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ABSTRACT: Supported metal catalysts represent one of the major milestones in
heterogeneous catalysis. Such catalytic systems are feasible for use in a broad
range of applications, including renewable energy devices, sensors, automotive
emission control systems, and chemical reformers. The lifetimes of these
catalytic platforms depend strongly on the stability of the supported
nanoparticles. With this regard, nanoparticles synthesized via ex-solution
process emphasize exceptional robustness as they are socketed in the host
oxide. Ex-solution refers to a phenomenon which yields selective growth of fine
and uniformly distributed metal nanocatalysts on oxide supports upon partial
reduction. This type of advanced structural engineering is a game-changer in the
field of heterogeneous catalysis with numerous studies showing the benefits of
ex-solution process. In this review, we highlight the latest research efforts
regarding the origin of the ex-solution phenomenon and the mechanism
underpinning particle formation. We also propose research directions to expand
the utility and functionality of the current ex-solution techniques.
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INTRODUCTION

Supported catalysts are indispensable given their functions in
multiple high-value catalytic processes, including those in
petroleum refinery and for use in chemical fuel production,
exhaust emission control, gas sensing, and energy storage and
conversion, to mention a few.'”” In general, supported
catalysts are configured as catalytically active metal particles
dispersed on a functional oxide support. In a typical
heterogeneous catalyst, most gas-phase reactions occur at the
topmost layers of the atoms (i, the metal—gas and metal—
oxide—gas interfaces); therefore, increasing the surface area—
to extend the reaction boundaries—is key to augment the
catalytic activity. In this regard, making the metal particles
smaller, preferably to nanoscale, is essential to secure a high
surface-to-volume ratio, which draws the maximum economic
utility out of the finite catalyst. Furthermore, it is of
significance to ensure superior surface dispersion of nano-
particles across the support. Conventionally, this is done by
impregnation, co-precipitation, or deposition techniques (i..,
physical vapor deposition and chemical vapor deposition).
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Unfortunately, the metal nanoparticles produced with the
aforementioned methods afford limited control over the size
distributions, and the weak attachment between the support
and metal nanoparticles often results in disappointing longevity
of the catalytic system.

Alternatively, nanoparticles can be spontaneously yielded
directly from the support through an “ex-solution” process
(Figure 1). When certain catalytically active cations are
dissolved into a supporting framework homogeneously in an
oxidizing condition, they can be subsequently extruded as
metallic nanoparticles upon a partial reduction process.
Compared to traditional techniques, the ex-solution process
offers better spreading of nanoparticles along with superior size
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Figure 1. (a) Schematic illustration of structural evolution through the ex-solution process. Red, green, and gray balls represent different
cations. Green is the most reducible ion. (b) Surface microstructure of La,3CeyNi,TipcO; after ex-solution by scanning electron
microscope (SEM). The nanoparticles are uniformly distributed onto the supports. Panel b reprinted with permission from ref 14. Copyright

2013 Springer Nature.

uniformity and thus represents a salient advancement with
regard to the preparation of best-in-class supported catalysts.
Moreover, the simple and precise manufacturing methods used
and the fascinating geometry of socket-anchored nanoparticles,
bringing forth exceptional resistance to particle agglomeration
and coking, clearly offer advantages and thus bode well for the
future of heterogeneous catalysis.'’~"*

By employing the ex-solution process, significant progress
has been made, especially with regard to the concept of
intelligent catalysts and the development of electrodes for solid
oxide electrochemical cells (SOCs). These efforts to create
better SOC electrodes have been discussed at length in earlier
reviews, > ~'® and interested readers are strongly encouraged to
refer to the cited reviews. In this review, instead, we discuss
comprehensively the current mechanistic understanding of the
ex-solution phenomenon theoretically, considering atomistic
and continuum models, and experimentally. Specifically, in
Related Research Status, we start with a brief history of the ex-
solution process, after which we overview the most important
and cited studies and analyze the current research status. In
Energetics and Dynamics of the Ex-solution Process, we focus
on a more in-depth discussion of ex-solution energetics, the
atomic origin of why ex-solution occurs, and the related
dynamics and the mechanisms by which the ex-solution
process proceeds. Finally, in Explaining, Why Does It
Happen?, we present future perspectives on the road to
expanding the utility of current ex-solution techniques, which
therein includes multicomponent ex-solution processes, post-
treatments, alternative attempts to obtain ex-solved particles,
and computational perspectives for the material design and
modeling.

RELATED RESEARCH STATUS

Originally, the term “ex-solution” was used in relation to earth
sciences or mineralogy as a catch-all term related to how a
homogeneous solid solution is separated into at least two
different crystal structures. However, the ex-solution for the
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purposes of this work refers to the “selective emergence of
metal nanoparticles on oxide supports upon partial reduction”.
Ex-solution in this sense began to be used frequently after the
publishing of two monumental works by Irvine’s group,'*"’
which is to tune the A-site deficiency in perovskite oxides to
trigger more effective growth of metal nanoparticles. Indeed,
the same phenomenon has been steadily reported in different
terms thus far. For example, a concept similar to the ex-
solution a&)proach was introduced as an “internal solid-state
reaction”” by Schmalzried and Backhaus-Ricoult, in the late
1900s (Figure 2a—c). The authors interpreted this phenom-
enon as chemical processes in isothermal heterogeneous
systems when the reaction product (precipitates) forms in
the interior of a solid. As shown in Figure 2a,b when using the
(A,B)O oxide solid solution (AO is more reducible than BO),
the point defect flux caused by the oxygen chemical potential
difference between the external surface and the reaction front
(i.e., subsurface region) can form the reduced products (i.e.,
metallic A) at the surface or in the bulk of the reactant solid
solution. In particular, they classified these reactions into two
types depending on whether or not the (sub)lattice of the
matrix is destroyed, indicating that this is determined by the
initial concentration of the reducible element, A, through a
numerical calculation derived by local mass balance. Moreover,
the authors have suggested that the reaction is also affected by
the surface state (dense or porous), point defect concentration,
mobility, and other factors. On the other hand, with regard to
chemical catalysts, for example, exhaust gas emission systems,
the term “intelligent catalysts” has been used to emphasize the
reversibility of metal nanoparticles, in particular starting with a
work reported by Nishihata et al, in 2002.° This article
reported the high durability of the LaFe;s;Cog35Pd0sO3
perovskite catalyst compared to the conventional impregnated
Pd/ALO; type during the CO—-NO, crossover point
conversion lasting 100 h as shown in Figure 2d. Hence, they
suggested that the reversible movement of Pd into and out of
the perovskite lattice (dissolution and precipitation) sup-
presses Pd particle growth, leading to superior retention of
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Figure 2. (a) Phase diagram and reaction path of internal solid-state reaction (in this case, internal reduction) in (A,B)O system. N, and Ny
are the numbers of A and B atoms (or ions), respectively; pt, denotes the chemical potential of O,; and p, is the oxygen partial pressure.

(b) Schematic of internal reduction mechanism. V” is cation vacancy, h°® is hole, ¢ refers the depth of oxide solid solution. {5 and & are the
external surface and reaction fronts, respectively. (c) Scanning electron microscope images of Mgy ,,Cu, ;O after heat treatment at 1400 °C
in C/CO-buffer gas for 9 h. (d) Stability tests of LaFe, s,Co,35Pd, 0505 and Pd/Al,Oj catalysts during conversion of three pollutants; carbon
monoxide (CO), hydrocarbon, and nitrogen oxides (NO,). (e) X-ray absorption near edge structure results of LaFe,s,Co,35Pd, 0505 and
comparison with PdO and Pd foil as references. (f) I-V curves of typical solid oxide fuel cell using LagSry,Crys,Ru,,50;5_5 anode
measuring various times after wet H, flow. (g, h) Scanning tunneling electron microscope and high-resolution tunneling electron microscope
images of La, gSr,,Cry g;Rug 13055 after reduction in H, for 45 h, respectively. Panels a—c reprinted with permission from ref 20. Copyright
1992 Elsevier. Panels d and e reprinted with permission from ref 6. Copyright 2002 Springer Nature. Panels f—h reprinted with permission
from ref 22. Copyright 2007 Elsevier.

