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conditions to understand and
control Ni exsolution from
Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d†

Willis O'Leary, a Livia Giordanob and Jennifer L. M. Rupp *acd

Ceramic-supported metal catalysts formed by exsolution of metal nanoparticles from perovskites are

promising materials for energy and chemical conversion applications. However, our incomplete

understanding of the exsolution mechanism presents a roadblock to engineering exsolution nanoparticle

properties. We investigated the influence of reduction conditions on the properties of Ni nanoparticles

exsolved on the fracture surfaces of Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d. We first carried out exsolution at 25

different temperatures and oxygen chemical potentials. We found that reduction at lower temperatures

and moderate oxygen chemical potentials produced more numerous, smaller nanoparticles. We then fit

our data to a LaMer nucleation model where the number of nanoparticles formed depends on Ni surface

segregation, reduction of Ni-rich surfaces, and nanoparticle growth. Finally, we demonstrated prediction

of the energetics of these processes with density functional theory calculations. Our experiments and

modelling build understanding of the exsolution mechanism and are a step towards computational

design of supported metal catalysts made via exsolution.
1 Introduction

Supported metal catalysts play a central role in chemical
production,1–4 pollution control,5,6 as well as up-and-coming
chemical and energy conversion technologies7 including fuel
cells,8,9 electrolyzers,10,11 and synthetic fuels.12–14 Thesematerials
usually consist of a high-surface-area ceramic decorated with
a metal catalyst. By ensuring ne dispersion of the metal cata-
lyst – for example through deposition of metal nanoparticles –
a high fraction of the metal can facilitate reactions. The ceramic
backbone plays an important role in material stability, as it xes
the metal motifs in place to prevent them from agglomerating.
However, metal agglomeration is inevitable at high tempera-
tures due to the shallow interface and weak attraction between
ceramics and deposited metals.15 Despite efforts to overcome
this limitation, for example by carefully tuning the size of the
metal motifs,16,17 metal agglomeration and subsequent catalyst
deactivation remain a major issue.
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Exsolution processing, an alternative synthetic route to
obtain agglomeration-resistant ceramic-supported metal cata-
lysts, has gained traction over the past few decades. Rather than
depositing a metal phase on a prefabricated ceramic support,
exsolution relies on the formation of a solid solution between
the support (typically a perovskite, ABO3−d) and desired metal
(as cations) at synthesis. The ceramic support is then reduced,
transforming the added cations into metal nanoparticles on the
support surfaces (Fig. 1a and b). The term exsolution generally
refers to any phase separation of a solid solution.18 However, the
term is now used as shorthand to specically refer to the
exsolution of catalytically active metal nanoparticles on the
surface of metal oxides. “Exsolved” metal nanoparticles are
partially embedded into the ceramic, unlike those in conven-
tional ceramic-supported metal catalysts which simply sit on
top of the ceramic surface. This distinct “particle-in-a-pit”
morphology is characteristic of exsolved metal nanoparticles
and affords higher resistance to agglomeration compared to
conventionally deposited metal nanoparticles.19,20

Although exsolution is a very attractive synthetic route to
supported metal catalysts, engineering the exsolved metal
nanoparticles' size and surface density remains challenging.
This limits the performance and commercial feasibility of these
materials. So far, several approaches have been developed to
control nanoparticle properties by modication of the perov-
skite support. The inuence of the stoichiometry of the perov-
skite backbone21–28 and strain19,27,29,30 has been thoroughly
investigated, and it is now well-established that introduction of
vacancies on the perovskite A-site21–26 and strain engineering29–31
J. Mater. Chem. A, 2023, 11, 21429–21442 | 21429
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Fig. 1 (a) SEM image of the surface of Sr0.8La0.1Ti0.94Ni0.06O3−d after reduction in H2. Spherical Ni nanoparticles are distributed over the ceramic
surface. (b) Generalized chemical equation for exsolution of cation M2+ from the generic perovskite AB1−xMxO3. Upon reduction (typically by
high-temperature treatment under a H2 atmosphere), metal cations are reduced and integrated into themetal phase. To compensate for the loss
of the cations, lattice oxygen is released. (c) Exsolution temperatures/atmospheres from selected literature reports compared to those inves-
tigated in this work. The most common experiment is to perform exsolution in 5 vol% H2 in an inert carrier gas while varying temperature.
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can give access to ner distributions of nanoparticles and
higher performing exsolution catalysts.

Exsolved nanoparticle properties can also be adjusted simply
by tuning the reduction conditions. Here, marked progress has
been made in understanding how reduction temperature and
the composition of the reducing atmosphere impact the
exsolved metal nanoparticle properties. Selected studies from
this body of work are listed in Table S1.† The temperatures and
reducing atmospheres considered in these studies are
compared in Fig. 1c. Most reports exsolve a single perovskite
composition at a range of temperatures under a xed atmo-
sphere (commonly 5 vol% H2 in an inert carrier gas). At higher
reduction temperatures, studies on a diverse range of perovskite
compositions report an increase in nanoparticle radius
accompanied by a decrease in the density of nanoparticles on
the perovskite surfaces.27,32–37 Reported tradeoffs between
nanoparticle radius and density are most oen attributed to
competition between nanoparticle nucleation and growth.33,38

Specically, the theory is that nucleation is favored at lower
temperatures while growth outcompetes nucleation at higher
temperatures; however, this tradeoff has never been fully
quantied by a nucleation and growth model. Considerable
evidence for the high resistance of these nanoparticles to
agglomeration, even at high temperatures, has accumulated,19,20

so we consider explanations based on nucleation and growth
more likely than those invoking nanoparticle agglomeration.39

