0.06

cation diffusion
surface restructuring
surface roughness

B-site composition size phase stability e La0.4Sr0.4 Ti0.94Ni0.06 7
density O deficiency Ti0.94Fe0.06

B-site dopant size
B-site reducibility

substrate/film lattice mismatch density strain e, m La0.2Sr0.7 Ti0.9Ni0.1 14
size strain relaxation energy

substrate orientation density surface orientation e, m La0.2Sr0.7 Ti0.9Ni0.1 15
size strain
immersion metal/oxide interfacial energy

reduction temperature size oxygen transport e La0.5Ca0.4 Ti0.8Ni0.2 16
reducing gas
reduction temperature density e La0.2Sr0.7 Ti0.9Ni0.1 17
reduction time size
reduction temperature size e La0.43Ca0.37 Ti1−xRhx 18
reduction time density
B-site composition total volume
reduction temperature size e La0.43Ca0.37 Ti0.94Rh0.06 19
reduction time width concentration of exsolveable ions e, m La0.43Ca0.37 Ti0.94Ni0.06 3
reducing gas height strain La0.8Ce0.1 Ti0.6Ni0.4

shape cation diffusion
A-site composition density B-site surface segregation e, d Sr Ti0.9Ni0.1 20

surface orientation Sr0.8
surface termination La0.1Sr0.9

La0.08Sr0.72
B-site composition density nucleation activation energy e, m La0.3Sr0.5 Ti1−xNix 21
A-site composition size growth activation energy La0.3Ce0.04Sr0.46
ferrites
calcination temperature exsolveability B-site surface segregation d La Fe1−xPtx 22

surface termination
calcination temperature exsolveability Pt surface segregation d La Fe1−xPtx 23

surface termination
B-site composition reversibility B-site cation attraction d, m La Fe1−xPtx 24

Fe1−xRhx

A-site composition reversibility B-site surface segregation d La Fe1−xPtx 25
B-site composition O vacancy formation Ca Fe1−xRhx

Fe1−xPdx

B-site composition reversibility B-site surface segregation d La Fe1−xPtx 26
O vacancy formation Fe1−xRhx

Fe1−xPdx

substrate/film lattice mismatch density strain e, d, m La0.6Sr0.4 Fe 27
reduction temperature surface defect concentration
manganates
B-site composition exsolveability B-site cation segregation e, d PrBa Mn1.7Co0.3 28

O vacancy formation Mn1.7Ni0.3
Mn1.7Mn0.3
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strategies to design exsolution cermets limits their commercial
use.
When engineering exsolution cermets, design parameters

(e.g., perovskite composition, exsolution conditions) deter-
mine perovskite properties (e.g., surface morphology, phase
stability), which in turn determine the final properties of the
exsolved NPs (e.g., size, surface density). Within this context, it
is key to both (1) correlate design parameters and NP
properties and (2) identify the perovskite properties under-
lying these correlations. Focus on these two aspects together
can enable rational design and identification of novel design
parameters. In Table 1, we summarize selected works within
this framework, grouped by the host (nonexsolving) B-site
cation of the studied perovskite compositions. Studies
generally first identify correlations between design parameters
and NP properties, then turn to characterization, empirical
modeling (e.g., models for NP growth kinetics), or density
functional theory calculations (DFT) to identify underlying
perovskite properties. 52% of the works surveyed study titanate
perovskites, while 26 and 9% study ferrites and manganates,
respectively. The reduction conditions are the most frequently
investigated design parameters, with 43% of surveyed works
systematically modifying reduction atmosphere, temperature,
and/or time to access different NP properties. It is generally
understood that more severe reduction over longer times
produces larger, less-numerous NPs.16−19,31,32 Strain has also
emerged as an important characteristic and, when carrying out
exsolution on perovskite thin films, a viable design parameter.
Several studies have explained exsolved metal NP dimensions
with strain-based models,3,32 while both compressive14 and
tensile27,33 strains have been observed to promote exsolution
of more numerous, smaller NPs. Perovskites’ ability to form a
wide variety of solid solutions can allow tuning of NP
properties through modification of the A-site and B-site
chemical composition. The most successful strategy has been
the introduction of A-site vacancies, which enhance exsolution
thermodynamics and kinetics in titanates12,13,20,34 and
chromites.6,35 Still, it is difficult to establish universal design
principles that allow prediction of NP properties for arbitrary
compositions. Considering the wide applicability of cermet and
ceramic materials in current and future technologies, such
principles are essential if we wish to design exsolution catalysts

that balance catalytic activity with other relevant material
properties, such as mechanical strength, ionic conductivity, and
cost.
Perovskite chemical composition is particularly critical in

determining exsolution properties and overall material
performance. As an example, let us consider the design of an
exsolution solid oxide fuel cell anode. Here, Ni-doped SrTiO3
solid solutions (STN) are a reasonable material choice. STN is
a relatively well-characterized exsolution material with vigorous
Ni exsolution and good performance as a steam electrolysis
electrode12 and steam methane reforming catalyst.13 Aside
from driving exsolution, reduction of STN also generates
excess oxygen vacancies compensated by Ti3+, resulting in a
material with suitably high n-type conductivity. To improve
conductivity further, a material engineer may be tempted to
increase the concentration of Ti3+ by substituting La3+ onto
STN’s Sr site.36−38 However, this strategy would backfire, as La
substitutional defects suppress Ni exsolution in this system.20

Lower NP surface densities would ultimately reduce the length
of the triple phase boundaries�the interface between gas,
metal, and oxide�and lower the performance in the final fuel
cell.39 This example highlights the trade-offs that can arise
when designing exsolution materials. Such trade-offs must be
identified, understood, and overcome to apply exsolution
cermets commercially.
The STN system mentioned above is relatively well studied,

with several works investigating the influence of both La
substitutional defects and Sr vacancies on the A site.12,13,20

However, questions remain. First, there is some debate on the
combined effect of Sr vacancies and La substitutional defects
on NP density. Some argue that the two defects interact
synergistically to increase NP density,12,13 while others argue
that any amount of La substitution reduces NP density.20