high catalyst activity (Figure 2e). Other terms used to describe anode due to Ru nanoclusters, which form during the cell
the ex-solution are the “solid-phase crystallization” (spc) operation (Figure 2g,h). As such, although various terms have
method by Takehira.”" They prepared both perovskite- and been used to refer to the ex-solution process, all phenomena
hydrotalcite-type catalysts through the spc method and reported this far describe spontaneous metal particle
compared the catalytic activity and durability with those by precipitation via results of the selective phase decomposition
the conventional impregnation method in hydrogen produc- of an oxide solid solution according to the temperature and
tion reactions. They emphasized that the spc method is a oxygen chemical potential.
highly promising route for preparing supported catalysts in the It is important to note that the number of related works
oncoming millennium. Furthermore, in the field of electro- focusing on the ex-solution process has increased steeply. This
catalysis, Barnett’s group applied the ex-solution process to means that the ex-solution technique has a pivotal role for
solid oxide fuel cells (SOFCs, the most actively grafted fabricating supported catalysts. Indeed, this technology has
application), referring to this advance as the “nucleation of found advanced and exciting applications in heterogeneous
nanometer-scale electrocatalyst particles”, in 2007.*” They catalysis. However, so far, it has been mainly applied to the
found that the maximum power density increased continuously electrodes of high-temperature electrochemical devices due to
from 250 to 390 mW cm™ during the initial 100 h of SOFC their exclusive process conditions. For example, many
operation using a typical cell employing a researchers have utilized the ex-solution process to develop
Lay Sty ,CrogRug 15055 anode at 800 °C (Figure 2f). The highly active and robust anodes for fuel cells operating at high
authors suggested that the performance improvement was temperatures and in reductive atmospheres (H, or C,H,,,,),
achieved via a decrease in the polarization resistance of the representing a favorable condition for the ex-solution
83 https://dx.doi.org/10.1021/acsnano.0c07105
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Table 1. Gibbs Free Energy Change of Reduction of Metal Oxides to Metal at Different Temperatures (kJ/mol)“ (Reproduced
with permission from Reference 44. Copyright 2016 Elsevier)

oxides CaO SrO BaO La,04 Sc,04 Fe,0; Co;0, NiO
300 °C 359.14 318.62 279.69 491.09 545.49 10.54 —57.67 —29.16
600 °C 34391 305.06 268.36 472.73 525.43 —4.09 —74.96 —40.00
900 °C 328.64 291.47 256.27 456.31 507.25 —16.54 —90.78 —49.54
“The reaction is eq 1.
rocess.”> "¢ Furthermore, the electrode combined with the X oM x mr Misee | M
Ex—solution process has b,een employed in high-temperature M+ ?OO = Mevsatuion + Vit + ;VO " Zoz(g)

electrolyzing systems such as those associated with CO,,”" =’

steam,””**" electrolysis, and electrochemical gas reforming.*”
More specifically, effective promotion of electrochemical
oxidation of H, through metal alloy nanoparticles was reported
by Zhu et al,”® while greatly enhanced steam electrolysis was
showcased by Tsekoras et al."’ In addition to such applications,
very recently, the ex-solution process has not only become
actively employed as oxygen ?ermeation membranes®>** and
chemical looping materials®> ™ but has also been used in low-
temperature reactions such as those in the CO oxidation.”*™*’
Moreover, ex-solved catalysts even expand their application to
aqueous solution electrolysis reactions such as nanoscale Ni ex-
solution from CaTiO;,"" to toxic gas sensing materials using Ir
nanoparticles socket4e2(}B on WO, and to photocatalytic
conversion processes.”

ENERGETICS AND DYNAMICS OF THE EX-SOLUTION
PROCESS

When attempting to improve the performance capabilities or
the utilization of supported catalysts for desired reactions in
chemical and electrochemical fields, it is essential to control
not only the composition, morphology, size, and number
density of metal nanoparticles but also combinations of metal/
oxides with functional interfaces. Because these characteristics
are determined by the results of the phase instability and
corresponding phase transition of the oxide solid solution, a
deeper understanding of the origin and working principles of
the ex-solution phenomenon is necessary to fabricate
customized ex-solution catalysts. In this regard, thus far,
numerous studies have been carried out, though the detailed
mechanism of the ex-solution process has still remained
unclear. In this section, thus, we will summarize the theoretical
and empirical investigations to interpret the energetics and
dynamics of the ex-solution processes reported to date.

WHY DOES IT HAPPEN?

Ex-solution refers essentially to a precipitation phenomenon of
cations that are dissolved in a host oxide lattice through a
reduction process of an oxide solid solution. The ex-solution
generally involves four physical processes, namely, diffusion,
reduction, nucleation, and growth. For the ex-solution to take
place, the metal oxides (or metal ions) need to be reduced to
their metallic state. Such a reaction can be written as

y

1
~M,O, + ZH,(g) = M + 2H,0(g)
X X X

(1)
Thermodynamically, the reaction in eq 1 is favorable only if
the Gibbs free energy change of the reaction, AG = ZGPmducts
— ¥ Gieactants 1S negative. In most cases, the ex-solution takes
place in a reducing atmosphere (e.g, H,) to have conditions
favorable for the reduction reaction. Alternatively, the eq 1 can
be written in Kroger—Vink notation as follows:
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@)
Here, My and O are respectively the metal M and oxygen ion
in oxide lattice, M, qolution denotes the ex-solved metallic phase,
M and V& are correspondingly the cation and anion
vacancies, O,(g) is oxygen gas, and m is the oxidation state
of M. From a defect chemistry point of view, as shown in eq 2,
when an oxide solid solution is exposed to a reductive
atmosphere, the oxygen ions in the lattice are released in the
form of oxygen gas, leaving positively charged oxygen vacancies
and reducing metal cations to neutral species. In an oxidative
atmosphere, the reduced metallic phase is dissolved again into
the host oxide as a cation, if kinetics permit, and thus exhibits
reversibility in redox reaction cycles. Table 1 lists the AG for a
variety of metal oxides,"* where we note that all alkaline earth
metals (eg, Ca, Sr, Ba, and La) have AG > 0, while most 3d
transition metals, such as Fe, Co, and Ni, have AG < 0 at
temperatures higher than 600 °C (Figure 3). Therefore, the ex-
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Figure 3. Gibbs free energy change of reducing transition metal
oxides under reducing atmosphere at 900 °C. Inset: The reaction.
Reprinted with permission from ref 14. Copyright 2013 Springer
Nature.

solution is generally observed for the easily reducible transition
metals. At higher temperatures, Fe may be also ex-solved from
the host perovskite.”’45 Although not included in Table 1,
precious metals that are easily reduced are also important
components of the ex-solution process.

However, the reduction properties of the metal element are
not the only factor affecting the nature of ex-solution. For a
stoichiometric perovskite structure, ABO;, as a reference, the
ex-solution of the B-site (reducible elements) metal may
destabilize the bulk lattice structure due to the excessive loss of
B-site cations (or excessive A-site cations in host lattice).46 As
such, Neagu et al,'"'"**” proposed using the A-site-deficient
perovskites, A;_,BO;, which may prevent the collapse of the

https://dx.doi.org/10.1021/acsnano.0c07105
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Figure 4. (a) Schematic of the B-site ex-solution process from A-site-deficient perovskite oxides under a reducing—annealing condition. (b)
Extent of reduction according to various perovskite systems, dopant types (e.g., Ti, Mn, Fe, Ni, and Cu) and annealing conditions. Letters d
and w represent dry and wet atmospheres, respectively. Panels a and b reprinted with permission from ref 14. Copyright 2013 Springer

Nature.

bulk crystal during the ex-solution, leading to more dynamic
ex-solution. In addition to the A-site deficiency, the oxygen
vacancies are also important in facilitating the ex-solution
process.m’48 In fact, it was described that both A-site vacancies
and oxygen vacancies (or an extension of the reduction, &)
generated by reducing an A-site-deficient perovskite destabilize
the overall perovskite lattice and promote excess B-site ex-
solution, causing a reversion to the stoichiometric perovskite
structure. This reaction can be expressed as

ex-solution

A _BO;_ s —— (1 — @)ABO;_; + aB (3)

where the left- and right-hand-side terms denote the A-site-
deficient and the stoichiometric perovskites, respectively. A-
site-deficient may be also understood as B-site-rich, thus
increasing the predisposition of ex-solving B-site elements to
re-establish the stoichiometric one. Figure 4 schematically
illustrates the above-proposed ex-solution mechanism in the A-
site-deficient perovskite, A;_,BO;_;. The authors also
demonstrated their principle by observing whether or not ex-
solution occurs using various perovskite systems (e.g,
Lao.4sr0.4Tio.94Mo.osO3—7—5; Lag 46S10.34F€0.06Ti0.0403_5)
Lag 5,519.25Nig 06 Ti0.0403-5 and Lao.35r0.7Tio.92Mo.osO3+y—5) M =
Ti, Mn, Fe, Ni, and Cu, and y denotes the oxygen
nonstoichiometry compensated by dopants, M) and annealing
conditions.