Other, more complex trends have been reported as well; when
exsolving Ni/Fe alloy nanoparticles from La0.5Sr0.5Fe0.8Ni0.1-
Nb0.1O3−d at various temperatures, Wu et al. observed relatively
constant nanoparticle radius and density from 600 °C to 750 °C
followed by a dramatic increase in radius and density at 800 °C.
When the temperature was increased to 900 °C, nanoparticle
21430 | J. Mater. Chem. A, 2023, 11, 21429–21442
radius continued increasing while nanoparticle density drop-
ped.39 Tang et al. made similar observations when exsolving Rh
nanoparticles from La0.43Ca0.37Rh0.01Ti0.99O3−d. From 500 °C to
700 °C, nanoparticle radius was relatively constant while
nanoparticle density increased. At 800 °C, nanoparticle radius
increased while nanoparticle density decreased.38

Relatively few studies have examined the inuence of the
reducing atmosphere on nanoparticle properties. Lindenthal
et al. exsolved Co/Fe alloy nanoparticles from Nd0.6Ca0.4Fe0.9-
Co0.1O3−d under two Ar/H2/CO2 atmospheres and found that
a higher H2/CO2 ratio (more reducing) produced fewer, larger
nanoparticles.40 Gao et al. made similar observations when
exsolving Ni nanoparticles from La0.4Sr0.4Sc0.9Ni0.1O3−d under
Ar/H2 atmospheres. They found that switching from 20 vol% H2

in Ar to pure H2 resulted in larger nanoparticles. Furthermore,
by tting kinetic models for nanoparticle growth, they
concluded that growth is faster under more reducing condi-
tions.27 Kim et al. exsolved Co from Sr0.98Ti0.95Co0.05O3−d under
various temperatures and oxygen partial pressures (pO2

). As
temperature increased, nanoparticle radius decreased while
nanoparticle density increased. As pO2

decreased (more
reducing conditions), nanoparticle radius decreased while
nanoparticle density increased. These effects were attributed to
changes in the nucleation kinetics, described in classical
nucleation theory by an Arrhenius rate. Here, it was proposed
that more reducing conditions lower the nucleation barrier
while higher temperatures increase the nucleation rate.41

Despite a large body of work, no complete, quantitative
model for the nucleation and growth of exsolution nano-
particles under variable reducing conditions has been devel-
oped. Such a model could provide insight into the exsolution
mechanism and serve as a useful engineering tool. Density
This journal is © The Royal Society of Chemistry 2023
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functional theory (DFT) calculations may help in the develop-
ment of such a model. DFT calculations of the driving force of
surface segregation of metal cations have been important in
understanding the impact of perovskite composition on nano-
particle properties, particularly nanoparticle density.24,27,28,31,42–49

Therefore, segregation energetics of exsolveable cations could
serve as a proxy for nucleation rate. However, connecting DFT-
based models to nucleation and growth is challenging. Since
static DFT calculations are performed at absolute zero temper-
ature, it is not always clear how to take temperature and
reducing conditions into account. Some DFT models take O
vacancies into consideration24,42–44,46–48 and therefore can be
extended to understand the impact of the reducing environ-
ment. Kim et al. calculated that Co segregation in Co-doped
PrBaMn2O5+d was eased by the co-segregation of an oxygen
vacancy. This calculation explained the experimentally-
observed onset of exsolution at high temperatures.44 Gao et al.
made similar arguments, calculating that the formation of an
oxygen vacancy improves Ni segregation from Ni-doped SrTiO3.
This in turn explained why exsolution only occurred under
reducing conditions.24 Hamada et al. calculated oxygen vacancy
formation energies and theorized that Pd, Rh, and Pt exsolved
from LaFeO3 at different threshold oxygen chemical potentials,
though this was not experimentally demonstrated.48 Overall,
more work is needed to transform these largely qualitative
ndings into quantitative nucleation and growth models.

In this work, we studied the inuence of temperature and
reducing atmosphere on exsolution of Ni from Sr0.8La0.1Ca0.1-
Ti0.94Ni0.06O3−d using experiments and rst-principles calcula-
tions. We rst characterized exsolution on as-prepared “native”
surfaces and fracture surfaces of a bulk sample. We found the
composition of Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d to be particularly
amenable to transgranular fracture due to the promotion of
grain growth by Ca and La substitution.50,51 The transgranular
fracture surfaces formed were easy to analyze and exsolved far
more homogeneously than native surfaces. Focusing on frac-
ture surfaces, we next measured the properties of metal nano-
particles exsolved under various temperatures and oxygen
chemical potentials. We t these measurements to a semi-
empirical LaMer nucleation model informed by our previously
proposed exsolution mechanism.28 Finally, we demonstrated
that DFT calculations can be used to calculate key energetic
parameters in this model. To our knowledge, this work is the
rst to build a quantitative model for nucleation of exsolved
nanoparticles under variable reduction conditions. Our results
offer deep insight into the exsolution mechanism and could
help guide the search for superior exsolution materials for
chemical and energy applications.

2 Methods
2.1 Material preparation

Perovskite powder with the nominal composition Sr0.8La0.1-
Ca0.1Ti0.94Ni0.06O3−d was synthesized via a solid-state route.
Stoichiometric quantities of SrCO3 (Alfa Aesar, 99.9%), CaCO3

(Sigma Aldrich, 99%), La2O3 (Sigma Aldrich, 99.9%), TiO2

anatase (Alfa Aesar, 99.6%), and NiO (Alfa Aesar, 99%) powders
This journal is © The Royal Society of Chemistry 2023
were ball milled (planetary ball mill, PM, Across International,
PQ-N04) in pure ethanol with ZrO2 balls for 1 hour at 500 rpm.
The resulting slurry was transferred to a crystallizing dish then
dried for 2 hours at 120 °C. The remaining powder was briey
mixed via mortar and pestle before being transferred into an
alumina crucible. The powder was then calcined at 1400 °C for
10 hours under air with a 10 °C min−1 heating rate. The
resulting gray-black mass was ground to a ne powder with
mortar and pestle. Next, the calcined power was pressed into
a 0.15 g pellet using a uniaxial press (5000 bar) and sintered at
1500 °C for 5 hours under air with a 10 °Cmin−1 heating rate on
an alumina plate. Aer sintering, the pellet was broken using
tweezers to expose fracture surfaces.