Second, and critically, the phenomena through which the two
defects modify NP density are unclear. Post-exsolution
characterization via electron microscopy and X-ray spectros-
copy point to several possibilities including surface terracing, Sr
cation surface segregation, Ni transport, phase stability,12

surface roughness,13 surface orientation,13,15 strain,14 and Ni
cation surface segregation, the last of which is supported by
density functional theory (DFT) calculations.20,32

Table 1. continued

ABO3‑δ

design parameters
tuned nanoparticle
properties underlying perovskite properties study typeb A B (exsolved) refs

Mn1.7Fe0.3
reduction temperature exsolveability crystal reconstruction e, d PrBa Mn0.9Co0.1 29
reduction pO2 B vacancy formation energy
other
- exsolveability B-site surface segregation e, d Sr2 Fe1.3Mo0.5Ni0.2 30
B-site composition size phase stability e La Al1−xNix 31
reduction temperature
reduction time
reduction time size B-site surface segregation e, d, m La0.4Sr0.4 Sc0.9Ni0.1 32
reduction pO2 concentration of exsolveable ions

strain
cation diffusion

aStudies are grouped by the host (nonexsolved) B-site cation of materials studied. Titanates are most frequently studied, followed by ferrites and
manganates. The underlying perovskite properties responsible for the impact of certain design parameters on nanoparticle properties remain
unclear. Expanding this table should help resolve these uncertainties and make exsolution cermets more tunable and attractive. be, d, and m
indicates that a study employed experiments, DFT calculations, and other modelling respectively.
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Regardless of the phenomena controlling NP properties,
tuning exsolution materials would be facilitated by the
development of descriptors for exsolution, i.e., readily
obtainable material parameters which correlate to NP
properties. A few attractively simple descriptors have been
proposed to predict NP density in STN given the A-site
composition, namely A-site cation nonstoichiometry and O
nonstoichiometry (as determined by charge balance). It was
found that moderate negative A-site cation nonstoichiometry
and an O nonstoichiometry close to zero promote the
formation of numerous, evenly dispersed NPs.12 Descriptors
based on DFT models have also been introduced. In particular,
the surface segregation energetics of exsolveable cations have
shown considerable promise,20,28,33 including a survey by Gao
et al. correlating NP density of SrTi0 .9Ni0 .1O3 ‑δ ,
S r 0 . 8T i 0 . 9N i 0 . 1O 3 ‑ δ , S r 0 . 9 L a 0 . 1T i 0 . 9N i 0 . 1O 3 ‑ δ and
Sr0.72La0.08Ti0.9Ni0.1O3‑δ with DFT calculations.20 Descriptors
based on DFT models require some effort to calculate but can
open the door to predictive design and high-throughput
computational screening. If carefully validated, calculations can
also provide atomic-level insight into the exsolution mecha-
nism.
In this work, we tuned exsolution in Ni-doped SrTiO3

(STN) through modification of chemical composition and
then qualitatively and quantitatively explained our experimen-
tal findings with DFT. We investigated the influence of Sr
deficiency and La doping on the Sr site�previously
investigated by Gao et al.20�as well as Ca and Ba doping,
again on the Sr site�which to our knowledge have not been
systematically analyzed experimentally or computationally.
Using DFT calculations, we built a quantitative model that
reproduced our experimental trends. Our model suggests that
the ease of Ni surface segregation and O loss from Ni-rich
perovskite surfaces determines the final nanoparticle density.
We also found the DFT-derived driving force of Ni surface
segregation to be a promising descriptor for the computational
design of exsolution perovskites, though the relationship with
nanoparticle density we uncovered diverges from that
presented so far in the literature. Covering 11 compositions
in total, this study is the largest joint experimental and DFT
exsolution study to date. Our results and conclusions should be
helpful in identifying and surmounting the obstacles standing
in the way of rational design of exsolution materials and help
bring these materials closer to commercial feasibility.

2. RESULTS AND DISCUSSION
2.1. Exsolution and Characterization of A-Site

Defective Ni-Doped SrTiO3. To probe the influence of
individual A-site defects on metal nanoparticle (NP) properties
after exsolution, we experimentally investigated the exsolution
of SrTi0.94Ni0.06O3‑δ (STN) solid solutions containing up to 10
mol % defects on the perovskite’s structural A-site. After
consideration of defect charge and valence, we designed five
compositions with the general form A(Ti0.94Ni0.06)O3‑δ with A
= Sr1.0, Sr0.9, Sr0.9Ca0.1, Sr0.9La0.1, and Sr0.9Ba0.1 (Figure 2a).
Expressed in Kröger−Vink notation, the later four of these
compositions contain 10 mol % VSr″ , CaSrx , LaSr• , and BaSrx . The
ions Ca2+, Sr2+, and Ba2+ are isovalent with Shannon40 radii of
114, 132, and 149 pm, so through analysis of
Sr 0 . 9Ca0 . 1T i 0 . 9 4Ni 0 . 0 6O3 ‑ δ , S rTi 0 . 9 4Ni 0 . 0 6O3 ‑ δ , and
Sr0.9Ba0.1Ti0.94Ni0.06O3‑δ, we isolated the influence of dopant
size on the exsolved metal NP properties. La3+ and Ca2+ have
different valences but similar Shannon40 ionic radii (117 and