ATOMISTIC VIEW OF EX-SOLUTION

As discussed above, the thermodynamic origin of ex-solution
from a macroscopic point of view is seemingly dictated by the
different reducibilities of metal cations, which are also critically
interdependent with the phase stability of host oxide. While
the aforementioned characters on individual elements give us
some general idea of why ex-solution happens, the simple
metal oxides (MxOy) reduction model may not straightfor-
wardly explain the ex-solution phenomena proceeding on the
complex oxides posing various crystal structures and
constituents. Moreover, the ex-solution process, which consists
of several interrelated steps, makes the realization of
mechanistic understanding elusive. Hence, comprehension of
ex-solution phenomena in an atomistic scale is essential to have
insights pivotal for designing material systems and approaches.
In this section, we summarize the previous research which
discuss ex-solution in the atomistic level.
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Density functional theory (DFT)-based calculations have
been employed to understand the physical mechanisms
underpinning the ex-solution of nanoparticles from the host
perovskite. Kizaki et al. did one pioneering work in this area.”’
This report suggested that the formation of nanocatalyst
particles was triggered by the spinodal nanodecomposition
(SND) of the host perovskite (eg., LaFe,_,Pd,O;) into two
different phases of LaFeO; and LaPdO;. Such a phase
decomposition was evaluated by the mixing energy AE defined
as

AE(x) = E(LaFe,_,Pd,O,) — (1 — x)E(LaFeO,)

— xE(LaPdO,) (4)
where E(M) is the total energy of perovskite M (M =
LaFe,_,Pd, 0, LaFeO;, or LaPdO;). For AE > 0, the system
decomposes spinodally. Instead, for AE < 0, the catalytically
active nanoparticles of Pd dissolve homogeneously in the host
material LaFe,_,Pd,O;. The authors showed that La-
Fe,_,Pd,O; has a more positive AE than LaFe;_ RhO;,
implying that the spinodal decomposition is more pronounced
for LaFe,_,Pd,O; compared to LaFe,_,Rh,0;.*" The calcu-
lation results were also consistent with the experimental
observations that the LaFe; ,Rh,O; favors a homogeneous
mixing with Rh atoms dispersed in the host matrix. In contrast,
the self-regeneration of Pd was readily detected in
LaFe( gsPd( 05O

Despite the consistency of the SND model with experi-
ments, the model has two major shortcomings: (i) it is
assumed that the catalytically active nanoparticles are in the
form of a perovskite phase, LaPdO;, which may be not
accurate as it is generally believed that the ex-solved
nanoparticles are in metallic phase;'""* (i) the model did
not include the influence of the surrounding atmosphere, in
particular, the effect of oxygen partial pressure, po, and the

temperature, T. In a later work, Yanagisawa et al.”’ proposed a
thermodynamic model based on the bulk properties of the
perovskite in its reduced and oxidized states. Two different
reaction pathways for the reduction of B-site element into its
metal phase were considered

A,B.MO (—)iABO +lAO +§O + M
403V 7 B T N T (s)
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blue dotted circles. Reprinted with permission from ref 48. Copyright 2011 American Chemical Society.

for A= A% and B = B*, or

3
ABMO,, © ZA4B4012 + AO+0, + M )
for A = A** and B = B*". The left- and right-hand-side terms of
the above equations denote oxidized and reduced states,
respectively. To address the conditions needed for the above
reactions, the authors defined the grand potential difference,

AQ, as
AQ = £2oxidized(’l—') {ﬂl}) - Qreduced(T’ {:u,}) (7)

where Q(T,{N;}) is the grand potential for the perovskite
either in the oxidized state or in the reduced state, T is the
temperature, and y; is the chemical potential of species i.
Specifically, the grand potential was calculated as

Q(T, {u}) = E(T, {N}) = Y. Nu(T, p) ®
: 8

where F(T,{N; }) is the Helmholtz free energy and N; and p;
are the number of atoms of type i and partial pressure of
species i. According to the definition of AQ, a positive AQ
means a smaller grand potential of the reduced state, predicting
that the B-site element M is thermodynamically favored in its
metal phase.”” Instead, a negative AQ predicts that the M
prefers the oxidized state as a solid solution in the perovskite
AB;MO,. Yanagisawa et al. further considered the AQ as a
function of g, the chemical potential of oxygen, which was
calculated with the following expression:

1 Po
T, =u (T, p°) + —kgT In| =
Ho( Poz) Ho(T, p) B n[ po] ©)

where p° = 1 atm, kg is the Boltzmann constant, and o (T,p%)
is the reference state of yq. This allows one to explore the
conditions (i.e., temperature and oxygen partial pressure) that
are favorable for the ex-solution. The critical oxygen chemical
potential, 3", was defined as the pg that gives zero AQ
(Figure Sa). When po = ug", the segregated state and solid-
solution state of the B-site element are equilibrated. One
should note that for yg, that is smaller than u&", the segregation
state will be more stable; see the yellow region of Figure Sa. A
more reducing atmosphere leads to a more negative u,

consistently with the experimental observations that lower pg,

enhances ex-solution. On the basis of this model, Yanagisawa et
al. investigated the segregation state of Pd in LaFeO; and
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CaFeO; perovskites. It was calculated that the u&" for Pd in
LaFeQ; is —0.93 eV, corresponding to po, = 10~ % to 10* atm at

700—1000 K, while the 3" for Pd in CaFeO; is —0.09 €V,
corresponding to po, around 10" atm at 700—1000 K. These

results explain why self- regeneratlon of Pd was observed only
in the LaFeO;-based perovskite,® as the required u&* for Pd
redissolution in LaFeOj; can be easily fulfilled under ambient
atmosphere (po, = 0.21 atm).

Despite the above models successfully explaining the self-
regeneration of Pd nanoparticles in the LaFeO; (LFO)-based
perovskites, as experimentally observed in La-
Fey57C0036Pd00s03° and LaFe,osPdg 505, they did not
answer the question of why Pd atoms embedded deeply in
the host perovskite during the redox cycle. Furthermore, these
models did not consider any effects of surfaces, which typically
are also important in studying the mechanism of catalysis and
segregation as surfaces may behave differently from the bulk.
Therefore, Hamada et al.*® investigated the segregation of
precious metal elements M (M = Pd, Rh, or Pt) in the LFO
perovskite using slabs, as shown in Figure 5b.** The
segregation energy, E,, of metal M is characterized by the
energy difference of slabs with M atom at the surface site
(Eg) and in the bulk (E,,,) of LFO, defined as

E,,=E

seg surf

~ Epu (10)
According to the definition, E,., < 0 indicates that the M atom
is energetically favored at the surface. The segregation energies
for Pd, Pt, and Rh were computed to be —0.06, 0.23, and 0.34
eV, respectively, implying that the segregation of Pd nano-
particles is thermodynamically more favorable compared to Pt
and Rh. Introducing one oxygen vacancy can drastically
stabilize the structures with Pd and Pt segregated at the surface
by lowering the E,, to —0.88 and —1.06 eV. Hamada et al.
further correlated the segregation energy with relevant working
conditions by replacing E ¢ and Epy in (eq 10)*® using the
grand potential Q¢ and €2y, which are functions of yg as

vt = Furt/pur(T5 Nygr) + Nyg (T, 1, ) (11)

where Fynui(T,Nyz) is the Helmholtz free energy of the slab
with M atoms in the surface or in the bulk, Ny is the number
of oxygen vacant sites in the system, and g can be calculated
using eq 9. The calculation results predicted that surface Pd is
thermodynamically favored over a wide range of po . Instead,
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surface-segregated Pt is only stable below 107 atm at 1000 K
(or 107" atm at 700 K). It was also predicted that the ESeg of
Rh is positive over the entire region of po, considered (107 to

10" atm at 1000 K or 107'® to 10"7 atm at 700 K), suggesting
that it is difficult to ex-solve Rh. The simulations are in
agreement with experiments by Tanaka et al,”> who reported
that the segregation of precious metals in LFO to form
nanoparticles is facilitated in the order of Pd > Pt > Rh.