Pellets were exsolved in a tube furnace under a 200 sccm ow
of Ar and H2. The composition of the atmosphere was
controlled by Ar and H2 mass ow controllers (Ar: Vögtlin red-y
smart Hi-performance, 300 mln min−1, H2: Vögtlin red-y smart
Hi-performance, 200 mln min−1). Manufacturer-reported vari-
ance in the H2 ow rate was used to estimate variance in the
oxygen chemical potential within the furnace.
2.2 Material characterization

XRD patterns of the as-calcined Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d

powder was measured with a Panalytical X'Pert Pro diffrac-
tometer equipped with an X-ray tube using Cu-Ka radiation. An
X'Celerator 1D detector, Ni lter, and a xed divergence slit of 1/
2° was used. SEM (Carl Zeiss Merlin HR-SEM, Germany) was
performed using an in-lens detector and 6 kV accelerating
voltage. The smoothness of the fracture surfaces on which
exsolution was analyzed allowed semi-automated analysis of
nanoparticle properties with Fiji52,53 (see ESI, Section S.1†).
Nanoparticle number was divided by image area to determine
nanoparticle density, while nanoparticle radius was determined
by averaging over all nanoparticles visible in the image. Mean
nanoparticle densities and radii were determined by an average
over ve images.
2.3 DFT calculations

Spin-polarized DFT calculations were done in a manner
consistent with those in our previous work.28 Calculations were
done under the generalized gradient approximation with the
Perdew–Burke–Ernzerhof (PBE)54 functional using the Vienna
Ab initio Simulation Package (VASP).55–58 A 500 eV plane wave
cutoff was used. The projector augmented-wave (PAW) method
was applied.58,59 The PAW pseudopotentials included with VASP
(v.5.4) were used for all elements. Standard pseudopotentials
were used for O and La, while pseudopotentials treating semi-
core s-states as valence states were used for Sr and Ca. For Ti
and Ni, pseudopotentials treating semi-core p-states as valence
states were used. Hubbard + U corrections60 were applied to Ti
and Ni atoms (UTi = 3 eV, UNi = 6 eV). To better capture long-
range forces, the DFT-D3 method with Becke–Johnson damp-
ing was applied.61 Details on the models used can be found in
the main text, ESI,† and our previous work.28
J. Mater. Chem. A, 2023, 11, 21429–21442 | 21431
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3. Results and discussion
3.1 Synthesis, exsolution, and characterization of
Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d

We rst carried out experiments to demonstrate successful
exsolution of Ni nanoparticles from Sr0.8La0.1Ca0.1Ti0.94Ni0.06-
O3−d solid solutions and identify suitable surfaces on which to
study the inuence of reduction conditions on nanoparticle
properties. For this, we prepared and characterized a ceramic
pellet with the nominal stoichiometry Sr0.8La0.1Ca0.1Ti0.94-
Ni0.06O3−d with 10 mol% La and 10mol% Ca substitution on the
Sr-site (A-site) and 6 mol% Ni substitution on the Ti-site (B-site)
of SrTiO3. The steps taken to synthesize, exsolve, and charac-
terize the pellet are shown in Fig. 2a. To begin, we calcined ball-
milled precursors at 1400 °C for 10 hours under air to form
Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d powder. We performed X-ray
diffraction (XRD) on the powder to verify formation of the
perovskite phase. We then prepared and densied a pellet at
1500 °C for 5 hours under air. We broke the pellet and selected
a shard with both exposed fracture surfaces and “native” pellet
surfaces. To drive exsolution, we reduced this shard at 900 °C
under 5 vol%H2 in Ar for 10 hours, aer which we examined the
shard's surfaces with scanning electron microscopy (SEM).

The XRD pattern of the Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d powder
aer calcination is shown in Fig. 2b. This pattern was analyzed
in a previous work,28 showing no impurity phases. Observed
Bragg peaks corresponded well to a cubic perovskite structure
with lattice constant of 3.9010 Å, though the presence of a weak
super reection at 38.4° is consistent with several of the
Fig. 2 (a) Steps taken to synthesize, exsolve, and characterize our Sr0.8La
“native” and fracture surfaces were observed via SEM. (b) XRD patter
indicative of the perovskite structure were present. A single super reflecti
the native and fractured Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d surfaces after e
particles on the native surfaces. Exsolution on fracture surfaces – which
more homogeneous.

21432 | J. Mater. Chem. A, 2023, 11, 21429–21442
distorted tilt systems derived by Glazer.62 Pelletization and
densication yielded a pellet with a dull, gray-black surface.
Fracture of the pellet exposed shiny, black surfaces. This gave
a rst indication that the fracture was transgranular (through
the grains), since surfaces created via transgranular fracture
tend to be smoother and more reective than those created by
intergranular fracture.63

Post-exsolution SEM images of the native and fractured
surfaces of the Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d shard are shown in
Fig. 2c. The native surface exhibited a highly terraced surface
morphology. The presence of terracing in Ni- and La-doped
SrTiO3 has previously been shown to be an indicator of
oxygen deciency.64 Assuming Ni takes on a 2+ oxidation state,
our nominal composition implies a small oxygen deciency of
d = 0.01. The observed wide terrace spacing, however, suggests
an oxygen deciency beyond its nominal value. The terraces
were made up of smooth surfaces separated by rough regions.
Nanoparticles with radii of 25–35 nm were visible within the
rough regions, while few were present in the smooth regions.