114 pm), so by comparing Sr0.9La0.1Ti0.94Ni0.06O3‑δ and
Sr0.9Ca0.1Ti0.94Ni0.06O3‑δ, we isolated the influence of dopant
charge. We analyzed Sr0.9Ti0.94Ni0.06O3‑δ as well to evaluate the
impact of A-site deficiency on NP properties.
We manufactured and analyzed exsolved ceramic pellets for

all five compositions (Figure 2b). We prepared powders via
solid-state synthesis by calcination of ball-milled precursors at
1400 °C for 10 h under air. We performed X-ray diffraction
(XRD) to verify the formation of the perovskite phase. We
pressed green bodies with a uniaxial press at 2000 bar then
sintered the pellets at 1500 °C for 5 h under air. To drive
exsolution of Ni NPs, we reduced each pellet at 900 °C under
a continuous flow of 5% H2 balanced with Ar for 10 h. After
exsolution, we analyzed the microstructure and measured NP
density and radii using scanning electron microscopy (SEM).
In addition, we measured NP radii and heights using atomic
force microscopy (AFM).
XRD patterns for all compositions are shown in Figure 3a

and are analyzed in detail in Section 1 in the Supporting
Information. The patterns corresponded closely to those
expected from a cubic perovskite (space group Pm-3m, No.
221) with minute impurity peaks, indicating the formation of
the target compositions. Rietveld refinements indicated that
the patterns were consistent with a cubic Pm-3m space group,
though slight tilting of the B-site octahedra cannot be ruled
out. These refinements yielded a pseudocubic lattice parameter
o f a = 3 . 9 0 2 Å f o r S rT i 0 . 9 4N i 0 . 0 6O 3 ‑ δ . F o r
Sr0.9Ca0.1Ti0.94Ni0.06O3‑δ, the pseudocubic lattice parameter
decreased to 3.898 Å, a consequence of Ca2+’s smaller ionic
radii. For Sr0.9Ba0.1Ti0.94Ni0.06O3‑δ, the pseudocubic lattice
parameter increased to 3.912 Å, reflecting Ba’s larger size.
Sr0.9La0.1Ti0.94Ni0.06O3‑δ had a pseudocubic lattice parameter of
3.906 Å. Although La is smaller than Sr, La substitution is
known to increase SrTiO3’s lattice parameters due to its higher
valence (though the precise electronic cause remains an active
area of research).41 Sr0.9Ti0.94Ni0.06O3‑δ had a slightly expanded
pseudocubic lattice parameter of 3.905 Å, in agreement with
previous measurements of A-site deficient SrTiO3.

42

Representative SEM images for all compositions after
exsolution are shown in Figure 3b. After exsolution, rounded
NPs were visible for all compositions. All perovskite phase
constituents of the cermets exhibit faceted grains with some
terracing visible. On average, SrTi0.94Ni0.06O3‑δ had 0.9 ± 0.4
μm diameter grains. Modification of this nominal composition
with 10 mol % VSr″ , LaSr• , CaSrx , and BaSrx resulted in average grain
diameters of 1.5 ± 0.8, 1.2 ± 0.6, 1.3 ± 0.6, and 0.9 ± 0.6 μm

Figure 2. (a) A-site defects, arranged by ionic radii and defect charge,
alongside the compositions considered in this work. Sr vacancies do
not have a well-defined ionic radius. (b) Synthesis, processing, and
characterization performed to measure metal nanoparticle density and
radius after exsolution.
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in the ceramics, respectively. Since all materials were processed
and sintered identically, we can surmise that the changes in A-
site chemical composition caused the variations in average
grain diameters (see Section 2 of the Supporting Information).
For Sr0.9Ca0.1Ti0.94Ni0.06O3‑δ and Sr0.9Ti0.94Ni0.06O3‑δ, NPs
exsolved primarily on individual grains with some NPs
exsolving at the grain boundaries. For SrTi0.94Ni0.06O3‑δ and
Sr0.9Ba0.1Ti0.94Ni0.06O3‑δ, roughly half of the visible NPs
exsolved on the individual grains with the remainder appeared
at the grain boundaries. For Sr0.9La0.1Ti0.94Ni0.06O3‑δ, all
observed NPs were located at the grain boundaries.
For each exsolved pellet, we evaluated NP density from SEM

images of three randomly chosen regions of the pellet surfaces
(Table S1). Image areas were large�ranging between 40 and
90 μm−2�to ensure robust measurements, since exsolution on
our samples was inhomogeneous on small length scales. By
averaging NP properties measured for each of the three
regions, we were able to obtain representative NP densities and
radii for each composition. Nucleation behavior is expected to
be significantly different on grain boundaries than on the faces
of individual grains. Therefore, NPs located at grain
boundaries were ignored in this analysis.
Sr0.9Ca0.1Ti0.94Ni0.06O3‑δ had the highest NP density of

5.8±0.4 μm−2, followed by SrTi0.94Ni0.06O3‑δ (1.9±0.5 μm−2),
Sr0 . 9Ba0 . 1Ti0 . 9 4Ni0 . 0 6O3 ‑ δ , (0 .41±0.18 μm−2) , and
Sr0.9Ti0.94Ni0.06O3‑δ (0.15±0.03 μm−2). Sr0.9La0.1Ti0.94Ni0.06O3‑δ
had the lowest NP density, with no NPs visible (apart from
those on the grain boundaries). Overall, these materials
exsolved rather poorly; this is not unusual for bulk materials
and is likely due to a high degree of A-site segregation, which is
known to inhibit exsolution.12,13 Sr0.9Ti0.94Ni0.06O3‑δ had the
largest average NP radii: 45±5 nm. SrTi0.94Ni0.06O3‑δ,
Sr0.9Ba0.1Ti0.94Ni0.06O3‑δ, and Sr0.9Ca0.1Ti0.94Ni0.06O3‑δ had
similar NP radii: 14 ± 2, 14 ± 2, and 16 ± 3 nm. These
values were in good agreement with AFM measurements
(Figure 3c). Furthermore, NP radius and protrusion from the

surface were roughly equal, consistent with spherical NPs
halfway immersed into the perovskite backbone (Figure 3c).
Through the choice of Ca and Ba dopants at a fixed

concentration on the Sr site of SrTi0.94Ni0.06O3‑δ, we could
probe the impact of ionic radii of A-site dopants on NP density
and size. The Shannon40 ionic radii of Ca2+ and Ba2+ are 114
and 149 pm, respectively, 86 and 113% that of Sr2+ (132 pm).
SrTi0.94Ni0.06O3‑δ had an NP density of 1.9±0.5 μm−2