The critical role of the oxygen vacancy in stabilizing the
structure with Pd at the surface was investigated by analyzing
the density of states (DOS). As shown in Figure Sb, for the
LaFeOQ; slab, the V' site at the topmost surface is predicted to
be the most stable position. However, for the slab with Pd at
the surface, the most stable V3 is located in the subsurface site
just beneath the surface Pd. DOS analysis indicated that the
absence of subsurface O leads to the formation of the
nonbonding Pd d;>_ 2 which should form the weakly
hybridized states with the p-state of O underneath. The
formation of the nonbonding Pd d;:_ ;> state effectively
increases the band energy, stabilizing the structure with Pd
segregated at the surface. This was also in agreement with the
oxygen vacancy formation energy that the subsurface V@ has
much lower formation energy (1.52 eV) compared to the one
in the LaFeOj slab (2.13 €V). Hamada et al. further explored
the slab models with more than one Pd atom.* It was
predicted that when there are no oxygen vacancies or only one
vacant site, the additional Pd atoms are likely found in the
sublayer instead of at the surface. However, when more oxygen
vacant sites are present, the slab with multiple Pd atoms at the
surface stabilizes, thus forming a layer of PdO, at the surface.
This was also confirmed in the FeO,-terminated surfaces of
LaFe,_,Pd,O; by the same research group.53 As such, the
authors then speculated that a layer of LaPdO;_; in the vicinity
of the LaFeOj; surface would be formed during the sample
preparation because considerable amounts of V& were
introduced. The LaPdO;_s layer can, in turn, facilitate the
self-regeneration of the active Pd particles in redox cycles.

Another important experimental observation is that nano-
particles may prefer to ex-solve on specific facets (e.g,, (110)
surface as for bulk powder sample).'' Gao et al***
systematically investigated the effects of surface orientation
and the defect chemistry on ex-solving Ni nanoparticles from
the host perovskites with slab models. The authors first
evaluated the E,, of Ni in SrTiO; perovskite and observed that
the (100) surface gives the smallest E,, (—1.25 eV), which
may be attributed to the significant surface charge redis-
tribution. The calculations predicted that Ni segregation is
particularly favored in the (100)-oriented and SrTiO-
terminated surfaces of SrTiO;. It is noteworthy that this
orientation was also consistent with the experiments by
previous observation because the (100) surface of SrTiO; in
this work is identical to the (110) orientation of the primitive
cell of Lag 5,510 5 Tig.04Nig0sO3_5 = Gao et al. further evaluated
the influence of defect chemistry on E, and concluded that A-
site deficiency and O vacancies promote the segregation of Ni,
whereas the substitution of Sr with La hinders it. The
weakened tendency for Ni to be on the surface may be due to
the Coulombic attraction between the bulk Lag, and Nir,, thus
preventing the Ni segregation at the surface. Here the Lag, and
Nif; are denoted with Kroger—Vink notation.”> The
detrimental effects of Lag, were further confirmed by
experiments with Lag gSrg.7,Tig oNip;O3_5 and
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SrosTigoNig,03_5°" It was observed that the energetics of
Ni segregation might be closely correlated with the surface
metal/oxygen atomic ratio.”* Specifically, the (100) SrTiO-
terminated slab of SrTiOj;, which has a higher ratio of metal to
oxygen, shows an enhanced Ni segregation compared to that of
the (100) O,-terminated slab. This was attributed to the
surface charge redistribution. Indeed, in the (100) SrTiO-
terminated slab, Ni shows a much lower effective Bader charge
than Ti (1.1S vs 1.81 at the surface and 1.30 vs 2.29 in the
bulk). As such, ex-solving Ni toward the surface can effectively
compensate for the positive charge of the slab if all atoms
remain at their nominal valence state as in bulk. This, in turn,
lowers the total energy and thus stabilizes the structure. Such a
charge redistribution also explained the effect of A-site
deficiency on Ni ex-solution. The A-site deficiency in SrTiO;
can be also regarded as Sr vacancy, Vg, which formally has a
—2 charge. It was predicted that the most stable position of the
Sr vacant site is at the top surface, which can effectively
compensate for the charge of (100) SrTiO-terminated slab,
thus favoring the Ni segregation. Hence, the E., with the Vg, at
the surface was calculated to be —1.78 eV, 0.53 €V smaller than
the one without Vg,. The beneficial effect of A-site deficiency
was also verified by the experimental observations on
SrysTig9Nig;O3_5. The oxygen vacancies V§ were also
studied, and it was found that the most stable O vacant site
is the one closest to Niy;, probably due to the Coulombic
attraction between the positively charged Vi’ and negatively
charged Niy;. Using a similar approach as the one followed by
Hamada et al.** Yanagisawa et al.’ and Gao et al.*>* predicted
that the segregation energy decreases (—3 eV) with the .
Therefore, under reducing conditions, more O vacancies
would be introduced, and the ex-solution of Ni toward the
surface would also be facilitated.

In addition to the simple perovskite of ABO;, ex-solution
was also observed in the double perovskite AA’BB’ 045257
However, the mechanism behind the ex-solution process in the
layered perovskite has rarely been explored. Sun et al.
experimentally observed the Co ex-solution process in real
time with the PrysBajsMnyoCo, O; perovskite by in situ
transmission electron microscopy (TEM).* By combining a
thermogravimetric analysis (TGA), TEM observations, and
DFT calculations, they also suggested that the crystal
reconstruction of Co-doped double perovskite
PrysBay sMnCo, O;_; in the cubic phase to form a layered
oxygen-deficient structure of PrBaMn,Coy,05 s in the
orthorhombic phase, may facilitate the segregation process.
Under reducing atmosphere, a large number of oxygen
vacancies were introduced in the PrO, plane together with
the reduction of Co®" to Co*" or Co’, thus forming the metallic
Co nanoparticles. They later carried out the DFT calculations
for the Co vacancy formation energy in both structures and
found that the layered perovskite PrBaMn, 4Co,,0;_s favors
the formation of Co vacancy with a lower energy cost (3.62
eV) compared to the pristine PryBa;sMngyCoq,O5_s (4.82
eV). The lower vacancy formation energy may be attributed to
the decreased number of O surrounding Co in the oxygen-
deficient layered structure PrBaMn,; ¢Co,,0;_s, thus weaken-
ing the bonding energy that stabilizes Co and facilitating the
Co ex-solution.””

Similarly, Kwon et al”® observed the ex-solution of
nanoparticles in the layered perovskite PrBaMn;,M,;0s,s
(M = Mn, Co, Ni, and Fe), and they further explored the
ex-solution mechanisms in this type of perovskite as well as the
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Figure 6. (a) Schematic illustration of the model used for the calculations of co-segregation energy. Pr, Ba, Mn, M (Mn, Co, Nj, and Fe), and
O atoms are shown as gray, green, dark blue, purple, and red, respectively. The inset red boxes indicate the co-segregation of B-cation with
an oxygen vacancy. (b) Comparison of the co-segregation energy with the dopant (M) materials. Reproduced with permission from ref 58.
Copyright 2017 The Authors under a Creative Commons CC-BY 4.0 (https: //creativecommons.org/licenses/by/4.0/ ), published by
Springer Nature. (c) Topotactic ion-exchange energetics for the mechanism of particle ex-solution via Fe infiltration on the surface. (d)
Unfavorable incorporation energy of infiltrated Fe with Mn of the top surface. Reproduced with permission from ref 57. Copyright 2019 The
Authors under a Creative Commons CC-BY 4.0 license (https: //creativecommons.org/licenses/by/4.0/ ), published by Springer Nature.