Compared to the highly inhomogeneous exsolution on the
native surface, exsolution on fracture surfaces was far more
uniform and vigorous, in agreement with previous observations
on La0.52Sr0.28Ti0.94Ni0.06O3.64 The nanoparticle density near the
grain boundaries was slightly elevated compared to within the
grains. The fracture surfaces were relatively smooth, interrupted
only by grain boundaries and the occasional pore, conrming
our initial hypothesis of transgranular fracture. We next
measured the inuence of reducing conditions on the exsolu-
tion of Ni nanoparticles on these fracture surfaces.
0.1Ca0.1Ti0.94Ni0.06O3−d pellet. Exsolution characteristics of the pellet's
n of as-synthesized Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d powder. All peaks
on indicated deviation from the ideal cubic structure. (c) SEM images of
xsolution. Surface terracing strongly influenced exsolution of nano-
were relatively smooth, indicative of transgranular fracture – was far

This journal is © The Royal Society of Chemistry 2023
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3.2 Adjusting reduction temperature, oxygen chemical
potential to tune nanoparticle properties

We exsolved Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d fracture surfaces
under various reducing conditions to establish the inuence of
reducing temperature and atmosphere on exsolved nano-
particle properties. We selected 25 Sr0.8La0.1Ca0.1Ti0.94Ni0.06-
O3−d shards possessing shiny fracture surfaces and exsolved
each under different reducing conditions.

Our exsolution setup is diagrammed in Fig. 3a. We processed
each shard in a tube furnace under a continuous 200 sccm ow
of gas. The inlet gas was a mixture of H2 and Ar, with the H2/Ar
ratio controlled with high-precision mass ow controllers. The
sample was rst heated to the target temperature for 1.5 hours
while pure Ar was owed through the system to remove ambient
air and moisture. Once the target temperature was reached, H2

was introduced to drive exsolution. Aer 10 hours of reduction,
the furnace was allowed to naturally cool. The Ar/H2 atmo-
sphere was maintained during cooling to prevent nanoparticle
reoxidation.

We reduced the shards at ve different temperatures: 850,
875, 900, 925, and 950 °C. We adjusted the volume fraction of
H2 in the inlet gas with the goal of achieving the same range of
Fig. 3 (a) Experimental setup for exsolution of perovskite shards at
various temperatures and oxygen chemical potentials. Temperature
was controlled via a calibrated tube furnace, while oxygen chemical
potential was adjusted by varying the H2/Ar ratio of the inlet gas.
Samples were heated to the target temperature while flushing the
system with Ar. A set fraction of H2 was then introduced into the inlet
gas to reduce the material. After 10 hours of reduction, the material
was cooled under the reducing atmosphere to prevent reoxidation. (b)
Set H2 concentrations used to achieve the desired oxygen chemical
potentials at the various temperatures. These concentrations were
calculated using gas-phase thermodynamics (see ESI Section S.2†).

This journal is © The Royal Society of Chemistry 2023
oxygen chemical potentials at each temperature. We used
thermodynamic calculations to estimate these H2 fractions, the
results of which are presented in Fig. 3b. We denote oxygen
chemical potential as DmO, dened as the change in oxygen
chemical potential versus a pure, 1 atm O2 atmosphere at 0 K.
Uncertainties in chemical potentials were derived from the
manufacturer-reported variabilities in the mass ow rates of the
mass ow controllers. This error is largest at low gas ow rates
and becomes negligible at moderate to high ow rates.

Before advancing to our experimental ndings, some
discussion on our reported values for DmO is warranted. In our
experiments, DmO is determined by the partial pressures of H2

(pH2
, set by mass ow controllers) and H2O (pH2O, introduced via

desorption from components and leaks). We conservatively
estimate pH2O # 3 × 10−5 atm. Within this regime, lower values
of pH2O will shi all DmO's by a constant factor between 0 and
−0.2 eV. Therefore, we believe that the atmospheres achieved in
this study cover a consistent range of chemical potentials at
each temperature, though themagnitude ofDmO is uncertain. In
addition, we stress that the equilibrium DmO within our atmo-
spheres should be regarded as a nominal quantity, as mass
transport within the furnace as well as oxygen release from
exsolving sample will dictate the transient value of DmO near the
surface of the sample. Further denitions, details, and discus-
sion can be found in the ESI Section S.2.†

Aer treatment of our 25 shards under the 25 different
reduction conditions, we used SEM to determine the surface
densities and radii of the exsolved nanoparticles. For each
sample, we took images of ve randomly chosen sites on the
fracture surfaces. The area covered by each of the images ranged
from ∼2.5 mm2 to ∼58 mm2 depending on the size of the
nanoparticles. Representative SEM images collected from ve
shards exsolved at 900 °C under various oxygen chemical
potentials are shown in Fig. 4a. Representative images for all
samples can be found in Fig. S3.† For all treatments, nano-
particles appeared on the fracture surfaces with good
homogeneity.

Mean nanoparticle densities and radii are plotted for the
various reducing conditions in Fig. 4b. Histograms for nano-
particle radii for all samples are plotted in Fig. S4.† The exso-
lution nanoparticle properties on fracture surfaces were very
sensitive to changes in the reduction conditions. We observed
substantial differences in nanoparticle radius (5 nm up to 20
nm) and almost two orders of magnitude variation in nano-
particle density (1.5 nanoparticles per mm2 up to 75 nano-
particles per mm2). Such large variations were surprising,
considering the rather small increments of DmO (0.04 eV, ∼0.5
kT at exsolution conditions) and temperature (25 °C). We noted
three general trends in the nanoparticle density and radii:

(1) At higher temperatures and xed DmO, nanoparticle
density decreased while nanoparticle radius increased.

(2) At a xed temperature nanoparticle radius was nearly
constant, except for DmO = −3.92 eV where nanoparticle radius
increased dramatically for all temperatures.