compared to 5.8±0.4 μm−2 for Sr0.9Ca0.1Ti0.94Ni0.06O3‑δ, a
significant increase. Meanwhile, Sr0.9Ba0.1Ti0.94Ni0.06O3‑δ had an
NP density of 0.41 ± 0.18 μm−2, significantly less than
SrTi0.94Ni0.06O3‑δ. Therefore, we conclude that the substitution
of smaller cations increases NP density while the substitution
of larger cations has the opposite effect. Interestingly, the
substitution of 10 mol % Ba or Ca on the Sr site of
SrTi0.94Ni0.06O3‑δ did not significantly change NP size.
Through the choice of Ca and La dopants at a fixed

concentration on the Sr site of SrTi0.94Ni0.06O3‑δ, we gauged
the impact of A-site dopant valence on NP properties. La and
Ca have similar ionic sizes (Shannon40 radii of 117 and 114
pm, respectively) but have different formal valences (3+ and
2+). After reduction, Sr0.9La0.1Ti0.94Ni0.06O3‑δ exhibited no NPs
on grain surfaces while Sr0.9Ca0.1Ti0.94Ni0.06O3‑δ exsolved 5.8 ±
0.4 NPs per μm−2. This indicates that the inclusion of A-site
defects with higher valence dramatically hinders exsolution.
Assuming Ni is in the 2+ oxidation state, charge balance
dictates the compositions Sr0.9La0.1Ti0.94Ni0.06O2.99 (δ = 0.01)
and Sr0.9Ca0.1Ti0.94Ni0.06O2.94 (δ = 0.06). Therefore, our result
is consistent with a previous report12 in which greater oxygen
deficiency promoted exsolution by decreasing Ni’s solubility in
reduced STN.
By comparing SrTi0.94Ni0.06O3‑δ and Sr0.9Ti0.94Ni0.06O3‑δ, we

assessed the impact of 10 mol % Sr deficiency on NP
properties. Sr0.9Ti0.94Ni0.06O3‑δ had an NP density of 0.15 ±
0.03 μm−2, an order of magnitude lower than that of
SrTi0.94Ni0.06O3‑δ (1.9 ± 0.5 μm−2). This was unexpected, as
it is well established that Sr deficiency promotes exsolu-

Figure 3. Characterization results for A(Ti0.94Ni0.06)O3‑δ materials where A = Sr1.0, Sr0.9, Sr0.9Ca0.1, Sr0.9La0.1, and Sr0.9Ba0.1. (a) X-ray diffraction
patterns of as-calcined powders. Bragg peaks corresponded well to a cubic perovskite structure, indicating successful synthesis. (b) Representative
SEM images of pellet surfaces after 10 h treatment at 900 °C under 5% H2 in Ar. All materials exsolved spherical nanoparticles. Doping with
smaller, lower valence dopants resulted in the highest nanoparticle surface densities. (c) Particle radii and heights measured by AFM and SEM.
Nanoparticle radii measured by SEM and AFM were in excellent agreement. Nanoparticle radius and height were roughly equal, consistent with
spherical nanoparticles roughly halfway immersed into the perovskite backbone.
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tion.6,12,13,20,34,35 NPs exsolved from Sr0.9Ti0.94Ni0.06O3‑δ were
larger than those of the other samples, suggesting that
exsolution may indeed have been promoted but NP growth
was favored over NP nucleation. It was previously found that
Sr deficiency must be tuned to achieve an optimal tradeoff
between nucleation and growth.12 Therefore, our material is
likely in the regime where growth is highly favored.
Through careful choice of composition and successful

synthesis and characterization, we demonstrated that smaller,
lower valence A-site dopants lead to higher NP densities in
SrTi0.94Ni0.06O3‑δ without changing the NP size. The
introduction of 10 mol % Sr vacancies or La to
SrTi0.94Ni0.06O3‑δ led to fewer NPs. Given these results, we
focused next on compositions containing our smallest dopants:
La and Ca. Specifically, we wished to determine how the
introduction of A-site vacancies or other A-site dopants
alongside Ca or La dopants influenced NP properties. Samples
with compositions of the form (Sr0.8A)(Ti0.94Ni0.06)O3‑δ, where
A = Ca0.1La0.1, Ca0.1, Ca0.2, Ca0.1Ba0.1, La0.1, and La0.1Ba0.1 were
prepared, exsolved, and characterized in an identical manner to
those made previously. XRD patterns for the as-synthesized
powders are shown in Figure 4a. Almost all patterns indicated a
cubic (or nearly cubic) perovskite structure with some
containing weak impurity peaks. The pattern for
Sr0.8Ca0.1La0.1Ti0.94Ni0.06O3‑δ exhibited clear signs of octahedral
tilting, consistent with several tilt systems theorized by
Glazer.43 Additional analysis can be found in Section 1 of
the Supporting Information. Representative SEM images of the
materials after exsolution are shown in Figure 4b,c.
R e c t a n g u l a r e x s o l u t i o n s w e r e v i s i b l e o n

S r 0 . 8 C a 0 . 1 B a 0 . 1 T i 0 . 9 4 N i 0 . 0 6 O 3 ‑ δ , w h i l e o n
Sr0.8La0.1Ba0.1Ti0.94Ni0.06O3‑δ highly angular, plate-like NPs

nucleated preferentially around the terrace-like motifs (Figure
4b). Nonspherical metal exsolution NPs have been previously
observed, for example after reduction under moderate reducing
conditions.3 However, given the extremely reducing conditions
used in our experiments and the low reducibility of the non-Ni
cations present in these perovskites, we hypothesize that these
unusual exsolutions are not Ni but instead an oxide of one or
more of the cations. Among the four compositions with typical,
rounded NP morphologies (Figure 4c), the surface morphol-
ogy of the perovskite was highly variable. The two
compositions containing only isovalent dopants on the A
s i t e � S r 0 . 8 C a 0 . 2 T i 0 . 9 4 N i 0 . 0 6 O 3 ‑ δ a n d
Sr0.8Ca0.1Ba0.1Ti0.94Ni0.06O3‑δ�had relatively flat facets, like
the compositions examined previously. All other compositions
developed terrace-like surface motifs, the most dramatic
example being Sr0.8Ca0.1La0.1Ti0.94Ni0.06O3‑δ. Substantial varia-
tion in microstructure was also present, with grain diameters
ranging from 1.0 ± 0.6 μm for Sr0.8La0.1Ba0.1Ti0.94Ni0.06O3‑δ to
12 ± 5 μm for Sr0.8Ca0.1La0.1Ti0.94Ni0.06O3‑δ.
Substitution of Sr with Ca again led to significantly higher