ex-solution trends of these transition metals. The authors
hypothesized that the ex-solution in this type of material was
triggered by the simultaneous introduction of oxygen vacancies
and B-site metal vacancies (named co-segregation). The ex-
solution reaction can be expressed as

M, + O5 = MO + Vi + Vy,, (12)

1
MO = M(metallic ex-solution) + 502 (13)
The ex-solution was characterized by the co-segregation of B-
site transition metal element M together with the nearby
oxygen vacancy,58 as shown in Figure 6a. The co-segregation
energies for Co, Ni, Mn, and Fe in the PrBaMn,; ;M 305, 5 are
—0.47, —0.55, —0.50, and —0.15 eV (Figure 6b), suggesting
that the ex-solution of Co or Ni is more favorable compared to
that of Mn or Fe. After the co-segregation of the B-site element
M and O vacancy at the surface, the oxide MO would be
further reduced into its metallic phase following (eq 13). To
facilitate this reaction, the O vacancy formation near the
segregated M-site at the surface should be favorable.”® The
authors further calculated the formation energy of oxygen
vacancies at different sites and confirmed that the vacant site
near the surface M is the most stable position. The energy
required to form the O vacancy at the surface decreases as
follows Mn > Fe > Ni > Co, suggesting that the conversions of
the segregated NiO and CoO into their metals may be easier
compared to the FeO and MnO in the PrBaMn,,;M;;0s,s
layered perovskite. Such a preference order of ex-solution was
also confirmed in experiments, where ex-solved nanoparticles
were observed in PrBaMn, ,M,305,5 (M = Mn, Co, Ni) and
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the fuel cells with PrBaMn;,Coy;0s,5 (PBMCo) and
PrBaMn, ;Ni;30s,5 anodes showed much higher maximum
power densities (1.15 and 1.12 W/cm? in humidified H, at 800
°C, respectively) than the ones with PrBaMn, ,Fe;;Os,s
(PBMFe, 0.69 W/cm?) and PrBaMn,,Mny;0s,5 (0.66 W/
cmz).58 Since Co cation has a lower co-segregation energy
(—0.55 eV) compared to Fe (—0.15 eV), the ex-solution of Co
from the PBMCo is much easier than Fe from the PBMFe.*®
As such, the same group57 further proposed the concept of
topotactic ion exchange for PBMCo (i.e., replacing the Co
cations in PBMCo by Fe) which can be introduced by
infiltration. The reaction for the topotactic ion exchange in the
PBMCo can be expressed as

Coéo + Oé + Feo(inﬁltrated) = Coo(ex—solved) + VE). + Feéo
(14)

As one can observe, the incorporated Fe cations are at the Co-
sites in the bulk PBMCo, whereas the Co would be segregated
toward the surface and be reduced into Co metals following
(eq 14). DFT calculations predicted that the deposited Fe
incorporates into the near-surface of PBMCo through the
cation exchange with surface Co. This cation exchange is
thermodynamically favored with an energy cost of —0.41 eV
for Fe occupying the surface Co-site in the PBMCo slab, as
shown in step 1 of Figure 6c. After the incorporation of the
surface Co-site, the further exchange between the Fe and the
bulk Co is also energetically favorable with an exchange energy
of —0.34 eV; see step 2 of Figure 6¢, implying that Co ex-
solution can be facilitated by the incorporation of Fe. On the
other hand, the incorporation of Fe with the Mn in the
PBMCo is endothermic with an exchange energy of 0.22 eV
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(Figure 6d), suggesting that Fe would selectively replace the
Co during the topotactic ion-exchange reaction (eq 14). The
calculation results were also supported by the experiments that
the PBMCo infiltrated with 12 wt % Fe reached the maximum
power density of 1.83 W/cm? in humidified H, at 800 °C.”

KINETICS OF EX-SOLUTION

Although the atomistic models have been applied to
understand the mechanisms underpinning the ex-solution of
nanoparticles, these models can hardly shed light on the
kinetics of ex-solution. A deeper understanding can be gained
from continuum models. Under the framework of classical
nucleation theory, ex-solution can be understood as a
chemically driven heterogeneous phase transformation involv-
ing several separate physical processes: (i) diffusion of metal
ions M™ to the surface, (ii) reduction of M™ into M°, (iii)
assembly of M’ and nucleation, and (iv) the growth of metal
nanoparticles."**° Figure 7a schematically illustrates the four
processes during ex-solution, taking Ni in
Lay4Sro4ScooNip05_5 as an example. In order to ex-solve
the nanoparticles of Ni at the surface, the Ni** ions in the bulk
first diffuse from the bulk to the surface of the perovskite and
subsequently reduce to Ni’ metal under the reducing
atmosphere. After that, the Ni’ assembles and forms small
nanoparticles, which grow in size as a function of the treatment
time.

A variety of intrinsic and extrinsic parameters may influence
the nanoparticle nucleation and growth. Intrinsic properties
include the surface characteristics such as orientations,
porosity, and roughness,61 mechanical stresses, and related
strains, - wetting properties,”* and the presence of defects such
as A-site and oxygen vacancies and dislocations.'"' %
Extrinsic factors, such as the characteristics of the environment
in which ex-solution occurs (e.g, gas partial pressure),
treatment time, and temperature, may determine the particle
size growth.** Regarding the growth of nanoparticles size, Gao
et al, proposed three different models based on different
mechanisms: (a) the strain-limited; (b) reactant-limited; (c)
diffusion-limited.** For those three different analytical models,
the particle size evolution follows

1/3
t
=7 m|Inf1 + —

r =
Ts—lim (lSa)
1/3
t
r=r.gm 1l — exp|—
Tr-lim (15b)
1/6
_ t
"= Tqlm| —
Td-lim (15¢)
where r w7 i Tadim 304 Togimy Tegim Taaim are the
characteristic radii and characteristic time scales for the

strain-limited model, reactant-limited model, and diffusion-
limited model, respectively. Figure 7b shows the growth of Ni
nanoparticles from Lag,Sry,ScyoNiy;O5_s under different
reducing atmospheres as a function of reduction time. One
can notice that the best fitting was obtained using the strain-
limited and reactant-limited models. In this regard, recently, Jo
et al. observed the growth of the Co ex-solution process in real
time using very dense, flat, and polycrystalline
StTiy75C0y,503_5 thin films and in situ TEM and quantita-
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tively analyzed the size, number density, and amounts of ex-
solved particles (Figure 7c¢—f).*> It was confirmed that the
particle growth follows the reactant-limited case with these
samples and the given conditions. Furthermore, they
succeeded, in extracting the growth activation energy and ex-
solution enthalpy values experimentally by combining them
with the defect chemical model, as expressed in eq 2.

In contrast to deposited particles, ex-solved particles have a
fascinating geometry, termed the socketed structure, which is
submerged at around 30% into the oxide support (Figure 8a).
The particles have an epitaxial structure with regard to the
oxide. This phenomenon is well-described in the literature.''
Neagu et al. confirmed that the sockets (or pits) which form
due to the etching of the ex-solved Ni particles on
Lag¢,Srg,Nig 06 Tip 9403 in HNO; have similar sizes and
number densities compared to pristine ex-solution particles
as shown in Figure 8b,c. However, there remains much debate
as to why socket formation occurs and the details of its process,
though several studies have investigated these factors. Oh et
al.'? carried out finite element simulations based on the strain
field and also observed the surface of Lag,Sr4Tiy¢7Nij 03055
pellet through atomic force microscopy (AFM) to analyze
surface morphology evolution during ex-solution process. It
was suggested that the metallic phase was nucleated from the
subsurface, subsequently moving to the surface. The formed
metal particles deform the surrounding oxide and induce an
elastic strain in the system. When the particles migrate from
the matrix to the surface, the particles’ surfaces are no longer
constrained and the elastic energy decreases. However, the
migration of particles to the surface will lead to an increase in
the surface energy. As a result, there is an interplay between the
surface free energy and the strain energy associated with the
metal particles. In the strain-field model, the authors found that
the movement of a metal particle toward the surface is
accompanied by the formation of a pit on the surface.
Eventually, when the nucleus grows beyond the critical size,
the nanoparticle emerges from the formed pit, leading to the
experimentally observed particle-in-a-pit morphology. A similar
result was suggested by Buharon et al.®* The authors reported
through a TEM analysis in the LaFe,¢Nij;Pdy,0;_s system
that Pd nuclei were formed at the subsurface in the oxide with
Ni wrapped around the Pd, leading to the Pd—Ni core—shell
structure and ultimately moving toward the surface of the
oxide (Figure 8d). Thus far, this mechanism is widely known
in related fields; however, it is also suggested that nucleation
into the subsurface of the oxide and the corresponding
movements are energetically unfavorable compared to
nucleation at the surface. In this regard, recently, Neagu et
al. observed and suggested different socket formation
mechanisms using environmental TEM.®® They observed
that the initially formed nuclei do not move (Figure 8e,f),
grow isotropically (Figure 8g) in the same location, and push
the oxide supports, resulting in a volcano-shaped socket.