(3) Under more severe reducing conditions (more negative
DmO) at xed temperatures, nanoparticle density rst increased
then decreased. The sample reduced at 925 °C and DmO =
J. Mater. Chem. A, 2023, 11, 21429–21442 | 21433

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta04817a


Fig. 4 (a) Representative images of Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d fracture surfaces after reduction at 900 °C at various oxygen chemical
potentials. All fracture surfaces were smooth, confirming these to be transgranular fracture surfaces. As oxygen chemical potential increased
(harsher reducing conditions), nanoparticle density increased, plateaued, then decreased while nanoparticle radius decreased then plateaued. (b)
Measured exsolved nanoparticle density and radius as a function of exsolution temperature and oxygen chemical potential. (c) Mean nanoparticle
radius vs. nanoparticle density for all 25 unique processing conditions. The line indicates where the volume of the total exsolution per unit surface
area is equal. By finding the best fit of the line to the experimental measurements, the exsolution volume per area could be estimated: 3.8 × 104

nm3 mm−2.
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−4.08 eV does not obey this trend. We consider this point to be
an outlier.

In addition, we observed a systematic relationship between
average nanoparticle radius and density across all reduction
conditions. In Fig. 4c, nanoparticle radius is plotted against
nanoparticle density and a line dening a constant exsolution
volume (volume of nanoparticles per unit of perovskite surface
area). To derive this line, we assumed all nanoparticles were

spherical and t the following expression, V ¼ r
4
3
pr3, for V,

where V is the total exsolution volume per unit area, r is the
average nanoparticle density, and r is the average nanoparticle
radius. The best t value was V = 3.8 × 104 nm3 mm−1.2 The t
was good, with a low standard error of regression of 1.2 nm. Our
experimental data points largely fall onto this line, implying
that the exsolution volume (or alternatively, the extent of exso-
lution) was not strongly dependent on the exsolution
conditions.

The nearly constant extent of exsolution may trace back to
the small changes in DmO and temperature employed in our
experiments. If we consider exsolution as a simple process in
21434 | J. Mater. Chem. A, 2023, 11, 21429–21442
which lattice Ni2+ is transformed into metallic Ni while lattice
oxygen is released into the gas phase (for charge compensation),
then the exsolution driving force will explicitly depend on DmO
and the chemical potential of Ni. Our small changes in DmO
(−0.2 eV) and temperature (100 °C) (on which Ni's chemical
potential weakly depends) may not be large enough to appre-
ciably change the driving force (see ESI, Section S.3†). The
observed constant exsolution extent may also reect limited
availability of Ni cations; based on kinetic models, several
studies have found that nanoparticle growth may be controlled
by the availability of exsolveable cations.19,27 Based on kinetic
ts, these same studies note that Ni diffusion is likely not the
limiting factor. This is consistent with our ndings, as a process
limited by a diffusion step with a substantial activation barrier
would be sensitive to small temperature changes. In addition,
our exsolution volume indicates very low Ni availability, with an
average Ni depletion depth of only 3 nm.

Since the exsolution extent is roughly constant, we hypoth-
esized that the trends in nanoparticle density were a result of
competition between nanoparticle nucleation and growth. To
This journal is © The Royal Society of Chemistry 2023
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test this hypothesis, we developed a nucleation model to t our
experimental data.
3.3 Semiempirical model for nucleation of exsolution
nanoparticles

Of the numerous physical and empirical nucleation and growth
models available, we chose to t our experimental data to the
extension of the LaMer growth model proposed by Sugimoto
et al.65 The LaMer model was initially proposed to explain the
formation of monodisperse sulfur particles when water is added
to a sulfur/alcohol solution.66 The model assumes that, upon
addition of solute at a constant rate, the solute concentration
behaves as shown in Fig. 5a during nucleation and growth. The
solute concentration rises steadily until supersaturation is
reached, triggering the start of nucleation and growth. Initially,
both nucleation and growth are extremely slow and do not inhibit
the continued rise of the solute concentration above supersatu-
ration. Once enough nuclei have formed, growth drives solute
concentration asymptotically towards the saturation limit. Aer
this point, added solute contributes to growth only and nucleation
stops. The idea that nucleation is restricted to the rst moments
of nucleation and growth is referred to as “burst” nucleation.
Burst nucleation was key in explaining the formation of mono-
dispersed nanoparticles in LaMer and Dineger's experiments.66
Fig. 5 (a) Solute concentration vs. time assumed in the LaMer mecha
concentration initially shoots past the solute saturation limit. Nucleation q
saturation concentration. After this point, essentially all excess solute sup
solute supply rate and the growth rate. (b) Model for exsolution introduc
energetics of B-site cation segregation and surface reduction. We assum
model for nanoparticle density fit to experimental data.

This journal is © The Royal Society of Chemistry 2023
In situ TEM studies observing exsolution of Ni from La0.43-
Ca0.37Ni0.06Ti0.94O3

19 and Sr2Fe1.35Mo0.45Co0.2O6−d
67 and Co

from Co-doped Pr0.5Ba0.5MnOx
68 indicate that metal nano-

particle nuclei form in the rst seconds-minutes upon exposure
to reducing gas. Nanoparticle growth, meanwhile, occurs on the
order of hours, as shown when exsolving Ni from La0.4Sr0.4-
Sc0.9Ni0.1O3−d,27 La0.5Sr0.5Fe0.8Ni0.1Nb0.1O3−d,39 and
La0.2Sr0.7Ti0.9Ni0.1O3−d.32 The order-of-magnitude difference
between nucleation and growth timescales suggests burst
nucleation and the LaMer model may apply to exsolution.
Furthermore, the burst nucleation hypothesis may rationalize
recent results in which repeated reduction and oxidation
treatments result to extremely high nanoparticle densities.69

Here, oxidizing aer a short period of reduction may allow for
several rounds of burst nucleation without losing too many
available exsolveable cations to growth.