NP density, with Sr0.8Ca0.2Ti0.94Ni0.06O3‑δ having an NP density
of 9.8 ± 0.7 μm−2 (Sr0.9Ca0.1Ti0.94Ni0.06O3‑δ’s NP density was
5.8 ± 0.5 μm−2). The introduction of additional Ca did not
significantly change the NP size. This fits with our previous
observations that the sole introduction of isovalent cations on
the Sr site modifies NP density without significantly changing
NP size. Introduction of Sr vacancies or La onto the A site
alongside Ca sharply suppressed NP density, with
Sr0.8Ca0.1La0.1Ti0.94Ni0.06O3‑δ and Sr0.8Ca0.1Ti0.94Ni0.06O3‑δ
yielding 0.35 ± 0.31 and essentially zero NPs per μm−2,
respectively. Accompanying this was an increase in the NP size,
consistent with our previous observations. Interestingly, a

Figure 4. Characterization results for (Sr0.8A)(Ti0.94Ni0.06)O3‑δ materials where A = Ca0.1La0.1, Ca0.1, Ca0.2, Ca0.1Ba0.1, La0.1, and La0.1Ba0.1. (a) X-ray
diffraction patterns of as-calcined powders. Patterns corresponded well to a cubic perovskite structure, except in the case of
Sr0.8Ca0.1La0.1Ti0.94Ni0.06O3‑δ which showed signs of substantial tilting of B-site octahedra. (b) Representative SEM images of
Sr0.8Ca0.1Ba0.1Ti0.94Ni0.06O3‑δ and Sr0.8La0.1Ba0.1Ti0.94Ni0.06O3‑δ after exsolution, both of which exhibited unusual nanoparticle morphologies. (c)
Representative SEM images of samples exhibiting typical nanoparticle morphologies. These materials had highly variable surface morphologies and
grain sizes.
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combination of La and Sr vacancies led to NP densities and
sizes comparable to the compositions with only isovalent
doping. We attribute these effects to the charge compensation

of La dopants (1+ charge) by Sr vacancies (2- charge). This
synergistic effect between the two defects agrees with earlier
work by Neagu et al.13 and contradicts work by Gao et al.,20

Figure 5. (a) (110) Oriented slab model used to calculate the segregation energy ΔGseg defined as the energy change upon swapping Ni and Ti
between the first and third layers. The most stable surface O termination under exsolution conditions (900 °C, pO2 = 10−25 atm) was used. (b)
Definition of reduction energy ΔGred, the energy change upon removal of a single surface O following Ni segregation. (c) Post-exsolution
nanoparticle density for all compositions plotted alongside calculated ΔGseg and ΔGred. Two regimes are apparent, one with more positive ΔGseg
(segregation-limited) and another where the opposite is the case (reduction-limited). There is a roughly inverse relationship between ΔGseg and
ΔGred. (d) Our proposed partial exsolution mechanism. NP density is controlled by two consecutive steps in the mechanism: Ni segregation and
surface reduction. (e) Quantitative model for prediction of nanoparticle density based on our proposed mechanism and DFT calculations. (f)
Experimentally measured nanoparticle density vs nanoparticle density predicted by our fitted model. The model performed well. (g) Experimentally
measured nanoparticle density vs calculated ΔGseg. Nanoparticle density has a volcano-like dependence on ΔGseg, with moderate values around 0.9
eV yielding the highest nanoparticle densities.
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who found that La doping decreased NP density even in Sr-
deficient compositions. Considering La and Ca’s similar ionic
radii, we would therefore expect that La dopants in the
presence of compensated Sr vacancies would produce a similar
effect as Ca doping alone. Indeed, Sr0.9Ca0.1Ti0.94Ni0.06O3‑δ and
Sr0.8La0.1Ti0.94Ni0.06O3‑δ had similar exsolution properties.
So far, we have discussed trends in NP radius and density in

a primarily qualitative manner disconnected from the under-
lying exsolution mechanism and perovskite properties. Seeking
a universal descriptor with a clear link to material character-
istics that would allow prediction of NP properties for arbitrary
compositions, we turned to DFT calculations.
2.2. DFT Calculations and Derivation of a Predictive

Model. Gao et al.20 previously showed that compositions with
more favorable Ni segregation energies�calculated by
swapping Ni and Ti between the surface and bulk sites of a
slab model�had higher NP densities. Using Gao et al.’s work
as a starting point, we used DFT to calculate Ni segregation
energies, denoted as ΔGseg, for slab models with the general
composition A(Ti0.9Ni0.1)O3‑δ where A = Sr1.0, Sr0.9, Sr0.9Ca0.1,
Sr0.9La0.1, Sr0.9Ba0.1, Sr0.8Ca0.1La0.1, Sr0.8Ca0.1, Sr0.8Ca0.2, and
Sr0.8La0.1. We used a (110) oriented (defined for the cubic
perovskite unit cell) slab model as shown in Figure 5a. NP
properties are strongly dependent on perovskite surface
orientation,15 but we focused solely on the (110) termi-
nation�which exsolves particularly vigorously13�to limit
computational expense. We fixed the bottom two layers of
all slabs to their bulk positions and considered the middle-most
and top layers as simulating the perovskite bulk and surface,
respectively. The stoichiometries of our slab models had A-site
defect concentrations nominally identical to the compositions
that experimentally exhibited exsolution of rounded NPs. Due
to their small size, our structures were limited to 10 mol % Ni
substituted on the B site (compared to the 6 mol %
substitution in the experimental compositions). Since we
wanted to examine trends, we judged this difference accept-
able. Up to two A-site defects were placed within the top three
layers of our slab models. Each defect was moved vertically
between the top three layers and placed in its most favorable
position.
We calculated ΔGseg with a strong emphasis on approaching