Alternatively, the kinetics and microstructure evolution of
the B-site segregation and nucleation in perovskite structure
may be well-explained under the phase-field framework.
Starting from the “Poisson—Cahn” theory, which has been
used to understand the segregation of defects in the surface
layer of perovskites,”*™® Jiang et al”® developed a microscale
phase-field model for A-site-deficient perovskite A;_,(B,_ .M, )-
O;_5 to illustrate the ex-solution processes, including the
segregation of B-site element M in the surface layer, the
segregation-mediated spinodal (nucleation) on the surface, and
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the coarsening of the B-site metal nanoparticles. In this model,
the host perovskite was assumed as a solid solution with pores
(denoted with P) and the surface layer was modeled as a
diffuse interface. Additionally, the defect interactions and the
gradient energy terms were also taken into account in the
chemical potential of the species. In specific, the perovskite
matrix (PM phase), A;_,(B,_.M,)O;_s was modeled as a
three-element solid solution of {xpP + (1 — xp)aM + (1 — xp)
(1 = x)ABO;_, } or {xpP + xyM + x,A}, where x,, Xy, and x5
are the molar fractions of pores, B-site element M, and the
stoichiometric perovskite ABO;_, without M (denoted as A).
For the PM phase, the molar fraction of A is near to 1 with x,
=(1-x)(1 —2x)~1"7° Upon reduction, the M ex-solves
from the PM surface to form the nanoparticles (NPs), which
are rich with M with x, = (1 — x)(1 — x) & 1. Besides, the
environment (EN phase) was modeled as pore rich, xp & 1.
Therefore, the PM, NP, and EN phases can be represented as
the solutions of A, M, and P elements with the corresponding
equilibrium compositions, respectively. The homogeneous
Gibbs free energy per mole of solution can be calculated as

g= Z (uioxi + xRT Inx,) + Z Z xxLy;

i=AM,P i=AM,P j>i (16)

where y is the standard chemical potential, R is the gas
constant, T is the temperature, and L; is the interaction energy
between components. In this model, the authors suggested that
L; is correlated to the oxygen partial pressure pg, and a lower
Po, induces higher L. In order to trigger ex-solution, the PM
phase should be driven away from the equilibrium state via two
paths. One path is to drive the PM phase to a metastable or

even an unstable state. The other path is to increase the
concentration of M in the PM phase such that PM is
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destabilized. In practice, the first path can be realized by
increasing the interaction energy Ljto be more positive, which
can be achieved by lowering the p02.11’14’47 The second path

can be reached by decreasing the standard chemical potential
of M in the surface region jiy s than that in the bulk sy p,
(i.e., lowering the segregation energy of M uiE (J3E = Mg eurt —
Htpul) to be more negative).”” On the basis of this model,
Jiang et al. concluded that the ex-solution of the B-site dopant
M results from the spinodal decomposition, as triggered by
surface segregation and expansion of the chemical spinodal
region. The impact of po was also investigated using the

phase-field model. It was found that lowering the py can

drastically promote the kinetics of nucleation and increase the
number of ex-solved particles. This is also consistent with the
experiments that almost all ex-solution procedures were
observed under reducing atmosphere with low oxygen partial
pressure.' "' #*77%7* They also discovered that an increase in
the fraction of M in the B-site can accelerate the kinetics of
nucleation and increase the coverage of stable ex-solved
particles, the stable surface coverage, and the size and the
surface area of the ex-solved particles.”” The simulation results
are also supported with experimental evidence that a higher
number of finer Ru nanoparticles could be observed as Ru
increased in concentration the (La, Sr)(Cr, Ru)O;_s perov-

skite.”” As concluded by Jiang et al.,”’ Po, plays a critical role in

influencing the nucleation and growth of nanoparticles in the
ex-solution. However, the quantitative correlations between pg,

and the ex-solved nanoparticles were still not addressed.
Equivalently, the above phase-field model did not answer the
question of why metallic Fe ex-solves on the surface of
Sro.05Tig3Fe63Nig 070;5_5 (STFN) anode, whereas Fe prefers to
be in the bulk of SrTiy;Fey,0;_s (STF) anode under the same
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reduced conditions, as observed experimentally.”® In principle,
for a low enough po, both cations (Fe and Nj, in the analyzed
case) undergo complete ex-solution. Instead, a high po, is
detrimental to the ex-solution and may prevent both cations to
be segregated. To quantitatively determine the effects of p,, on
the ex-solution and answer the question that under which
condition which cation would be ex-solved, Zhu et al**
developed a regular solution model to predict the equilibrium
composition of Fe—Ni alloyed nanoparticles ex-solved from
STEN. The composition of Fe in the ex-solved Ni,_,Fe, alloy
was derived as the following expression

red \374
x exp Q1 — x)? Po,
RT
poz (17)
where € is the binary alloy interaction parameter, prsd is the

critical oxygen partial pressure for reduction of Fe in the
undoped oxide, such as STF, and pg, is the effective oxygen

partial pressure during ex-solution. The model predicted that

metallic Fe is present in the ex-solved nanoparticles if po >

préd For example, under reducing condition, (i, po, = 4 X

1072 atm (10% H,/3% H,0/87% Ar) at 850 °C), the model
predicted the composition of ex-solved nanoparticles as
Nijy,Fe 3, in reasonable agreement with the XRD measurement
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of Niy;,Feg,s. Additionally, the model indicates that the Fe
content x decreases as pgo increases, as shown in eq 17,

suggesting that the composition can be well-controlled by
tuning the po .

Besides the factors considered so far, the orientation of the
host lattice surface and the lattice strain are the other two key
factors influencing the energetics of the ex-solution. Recently,
two studies explored the influence of these two parameters on
ex-solving Ni particles from Lay,Sry;TigoNiy;O5_5 (LSTN)
thin films.®>”* Kim et al. systematically investigated the impact
of surface orientation on ex-solution by carrying out both
experiments and theoretical calculations based on classical
homogeneous nucleation theory.”* Experimentally, LSTN were
deposited on different substrates to obtain LSTN thin films
with different orientations. The authors observed that the
surface orientation is closely related to the interfacial energy
Yip thus leading to varied nanoparticle size distribution as well
as other properties of the ex-solved Ni. In particular, the
obvious difference in the particle contact angles and the
corresponding interfacial areas observed by AFM, as schemati-
cally illustrated in Figure 9. Figure 9 strongly supported the
claim that the y,, is altered with different orientations.
Compared to the (001) orientation, the (111) orientated
thin film gives a larger area-normalized interfacial area A,
resulting in a relatively smaller y;,.. As suggested by Kim et al,, a
smaller y,,, lowers the nucleation barrier and decreases the size
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of the nucleus.”* Furthermore, a small 7, also accelerates the
nucleation, thus increasing the particle population density in
the (111) oriented film. This was also confirmed by
experimental observations that the ex-solved nanoparticles at
the (111) oriented thin film showed the largest number, the
smallest size, the deepest embedment, and the smallest and
most uniform interparticle distance. In related work, Han et al.
explored the impact of lattice strains.”” The lattice strain in the
LSTN thin films was tuned by adjusting the lattice mismatch
between the LSTN crystal and the substrates. The authors
noticed that misfit-strain energy plays a key role in controlling
the size and the population density of ex-solved nanoparticles
in the presence of lattice strains. Specifically, a compressive
strain leads to a higher degree of strain relaxation, thus
resulting in a reduced critical radius, r*, of the ex-solved
nanoparticles, as well as a reduced nucleation barrier. This was
also verified in the experiments that a larger number of ex-
solved particles were observed in the compressive-strained
films compared to the tensile-strained ones.”