We applied Sugimoto et al.’s extension of the LaMer model to
t our experimentally measured nanoparticle density.65 Sugi-
moto et al. derived an expression for the nuclei density as the
ratio of the solute supply rate and the growth rate:

Nanoparticle density ¼ Solute supply rate

Growth rate
(1)
nism. Solute is made available for nucleation and growth and solute
uickly occurs and growth drives the solute concentration down to the
plied goes towards growth. The final number of nuclei is the ratio in the
ed in our previous work.28 Here, solute supply rate is dependent on the
e that the growth rate follows an Arrhenius equation. (c) Semiempirical

J. Mater. Chem. A, 2023, 11, 21429–21442 | 21435
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We derived a suitable expression for solute supply rate in our
previous work.28 There, by correlating the exsolution properties
of a variety of Ni-doped SrTiO3 solid solutions with DFT calcu-
lations, we derived the four-step exsolution mechanism
diagrammed in Fig. 5b. The perovskite is rst reduced, which
drives Ni segregation to the perovskite surface. The degree of Ni
segregation is determined by the thermodynamic driving force
DGseg, assuming an equilibrium between bulk and surface Ni
cations. Aer segregation, the Ni-rich surfaces can lose addi-
tional oxygen with a kinetic barrier DGred. We proposed that
these reduced Ni-rich surfaces feed nanoparticle nucleation and
growth i.e., the solute supply rate equals the generation rate of
reduced Ni-rich surfaces. Based on the mechanism, we derived
the following expression for the solute supply rate:

Solute supply rate ¼ e
�DGseg

kT

1þ e
�DGseg

kT

pH2
e
�DGred

kT (2)

DGseg and DGred were the results of DFT calculations, linearly
rescaled to t eqn (2) to nine experimentally measured nano-
particle densities. The terms containing DGseg estimated the
concentration of Ni-rich surfaces at equilibrium, while the term
containing DGred acted as an effective rate of reduction of Ni-
rich surfaces scaled with pH2

. Here, surface reduction is
assumed to be a second-order reaction between gaseous H2 and
a Ni-enriched surface with a barrier approximated by DGred. In
our previous work, experiments were done at identical reduc-
tion conditions, allowing us to remove pH2

from the expression
(effectively setting pH2

= 1). Additional details can be found in
ref. 28.

In this work, we again used eqn (2) to describe the solute
supply rate. Previously, we derived values for DGseg and DGred

for Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d based on DFT calculations and
exsolution on native surfaces.28 However, since this work
focused on fracture surfaces, these values could not be carried
over. Rather, we dened DGseg and DGred as simple, to-be-
determined linear functions of the oxygen chemical potential
DmO. Similarly, we dened a growth barrier DGgrow as a linear
function of DmO and the growth rate as an Arrhenius rate:

Growth ratefexp

��DGgrow

kT

�
(3)

Combining eqn (1)–(3) yielded the nal expression:

Nanoparticle density ¼ c0
e
�DGseg

kT

1þ e
�DGseg

kT

pH2
e
�ðDGred�DGgrowÞ

kT (4)

where

DGseg = c1 + c2DmO (5)

DGred − DGgrow = c3 + c4DmO (6)

and c0, c1, c2, c3, and c4 are t parameters.
We began by directly tting eqn (4) to our 25 experimentally

measured metal nanoparticle densities using non-linear least
squares regression. This initial t was poor, with a standard
21436 | J. Mater. Chem. A, 2023, 11, 21429–21442
error of regression of 8.2 mm−2 and an R2 value of 0.81
(Fig. S6a†). Curious, we removed the pH2

term as done in our
previous work and ret the model. This t was excellent, with
a standard error of regression of 4.7 mm−2, an R2 value of 0.94,
and 2–3 outliers among the 25 total datapoints. The t param-
eters were c0 = 4.84 × 10−10 mm−2, c1 = 12.6 eV, c2 = 3.13
(unitless), c3 = −7.91 eV, and c4 = −1.32 (unitless). This tted
model is compared to the experimental data in Fig. 5c.

Based on this t, we conclude that the relationship between
the nanoparticle density is not explicitly proportional to pH2

as
originally conjectured. This may imply that the surface reduc-
tion kinetics has negligible explicit dependence on pH2

.
However, this nding is also consistent with proportional
dependence of the growth rate on pH2

, which would cancel out
the explicit pH2

term in eqn (4). Whatever the reason, we must
ultimately regard eqn (4) as a semiempirical expression; addi-
tional work is required to understand how it's mathematical
form precisely relates to the exsolution mechanism.

Despite uncertainties regarding the role of pH2
, we could still

extract some useful physical insights from the tting constants.
The constants c2 and c4 dene the dependence of DGseg and
DGred − DGgrow on DmO. We found that c2 > 0, implying that
segregation energy is more favorable under more reducing
conditions. We found that c4 < 0, meaning that under more
reducing conditions surface reduction is less favorable and/or
growth is more favorable. The opposite signs of c2 and c4
imply that the observed maximum in nanoparticle density is
due to a tradeoff between Ni surface segregation thermody-
namics and the rate of Ni surface reduction and/or metal
nanoparticle growth. In addition, the increase in nanoparticle
density at lower temperatures can be attributed to the
suppression of nanoparticle growth.