the “thermodynamic limit” of Ni segregation. We used the
most favorable locations of the A-site defects for our pre- and
post-segregation structures. Since O nonstoichiometry under
reducing conditions is the key driver of exsolution, we
expended considerable effort determining the quantity and
arrangement of oxygens in the slab model based on ab initio
thermodynamics.44,45 In our model, O could be removed from
the bulk (to form O vacancies) or from the surface (to alter the
top O termination). We considered including O vacancies in
the third layer of the slab, but we did not pursue this further
since accommodating O nonstoichiometry on the top surface
(though modification of the surface O termination) was
thermodynamically favored (Figure S3). Although we always
used a SrTiO bottom termination, in most cases we utilized
SrTiOx terminations on the top surface where x > 1.0, as we
found that these oxygen-richer terminations were most
favorable under the exsolution conditions (900 °C, pO2 =
10−25 atm) (Figure S3). This preliminary work was important,
as the O content on the surface had large effects on the
electronic structure of the surface as well as the Ni dopant
(Figure S4) and strongly influenced calculated segregation
energies (Figures S5 and S6). As a reference, we calculated

ΔGseg for all compositions with the surface O termination fixed
at SrTiO as done by Gao et al.20 This produced very different
results compared to calculations where surface O termination
was determined in a thermodynamically consistent way (Figure
S7). Finally, we found that the surface O termination of La-
containing compositions required special treatment. Our small
slab model lacked the granularity to capture La’s influence on
the surface O termination, but we developed an interpolation-
based approach to estimate ΔGseg for La-containing
compositions (Figure S8).
While calculating ΔGseg, we noted that Ni remained oxidized

after segregation in all compositions. Therefore, we hypothe-
sized that the removal of additional surface O after Ni
segregation is required for the nucleation and growth of metal
NPs. We investigated this process via DFT by calculating the
free energy required to liberate an additional surface O
following Ni segregation, referred to as ΔGred (Figure 5b). In
these calculations, A-site defects were again free to occupy
their most favorable positions. For La-containing composi-
tions, an interpolation approach analogous to the one used to
calculate ΔGseg was applied.
Figure 5c plots the NP density for all compositions alongside

calculated ΔGseg and ΔGred. The inclusion of Sr vacancies and
A-site dopants in our calculations had roughly opposite effects
on ΔGseg and ΔGred. These effects are in part the result of
changes in the models’ surface O terminations. In our
calculations, La3+’s net positive charge stabilized O-richer
surfaces; this increased ΔGseg, as the lack of oxygen at the
surface is a major driving force of Ni segregation. O-richer
surfaces, however, were easier to reduce, and therefore the
inclusion of La decreased ΔGred. Introduction of negatively
charged Sr vacancies, meanwhile, stabilized O-poorer surfaces.
This decreased ΔGseg and increased ΔGred for the same reasons
mentioned above.
The surface O content alone, however, was insufficient to

explain the results of our calculations as Ca and Ba
substitution�which are isovalent with Sr and therefore did
not influence the surface O content�also strongly influenced
the calculated energetics. These effects arose from the
movement of A-site dopants between the layers of our slab
models. Since Ca2+ and Ba2+ ions are smaller and larger than
Sr2+, in isolation both Ca and Ba prefer to segregate to the slab
surface.46 The presence of Ni on the B site, however, leads to
co-segregation of Ba and de-segregation of Ca during Ni
segregation. Co-segregation and de-segregation of Ba and Ca
lead to lower and higher values of ΔGseg, respectively. Ca and
Ba’s segregation behavior also influenced ΔGred. We found that
surface reduction reduces the interlayer distance at the slab
surface (Figure S12c), enabling Ca segregation upon reduction
(lowering ΔGred). Meanwhile, the segregated Ba ion’s relatively
large size leads to an energy penalty (increasing ΔGred). In
summary, the complex interplay between surface O termi-
nation and movement of A-site dopants gave rise to the
calculated trends in ΔGseg and ΔGred. A detailed analysis of
these effects can be found in Section 10 of the Supporting
Information.
Under the hypothesis of Gao et al., more favorable Ni cation

segregation should lead to a greater number of NPs, since
stronger segregation leads to more Ni cations on the surface
and therefore more potential nucleation sites.20 In contrast, we
found that a high ΔGseg or ΔGred corresponded to lower NP
densities. The inverse relationship between ΔGseg and ΔGred
gave rise to two groups of materials. In one group, ΔGseg is
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very favorable and the favorability of ΔGred is positively
correlated to NP density. In the other group, ΔGred is very
favorable while the favorability of ΔGseg is positively correlated
to NP density. We propose that these material groups occupy
“reduction-limited” and “segregation-limited” regimes, respec-
tively. Sr0.8Ca0.2Ti0.9Ni0.1O3‑δ could potentially be in either
regime (or could lie in a transition regime). In the reduction-
limited regime, extremely favorable Ni surface segregation
suggests a high amount of Ni cations on the surface during
exsolution. However, larger values of ΔGred within this regime
indicate that the Ni-enriched surface is relatively hard to
reduce. We conclude that the ease of surface reduction
controls final NP densities within this regime. In the reduction-
limited regime on the other hand, the opposite is the case;
ΔGred is quite favorable, and NP density is instead controlled
by the ease of Ni surface segregation.
From the correspondence between our DFT and exper-

imental findings, we propose a partial exsolution mechanism as
summarized in Figure 5d. Following initial O loss from the
perovskite bulk and surfaces upon exposure to a reducing
atmosphere, Ni segregates to the surface. Further reduction of
the Ni-enriched surfaces then enables the nucleation and
growth of NPs. In our experiments, the introduction of A-site
defects had opposite effects on the driving forces of Ni
segregation and surface reduction. It appears that A-site defects
primarily modified the overall stability of Ni-enriched perov-
skite surfaces. Greater surface stabilization generated a more
favorable Ni segregation energy while also making Ni-enriched
surfaces more resistant to further breakdown.
Based on this proposed mechanism, we connected our DFT-

derived energies to our experimental results through a
quantitative model described in Figure 5e. Our model
considers three consecutive reactions: Ni surface segregation,
surface reduction, and NP nucleation. We describe Ni
segregation as an equilibrium between Ni-poor and Ni-rich
surfaces