PERSPECTIVE ON FUTURE RESEARCH DIRECTIONS

In the previous section, we focused on scientific endeavors to
understand the phenomenology of ex-solution. While these
efforts significantly deepen our knowledge regarding the ex-
solution process, the formidable potential of ex-solution
technique is not fully explored as of present. Thus, in this
section, we review applications of the ex-solution process
which may guide the future research directions,”””* and aim
to offer possible topics to be uncovered in the future.

MULTICOMPONENT EX-SOLUTION

The ex-solution of single-phase metal nanoparticles has been
investigated intensively. However, great outlooks are further
anticipated via multicomponent ex-solution such as alloy.
Alloys refer to a mixture of more than one metal component.
By forming an alloy, each element often brings individual
characteristics to constitute advanced physical and chemical
properties that a pure metal cannot possess. Hence,
investigating multicomponent ex-solution techniques may
demonstrate improved catalytic properties.

One can cite the example of the NiCu alloy. Ni is renowned
for its high catalytic activity toward H, oxidation but it is also
highly vulnerable to coke formation.”””” On the other hand,
Cu has relatively dull selectivity toward H, evolution but
remains strong in a CO,/CO stream with excellent coking
resistance.”®”’ Therefore, blending the two different metal
components to lend their own benefits would be one logical
means of crafting a superior catalyst. In light of that, Lu et al.
demonstrated a highly efficient electrochemical reformer of
CH,/CO, through the Ni,_,Cu, alloy ex-solution process by
utilizing Lay,sSrg,5CrosMngsO5_s (LSCM) as a host oxide
(Figure 10).” This advanced conceptual solid-oxide electro-
lyzer device based on the alloy ex-solution showed stable
performance for 300 h of continuous elevated-temperature
operation (800 °C), providing a practical route to curtail
greenhouse gases while also producing high-value syngas
simultaneously. The augmented catalytic activity due to the
synergy of Ni and Cu is shown in Figure 10b. Indeed, the
overall production rate of H,/CO is higher compared to when
Ni or Cu nanoparticles are used alone. Particularly, as the
Ni,_,Cu, ratios are varied, the electrochemical performance
outcomes also change, and the optimal ratio as reported by
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these researchers was Niy;Cu,s. Therefore, it seems that not
only the choice of elements is important, but also the ratio of
the constituents is key to maximize the catalytic efficiency, and
the composition of the alloy should be chosen judiciously.

However, even with the excellent prospects of alloy as
described above, the search for an ideal recipe remains
challenging, as it entails a skillful balancing act. Unlike the
single metal ex-solution process with low segregation energy,
the energetic landscape of the alloy ex-solution process can be
highly complex given that the segregation energy levels of
individual elements are distinct.”® Thus, an advanced model of
energetics and growth kinetics for multicomponent nano-
particles should be developed in the future. This should
consider the fact that two different metal heterogeneous
nucleation reactions are available (i, concurrently, dispro-
portionately, and also selectively depending on the reducibility
of ex-solutes and the condition of ex-solution undertaken),
which also accompanies the metal cation-exchange process in
the nanoparticles. The development of such a model will lead
to more intuitive control of alloy nanoparticles regarding their
size, compositions, structure, and morphology.

Moreover, immiscibility between the metal components is
another important issue to determine whether the metal ex-
solutes will form a homogeneous alloy. Indeed, Li et al. detail
the co-ex-solution process of Pd and Fe in which the elements
did not form a solid solution but were anchored individually on
the oxide support of LagsSry,FegoNbg Pdy 055" Similarly,
Pd and Ni do not form a homogeneous alloy but rather take
the shape of a core—shell structure, as reported by Buharon et
al.®* The scenario becomes more complicated when more than
two constituents form alloy. For the Cu,_,NiFe,O, spinel
oxide, Kang et al. reported the two different phases of ex-solved
alloys: independent Cu-rich and Fe-rich ternary CuFeNi alloys
during a reductive heat treatment.®> Therefore, while finding
the combination of elements to form alloy nanoparticles is
pivotal to achieve the required properties demanded by specific
applications, the conventional heuristic design may be a time-
and resource-consuming task. So far, the experimentally
confirmed ex-solved binary alloys are NiCu,"”* CuFe,**
CoFe, 5785789 CoNj 10569091 Nje 132326549298 py 1 99
ReFe,”® RhNi,'% and RuFe,'?! and the ternary alloys are
CuFeNi,** and ReNiFe™ (Figure 11). Taking into account
that possible candidates of metal ex-solutes are Fe, Co, Ni, Cu,
Ru, Rh, Pd, Ag, Re, Ir, Pt, and Au, among others, combinations
of two to construct a binary system will number more than 66
types, emphasizing the fact that only limited alloy compounds
are confirmed empirically as of the present. Therefore,
dedicated computational efforts such as high-throughput
DFT calculations and building databases will be important to
offer key insights into the future to obtain the segregation
energies of alloys from parent scaffolds, phase diagrams of
multiple components, and the electronic structure of the alloy
for estimations of the expected catalytic activity.”® These
databases then can be used to explore an even larger
computational space by artificial intelligence. Through these
efforts, a library of the alloy ex-solution process can be realized
eventually, which may guide researchers to find ideal
combinations of elements with optimized compositions to
form ex-solved alloy catalysts.

In fact, predictions of superior alloys based on computa-
tional resources was applied in the SOFC field. For instance,
Liu et al. conducted an ab initio analysis to find sulfur-tolerant
material systems, such as Ni-metal (M) alloys (Figure
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Figure 11. Reported cases of ex-solved nanoalloys discovered with
EDX analysis: (a) NiCu, (b) CoFe, (c) RhNi, (d) CoNi, and (e)
NiFe. Panel a reproduced with permission from ref 83. Copyright
2015 The Authors under a Creative Commons CC-BY 4.0 license,
published by Springer Nature. Panel b reproduced from with
permission ref 86. Copyright 2017 Royal Society of Chemistry.
Panel c reproduced with permission from ref 100. Copyright 2018
American Chemical Society. Panel d reproduced with permission
from ref 56. Copyright 2018 Royal Society of Chemistry. Panel e
reprinted with permission from ref 98. Copyright 2018 Elsevier.

12).7719 According to this analysis, alloying Ni metals with
Cu, Ru, Rh, Pd, and Ag may significantly lower the sulfur
adsorption energy. However, it is important to note that DFT
predictions do not satisfactorily explain the abnormally high
sulfur-tolerance of NiFe and NiCo ex-solved nanoalloys.'>"?
On the basis of theoretical calculations, these combinations of
metals should have similar, or even worse, sulfur resistance
compared to Ni alone. This peculiar behavior of ex-solved
alloys, which diverges from theoretical expectations, may stem
from the sulfur-tolerant parent oxide or from the socket
geometry, which imparts “strong-metal-support interaction”.
Nevertheless, the detailed mechanism is unclear and requires
further scientific investigations.

The reversibility of the ex-solved alloy is also a particularly
important topic to be looked at. Accordingly, Lai and
Manthiram investigated the Lag;Sry,Cry3FesCoy,0;5_5 to
investigate the regeneration mechanism of ex-solved CoFe
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alloy nanoparticles.'”> During the reoxidation process, it is
found that temperature is of key importance to determine the
reincorporation rate of the ex-solved particles. Specifically,
reoxidizing the samples (which was initially reduced with 5%
H,/Ar at 700 °C) at 700 °C for 24 h with ambient air only
offers a limited reincorporation rate which results in small
flakes of CoFeO, remained on the parent oxide surface.
However, the sample which was reoxidized at 800 °C shows a
complete ingress of the ex-solved alloys. A similar conclusion
was further derived from Lv et al,, but this time the evidence
was supported with an in situ instrument of environmental
SEM.” Similarly, the reoxidation of CoFe alloy leads to flat
CoFeO,, at 600 °C; however, when the temperature ascends to
800 °C, the irregular-shaped CoFeO, particles restored back to
the parent oxides. These results give us a critical rationale on
how to regenerate ex-solved alloys. While the findings are
interesting, however at this moment, it is unclear that the
aforementioned reoxidization mechanism will be universal to
all ex-solved alloys except CoFe.