Our derived model provides insight into the exsolution
mechanism and could be used to optimize exsolution from
Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d fracture surfaces. By performing
similar studies on different perovskite compositions, one could
derive a more general model i.e., a model that predicts the
exsolution properties of an arbitrary composition aer treat-
ment under arbitrary reducing conditions. However, building
such a model in this way would require an enormous experi-
mental effort and would deliver only limited physical insights.
Alternatively, methods could be developed to calculate the
energetic parameters underlying our model. This would allow
the model to be applied to arbitrary compositions. We next
evaluated the feasibility of this approach by performing DFT
calculations.
3.4 Calculation of semiempirical model parameters with
DFT

In our previous work, we calculated two energies with DFT, here
denoted as DGDFT

seg and DGDFT
red , that integrated into eqn (2) pre-

dicted the exsolved nanoparticle densities of a variety of
perovskite compositions.28 In this work, we evaluated how these
DFT-derived energies compared to DGseg and DGred − DGgrow,
the energetic parameters in our semiempirical nucleation
model.
This journal is © The Royal Society of Chemistry 2023
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We calculated DGDFT
seg and DGDFT

red in a manner consistent with
our previous work.28 Calculations were done on a ve-layer (110)
oriented slab model shown in Fig. 6a with the stoichiometry
Sr0.8La0.1Ca0.1Ti0.9Ni0.1O3−d. DG

DFT
seg was dened as the energy

change upon swapping Ni and Ti between the third and rst
layers. DGDFT

red was dened as the energy change upon removal of
an oxygen from the slab surface and incorporation into the gas
phase aer Ni segregation. The positions of the Ca and La
dopants were chosen to minimize DGDFT

seg and DGDFT
red . Both
Fig. 6 (a) Slab model and formulae (from ref. 28) used to calculate
segregation (DGDFT

seg ) and reduction (DGDFT
red ) energies using DFT. (b)

Surface structures (SrTiOx) used to approximate the influence of
reduction conditions on segregation and reduction energies. For
simplicity, A-site dopants (Ca and La) are not pictured. (c) Segregation
and reduction energies vs. x. An oxygen chemical potential term is
subtracted from DGDFT

red to remove explicit dependence on DmO. (d)
Surface oxygen removal energies as a function of x. The x at which this
line equals −DmO defines x under experimental conditions. (e) Fit
segregation and reduction/growth energies of our nucleation model
compared to their DFT analogues, which are calculated by combining
the results in (c) and (d).

This journal is © The Royal Society of Chemistry 2023
energies were rescaled based on the ts to experimental
measurements presented in our previous work.28

DGDFT
seg and DGDFT

red are dependent on the slab's surface O
termination x, where x refers to the surface oxygen stoichiom-
etry (SrTiOx) (Fig. 6b). Fig. 6c plots DGDFT

seg for the three acces-
sible and relevant O terminations. DGDFT

red − 1.29 DmO is plotted
as well, with the oxygen chemical potential term subtracted to
allow plotting without assuming a specic value for DmO (see
formula in Fig. 6a). As x decreases, DGDFT

seg decreases, implying
that Ni segregation is more favorable as DmO becomes more
negative (dDGDFT

seg /dDmO > 0). DGDFT
red − 1.29 DmO increases as x

decreases. The sign of dDGDFT
red /dDmO depends on the numerical

value of dx/dDmO and therefore cannot be determined so simply.
In previous work we calculated DGDFT

seg and DGDFT
red for a xed x

where x was chosen as the most stable surface oxygen stoichi-
ometry under the given reducing conditions.28 Under this
methodology, DGDFT

seg (DmO) and DGDFT
red (DmO) would be discon-

tinuous and could not be readily compared to the continuous
functions DGseg(DmO) and DGred(DmO). We therefore derived the
following continuous composite functions:

DGDFT
seg (DmO) = DGDFT

seg (x(DmO)) (7)

DGDFT
red (DmO) = DGDFT

red (x(DmO), DmO) (8)

DGDFT
seg (x) and DGDFT

red (x) were dened as the linear interpolations
shown in Fig. 6c x(DmO) was dened through linear interpola-
tion of the surface oxygen removal energies (Fig. 6d), where the
x at which the surface oxygen removal energy equals −DmO
denes x(DmO). Derivation details can be found in the ESI,
Section S.4.†

DFT-derived exsolution energetics are compared to energy
parameters from our semiempirical model in Fig. 6e and Table
1. DGDFT

seg was∼0.5 eV less favorable than the empirically-derived
DGseg. This disagreement was unsuprising given that the
formula for DGDFT

seg was derived (in part) from experimental
measurements of exsolution on native surfaces while DGseg was
derived based on exsolution on fracture surfaces. As observed in
Section 2.1, native surfaces exsolved less vigorously than frac-
ture surfaces. This has been shown to be due to strong A-site
segregation on the native surfaces which inhibits exsolution,64

whichmay be reected in a higher segregation energy. However,
dDGDFT

seg /dDmO was in reasonable agreement with dDGseg/dDmO
(4.31 vs. 3.13, a 38% difference). Therefore, we propose that
DGseg could be derived by subtracting a constant ∼0.5 eV
correction from DGDFT

seg . However, detailed studies on other
perovskite compositions would be needed to conrm this.
Table 1 Dependence of exsolution energetics on oxygen chemical
potential, as determined from our semiempirical model and DFT
calculations

Derivative
Semiempirical
model

Density functional
theory

dDGseg/dDmO +3.13 +4.31
dDGred/dDmO n/a −0.87
d(DGred − DGgrow)/dDmO −1.32 n/a

J. Mater. Chem. A, 2023, 11, 21429–21442 | 21437
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DGred − DGgrow and DGDFT
red were consistent with the

assumptions underlying our nucleation model, although these
two energies are not directly comparable. The composite energy
DGred − DGgrow was ∼2 eV lower than DGDFT

red . This is consistent
with our interpretation of DGgrow as a growth barrier (>0) and
suggests that the growth barrier is larger than the reduction
barrier. d(DGred − DGgrow)/dDmO and dDGDFT

red /dDmO were both
negative (−1.32 vs. −0.87, a 57% difference). This result is
consistent with dDGgrow/dDmO > 0, as expected since we expect
the growth barrier to increase under less reducing conditions.
We found that dDGDFT

red /dDmO < 0, suggesting that dDGred/dDmO <
0. This result is consistent with the energetic trends observed
and discussed in our previous work.28 There, we noted that as
the oxygen content on the surface decreased, removal of addi-
tional oxygen becomes more difficult. These results are
encouraging, but as of now we do not have a method to directly
calculate DGred − DGgrow with DFT calculations. One possible
scenario would be that the growth rate is largely independent of
the perovskite composition, in which case DGDFT

red could be
linearly rescaled to derive a value for DGred − DGgrow. As in the
case of DGseg, additional experiments and calculations are be
needed to investigate this.