F(Ni poor surface) (Ni rich surface) (1)

with a driving force expressed as a linear function of ΔGseg

+G c c Gseg
fit

1 2 seg (2)

We envision surface reduction as a reaction between a gaseous
H2 molecule and a dangling surface oxygen in which metal−
oxygen bonds are broken and H2O is formed. The barrier of
this reaction should scale with the strength of the metal−
oxygen bonds, which is closely related to our DFT-derived
thermodynamic driving force ΔGred. Since H2 concentration
was constant in our experiments, we treat surface reduction as
a first-order reaction between Ni-rich and reduced Ni-rich
surfaces

(Ni rich surface) (reduced Ni rich surface) (3)

with a kinetic barrier ΔGred
fit that scales linearly with ΔGred

= +G c c Gbarrier red
fit

3 4 red (4)

Finally, we describe nucleation as a first-order reaction with a
rate proportional to the production rate of reduced Ni-rich
surfaces. In other words, we assume that the rate of Ni-rich
surface reduction is proportional to the NP nucleation rate.
After working through the algebra associated with the

equilibrium and rate expressions (see Section 7 of the

Supporting Information), we derived the following model for
NP density

=
+

+

+

+
nanoparticle density

e

1 e

e

c c G
kT

c c G
kT

c c G
kT

( 1 2 seg)

( 1 2 seg)

( )3 4 red

(5)

This formula contains four fitting parameters�c1, c2, c3, c4�
which relate the model’s segregation and reduction energies to
our DFT-derived energies. c3 functions as a prefactor for the
entire expression and depends on the units of NP density and
the nucleation rate. We performed a least-squared fit of this
formula using our DFT and experimental data. The
experimentally observed NP densities and the fitted model’s
predictions vs the model’s scaled segregation and reduction
energies are presented in Figure 5f. The fitted values are c1 =
5.23 eV, c2 = 5.13, c3 = −0.64 eV, and c4 = 1.29. c2 and c4 were
positive, meaning that our fitted segregation and reduction
energies were directly proportional to our DFT-calculated
energies. The model performed remarkably well, with a
standard error of the regression of 0.8 μm−2. In addition, the
model helped us rationalize the changes in NP size observed
over the course of our experiments (see Section 8 of the
Supporting Information). Still, the success of our model is far
from irrefutable proof of our proposed exsolution mechanism.
Although eq 5 was derived from physical principles and
contains energies calculated from first principles, it remains
ultimately a semiempirical expression. To better understand
our model’s physical meaning, further work is needed. More
could be learned, for example, by extending the model to
understand how other parameters�B-site doping, reduction
conditions, etc.�modulate Ni exsolution from SrTiO3.
Examination of ΔGseg alone gives further insights into our

model and results. We observed that the interplay between
ΔGseg and ΔGred led to a volcano-like correlation between NP
surface density and ΔGseg (Figure 5g). This suggests that
optimizing NP density under our exsolution conditions can be
done by finding a composition with an optimal, moderate
ΔGseg located at the “peak” of the volcano. At the same time,
our proposed ΔGseg descriptor demonstrates a potential
limitation of using A-site doping to increase NP density.
Because of the tradeoff between ΔGseg and ΔGred, our work
suggests the existence of some optimum ΔGseg and
corresponding maximum NP density attainable by tuning A-
site composition. Still, our calculations showed that the
tradeoff between ΔGseg and ΔGred was not absolute,
particularly in systems containing La doping and/or Sr
vacancies. Additional DFT calculations on compositions
containing charged defects may point to promising composi-
tions that overcome the volcano-like dependence of NP
density on ΔGseg.
The success of our quantitative model as well as the volcano-

like trend observed between NP density and ΔGseg are
remarkable given the wide range of surface morphologies and
microstructures we observed experimentally. This encouraging
result suggests that our simple model and ΔGseg can be used to
engineer the average exsolution properties of materials, which
ultimately dictate catalytic performance in real-world applica-
tions. In addition, our model and descriptor may be a useful
computational tool for evaluating exsolution design parameters
beyond changes in bulk A-site composition. Parameters that
could be explored include strain and surface-selective doping.
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With careful construction of slab models, the influence of local
surface structure (terracing, orientation) on NP density could
also be studied. Such future work will be helpful in the search
for higher performance exsolution catalysts.

3. CONCLUSIONS
The design of perovskite cermet catalysts prepared via
exsolution remains challenging due to a shortage of reliable
material design guidelines and an incomplete understanding of
the exsolution mechanism. We confronted these challenges
through experimental and computational study of the influence
of A-site defects on the exsolution behavior of perovskites. To
begin, we exsolved nanoparticles from 11 perovskite pellets
with the general composition A(Ti0.94Ni0.06)O3‑δ where A =
Sr1.0, Sr0.9, Sr0.9Ca0.1, Sr0.9La0.1, Sr0.9Ba0.1, Ca0.1La0.1, Sr0.8Ca0.1,
Sr0.8Ca0.2, Sr0.8Ca0.1Ba0.1, Sr0.8La0.1, and Sr0.8La0.1Ba0.1. Using
scanning electron and atomic force microscopy, we measured
how the choice of A changed nanoparticle density and size. We
then constructed a DFT-based model that quantitatively fit our
measurements. We propose that modification of the perovskite
A site inversely tunes the favorability of two key steps in the
exsolution mechanism: Ni segregation and reduction of Ni-rich
surfaces. Materials with both favorable Ni segregation and
favorable reduction of Ni-rich surfaces exhibit the highest
particle densities and are therefore expected to have the
highest catalytic activity. Our model and insights into the
exsolution mechanism can be used to rationally design
exsolution cermets and search for new strategies to increase
exsolution nanoparticle density. Success in these endeavors
would have significant implications for the development of
highly active and stable catalysts for modern chemical
conversion and energy applications.