Based on our empirically derived energetics and the DFT
calculations, we can reexamine terms in our semiempirical
model (Fig. S8†) and more fully interpret our experimental
observations discussed in Section 3.2:

(1) At higher temperatures and xed DmO, nanoparticle
density decreased while nanoparticle radius increased. Higher
temperatures accelerate nanoparticle growth but only slightly
increase the solute supply rate (by increasing the Ni-rich surface
reduction rate). Ni segregation is largely unaffected by changes
in temperature. This reduces the duration of the nucleation
“burst”, resulting in fewer, larger nanoparticles.

(2) At a xed temperature nanoparticle radius was nearly
constant, except for DmO = −3.92 eV where nanoparticle radius
increased dramatically for all temperatures. At greater DmO, Ni
segregation is far less favorable, the surface reduction barrier
slightly decreases, and the growth barrier increases. Although
the growth rate is smaller, a far lower solute supply rate leaves
little opportunity for nanoparticles to form. With a very short
nucleation burst, nanoparticles can grow quite large.

(3) Under more severe reducing conditions (more negative
DmO) at xed temperatures, nanoparticle density rst increased
then decreased. As DmO decreases, the solute supply rate
increases (largely due to an enhancement of Ni segregation).
This leads to the initial increase in nanoparticle density. At
more reducing conditions, the surface reduction barrier
increases, and the growth barrier decreases. These effects
eventually lead to a decrease in the nanoparticle density.

To our knowledge, this work is the rst to quantitatively
capture the inuence of reduction conditions on exsolution
nanoparticle density for different temperatures and reducing
atmospheres. By building a nucleation model, we showed how Ni
segregation, reduction of Ni-rich surfaces, and nanoparticle
growth dictate the density and size of Ni nanoparticles exsolved
from Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d. Key here was the introduction
of burst nucleation and the LaMer mechanism which, combined
21438 | J. Mater. Chem. A, 2023, 11, 21429–21442
with the energetics of exsolution, explains why small changes in
the reduction conditions produced large changes in the exsolved
nanoparticle properties. Furthermore, we demonstrated that our
model's parameters could be derived with DFT calculations. This
raises the question whether a general exsolution model could be
derived i.e., a rst-principles method to predict the properties of
nanoparticles exsolved from an arbitrary perovskite under arbi-
trary reduction conditions. Considering the diversity of exsolution
perovskites currently being studied, a truly general model likely
does not exist. However, the model presented here suggests that
general models for specic classes of materials and ranges of
reducing conditions may be within reach.

A general model for Ni exsolution from fracture surfaces of
SrTiO3 solid solutions could be built by extending this work. To
do this, the experiments and calculations presented here
should be repeated for several SrTiO3 solid solutions, perhaps
with dopants and deciency introduced onto the Sr site. In
these experiments, we recommend precisely measuring the
oxygen chemical potential directly above the sample rather than
relying on nominal values. These measurements pose some
major challenges. First, the reducing environment within the
furnace is unlikely to be at steady state during the critical initial
stages of reduction. Second, the atmosphere directly above the
sample surface may not be in equilibrium with its surround-
ings, a consequence of oxygen release due to backbone reduc-
tion and exsolution, both on surfaces and within the bulk.70

Although taking these measurements will be challenging, not
doing so will make it difficult to reproduce results using
different experimental setups.

For the calculations, we recommend further development of
robust DFT methodologies. In this work, we performed calcu-
lations on small slab models containing around 50 atoms, but,
due to the small size of the slabmodel, our calculation of x(DmO)
was highly approximate. We performed supplemental analyses
where x(DmO) was derived using calculations on a larger slab in
the ESI, Section S.5.† Although our results here were similar, the
quantitative dependence of DGDFT

seg and DGDFT
red on DmO did

change. This highlights the need to develop more accurate DFT
methodologies, especially if the goal is quantitative rst prin-
ciples predictions of exsolution behavior.

Our results are an encouraging step towards more general
exsolution models. Such models would be particularly useful
when developing exsolution perovskites for complex, next-gen
energy applications in which the properties of the perovskite
backbone and the nanoparticles must be optimized simulta-
neously. The ability to perform many of these optimizations
without the need to experimentally screen an larges number of
material compositions and processing conditions could make
exsolution materials much more competitive with conventional
supported metal catalysts.

4. Conclusion

Exsolution is a promising route to active, stable ceramic-
supported metal catalysts for use in conventional and up-and-
coming chemical and energy conversion applications.
However, implementation of exsolution materials is hindered
This journal is © The Royal Society of Chemistry 2023
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by gaps in our understanding of the exsolution mechanism and
consequent shortage of design guidelines. We confronted these
challenges by studying the inuence of temperature and
reducing atmosphere on exsolution of Ni nanoparticles from
Sr0.8La0.1Ca0.1Ti0.94Ni0.06O3−d. Aer carrying out exsolution
under 25 different reduction conditions, we found that exsolved
nanoparticle properties were surprisingly sensitive to the
reduction conditions. Furthermore, we established that low
temperatures and moderate reducing conditions lead to
smaller, more numerous Ni nanoparticles. We explained these
ndings by tting a LaMer nucleation model to our measure-
ments, building upon our earlier proposed exsolution mecha-
nism in which Ni segregation and reduction of Ni-rich surfaces
dictate nanoparticle density.28 This demonstrates that perov-
skite composition and reduction conditions inuence the
exsolution process through similar principles. Finally, we
explored the feasibility of deriving the model's energetic
parameters with DFT calculations. Overall, this work is
a promising step towards general in silico design of exsolution
perovskites. Further development in this area will be invaluable
in guiding discovery of new, high-performance exsolution
catalysts for complex applications.
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