4. METHODS
4.1. Material Preparation. Bulk materials with compositions

SrTi0.94Ni0.06O3‑δ, Sr0.9Ca0.1Ti0.94Ni0.06O3‑δ, Sr0.9Ba0.1Ti0.94Ni0.06O3‑δ,
Sr0.9La0.1Ti0.94Ni0.06O3‑δ, Sr0.9Ti0.94Ni0.06O3‑δ, Sr0.8Ca0.2Ti0.94Ni0.06O3‑δ,
Sr0.8Ca0.1La0.1Ti0.94Ni0.06O3‑δ, Sr0.8Ca0.1Ba0.1Ti0.94Ni0.06O3‑δ,
Sr0.8Ca0.1Ti0.94Ni0.06O3‑δ, Sr0.8La0.1Ba0.1Ti0.94Ni0.06O3‑δ, and
Sr0.8La0.1Ti0.94Ni0.06O3‑δ were prepared via a solid-state synthesis
route. Stoichiometric quantities of SrCO3 (Alfa Aesar, 99.9%), La2O3
(Sigma-Aldrich, 99.9%), BaCO3 (Alfa Aesar, 99.997%), CaCO3
(Sigma-Aldrich, 99%), TiO2 anatase (Alfa Aesar, 99.6%), and NiO
(Alfa Aesar, 99%) powders were mixed by planetary ball milling (PM,
Across International, PQ-N04) in pure ethanol with ZrO2 balls for 1 h
at 500 rpm. The resulting slurries were dried for 2 h at 120 °C,
ground by a mortar and pestle, and then calcined at 1400 °C for 10 h
under air with a 10 °C/min heating rate in Al2O3 crucibles. Calcined
powders were ground with mortar and pestle. From these calcined
powders, 0.15 g pellets were pressed isostatically in a uniaxial press
(1000 psi) and sintered at 1500 °C for 5 h under air with a 10 °C/
min heating rate on Al2O3 plates. Pellets were exsolved by firing at
900 °C for 10 h with a 10 °C/min heating rate under a 200 sccm flow
of 5% H2 (Airgas, ultrahigh purity) balanced with Ar (Airgas,
ultrahigh purity). During ramp-up to exsolution temperature, the
material was kept under Ar. During cooling after exsolution, a 5% H2
atmosphere was maintained to inhibit NP reoxidation.
4.2. Material Characterization. The phase composition of as-

calcined powders was measured by XRD with a Panalytical X’Pert Pro
diffractometer equipped with an X-ray tube using Cu-Kα radiation.
An X’Celerator 1D detector, Ni filter, and a fixed divergence slit of 1/
2° were used. Rietveld refinements were carried out using the
HighScore Plus software. SEM (Carl Zeiss Merlin HR-SEM,
Germany) was performed using an in-lens detector and 6 kV
accelerating voltage. The nanoparticle number was determined
through manual counting with assistance from ImageJ 1.52a47 and

then divided by image area, resulting in three points per NP density
measurement. To further evaluate particle geometry, we conducted
atomic force microscopy (AFM) measurements for the five samples
with compositions of the form A(Ti0.94Ni0.06)O3‑δ with A = Sr1.0, Sr0.9,
Sr0.9Ca0.1, Sr0.9La0.1, and Sr0.9Ba0.1. These measurements were
performed with AC-air Topography mode on a Cypher ES instrument
(Asylum Research) using a silicon cantilever (AC240TS-R3). For
each composition, we measured the individual height and widths of
4−6 nanoparticles using Gwyddion.48 Additional information is
available in Figure S2.
4.3. DFT Calculations. Spin-polarized DFT calculations were

performed under the generalized gradient approximation using the
Perdew−Burke−Ernzerhof (PBE)49 functional and a 500 eV plane
wave cutoff as implemented in the Vienna Ab initio Simulation
Package (VASP).50−53 To reduce the computational cost, the
projector augmented-wave (PAW) method was applied.53,54 The
PAW pseudopotentials included with VASP (v.5.4) were used for all
elements. Standard pseudopotentials were used for O and La. For Sr,
Ca, and Ba semicore s-states were treated as valence states. For Ti and
Ni, semicore p-states were treated as valence states. To better capture
long-range forces, the DFT-D3 method with Becke-Johnson damping
was applied.55 To counteract erroneous electron delocalization, +U
corrections were applied to Ti and Ni atoms.56 Values of UTi = 3 eV,
UNi = 6 eV were utilized. The U value for Ni was similar to the one
developed by Wang et al.,57 while our chosen value for Ti was in the
range recommended by ref 58.

Lattice constants for all slabs were determined by a full relaxation
of a Ni-doped SrTiO2.875 2 × 2 × 2 supercell (Sr7Ni1Ti8O23) with a 2
× 2 × 2 k-point grid. In this bulk calculation, this O nonstoichiometry
was found to be favorable under our exsolution conditions. We
utilized a 5-layer (110) oriented (with respect to the cubic perovskite
unit cell) STN slab model, similar to one utilized by Gao et al.20 A
SrTiO termination was used for the bottom of all slabs, and the
atomic coordinates for the bottom two layers were fixed. Surface O
termination was selected based on ab initio thermodynamics
calculations44,45 with Ni in the third layer of the slab (prior to
segregation), as described in the text and Supporting Information.
Slabs were separated by 15.5 Å of vacuum to minimize interaction
among repeating images. A 2 × 2 × 1 Monkhorst k-point grid59 was
applied (with 1 k-point in the direction perpendicular to the slab
surface), except in our calculations on a larger model in which a 2 × 1
× 1 grid was applied. For all calculations, electronic relaxation was
performed with a cutoff of 10−6 eV, while relaxation of atomic
positions was performed until a force threshold of 10−2 eV/Å on each
relaxing atom was achieved.
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