POST-TREATMENTS WITH NON-METALS FOR
ENHANCING FUNCTIONALITIES

As mentioned in the previous section, the utility of ex-solved
nanoparticles can be largely customized by alloying one metal
to another. The aforementioned methods are primarily based
on the in situ growth of multicomponent particles in partial
reduction from the host oxide, where desired alloy-catalyst
cations are already dissolved as a solid solution. In this section,
we discuss post-treatments to adapt ex-solved nanoparticles to
nonmetals (such as O, P, and S) to expand certain catalytic
activities.

For zero-carbon emission energy, H, is of high significance
as a future energy carrier.'”* One of the promising routes to
obtain H, is by water splitting, and therefore great interest has
been focused on developing suitable photo/electrocatalysts
(i.e., hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER)) for this application. Because the conventional
Pt, Ir-based catalyst has limited scalable production stemming
from the high cost and the scarcity of noble metal elements,
finding non-noble metal catalysts is urgent. To date, many
candidate materials, including perovskite oxides, %% tran-
sition metal oxides, phosphides,'”® and sulfides'”” have been
reported. Given the fact that the perovskite/metal nanoparticle
interface can often be an active site to adsorb H* reaction
intermediates,"'” extruding transition metal nanoparticles from
the perovskite oxide support and further modifying transition
metals into phosphides and/or sulfides can offer an alternative
approach to design functional hybrid catalysts for water
splitting. Regarding this strategy, there are a few pioneering
works available in the literature. RuO, is known to have good
catalytic activity toward the OER. To take advantage of this
binary catalyst, Jiang et al. initially ex-solved metallic Ru from
LajgFeyg,Ruy 0305 and then oxidized the sample to generate
RuO, nanoparticles anchored on perovskite oxides (Figure
13a).""" Consequently, improved OER performance could be
demonstrated with the RuO,-perovskite hybrid catalyst. For
photocatalysts, a transition metal disulfide such as WS, has a
small band gap which encompasses the entire solar spectrum.
Therefore, Sun et al. proposed a cocatalyst/semiconductor
hybrid architecture realized by means of a postgrowth process
(Figure 13b).* In their method, W-doped SrTiOj; initially
undergoes a reductive heat treatment (5% H,/N, at 800 °C, 10
h) to exclude W nanoparticles. Thereafter, by treating the
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Figure 12. Top views of (a) adsorbed hydrogen and (b) adsorbed H,S on modified Ni(111) with various 3d and 4d metals (Ni—M). Solid
gray balls (Vy;) are Ni defects on the topmost layer. (c) Normalized adsorption energy levels relative to that on pure Ni(111) for H,S* (red
diamonds) and H,* (blue triangles) on modified Ni(111) with various 3d and 4d transition metals. Panels a—c reproduced with permission
from 77. Copyright 2011 Royal Society of Chemistry. (d) SEM images of CoNi ex-solved La, ,Sr,sC0,4,Mn, 4O, and EDS elemental mapping
of Co and Ni. (e) Voltage profile of the single cell with the CoNi ex-solved La, ,SryC0g,Mn, 4O, cathode at the constant current density of
700 mA cm™2 at 850 °C and using the reaction gas (30% CO/CO,) streams that contain different H,S contents. Panels d and e reproduced
with permission from ref 10. Copyright 2019 Royal Society of Chemistry. (f) SEM micrographs of the catalyst surface and corresponding
particle size histograms for Fe—Ni on Lay ;Sr, ;Fey ;Nig;Tig¢O;. (g) SO, poisoning. nTOF values for CO, production during introduction of
50 ppm SO, in an inlet gas mixture of 0.6% CO and 1% O, at time intervals of 15, 30, and 60 min (gray-marked regions) over Fe—Ni on
La, sSr, 4Feg ;Nig ; Tip 6O3. Panels f and g reproduced with permission from ref 13. Copyright 2019 Springer Nature.

nanoparticles under a CS, flow, W is successfully evolved into
WS, nanoparticles, which in turn significantly enhance the light
absorption and photocatalytic performance capabilities during
the HER. In another example, Wang et al. suggested the
phosphatization of ex-solved Ni nanoparticles to form
uniformly distributed Ni,P on the perovskite oxide of
LaygSry,CrogoNig3; O3 to realize a bifunctional catalyst for
the OER and HER.'"* By flowing H,/Ar over excess NaH,PO,
at 600 °C, separately placed ex-solved Ni nanoparticles are
adapted into the metal phosphide catalyst. Similarly, Zhang et
al. reported CoP on perovskite nanofibers to optimize a
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multifunctional electrocatalyst based on a post-treatment of ex-
solved nanoparticles (Figure 13c).'"

While limited non-metals of O, S, and P are featured in this
section, transition metal selenide (Se)"'* also has the potential
to be utilized in water splitting. Furthermore, combinations of
alloy ex-solutions with post-treatments, such as Co,_,Fe P,
may result in interesting performance outcomes.'”® Moreover,
transition metal nitrides are promising candidates as NH;
synthesis catalysts; therefore, developing a method to adapt ex-
solved metal nanoparticles into metal nitrides and to evaluate
the pralcltsiczlll1 ;ziability of these techniques may be exciting in the
future.” >~
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ALTERNATIVE ATTEMPTS TO CREATE EX-SOLVED
NANOPARTICLES

Compared to conventional particle synthesis and dispersion
techniques, the ex-solution approach represents a faster and
more cost-effective process with a finer particle-size distribu-
tion. While the merits of the ex-solution process are
considerable, the current ex-solution technique is facing several
challenges with regard to expanding it to a wider range of
applications. Some of these challenges are summarized below.

(1) High-temperature/long period/reductive gas treatment
compelled:

e Usually, a harsh reduction condition of balanced H, gas
at a high temperature (>800 °C) is conducted to grow
and ripen these particles; therefore, the surface area of
the support is mainly sacrificed during the process of
particle exclusion.

e The most frequently used reducing gas is H,, which is an
important chemical fuel in energy application. Thereby,
the process may be inefficient as a lot of H, and heat
energy (for a long period of time) is consumed.

e Often, reductive gases are flammable, imposing a
potential hazard of explosion.

(2) Narrow range of support material and according possible
ex-solutes elements:

e The most commonly studied host oxide is a perovskite
oxide (ABO,); there have been relatively a few attempts
to ex-solve nanoparticles from other functional oxides,
such as fluorites, the Ruddlesden—Popper types, and
others.

e Limited numbers of transition metals can be selected to
ex-solve nanoparticles. For example, the transition
metals of Fe, Co, Ni, and Cu have been widely
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. . 23,83,87,118—12
investigated; 383,87, 7 however, to the best of our

knowledge, the element of Mo has never been reported
in relation to the ex-solution process, even though the
catalytic activity of Mo can be especially appealing for
the dry reforming of methane.'

e To fully appreciate the benefit of ex-solution, the host
oxide and supposed ex-solutes should make a homoge-
neous solid solution. As a consequence, when the ex-
solutes have insufficient solubility in host oxide, the
loading amounts of nanoparticles will be largely
restricted.

(3) Other drawbacks:

e Significant amounts of nanoparticles can be trapped in
the host crystal. Therefore, the mass activity of metal
nanoparticles can be compensated.

e Extreme reductive conditions may yield the disruption of
host phase, therefore it is difficult to control the material
characteristics of host oxide itself. Hence, the
implementation of the ex-solution technique was
hindered to the applications where reduction-vulnerable
host materials are used, such as SOC air electrodes.

Due to these hurdles, researchers have endeavored to find
alternative approaches to create ex-solved nanoparticles while
maintaining the key virtues of anchored nanoparticles (Figure
14). In this section, valuable efforts to innovate with the ex-
solution process will be appraised, while the key benefits of
each method are summarized in Table 2.

ELECTROCHEMICAL SWITCHING

As mentioned earlier, reduction by hydrogen is usually
conducted to achieve anchored nanoparticles. However,
Myung et al. pointed out that this process can be tediously
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Table 2. Representative Examples of Alternative Attempts
to Innovate the Ex-solution Process

alternative
attempts advantages
electrochemical e ex-solution without the use of reducing gas
switching®”
o faster ex-solution speed
e creating a lower oxygen partial pressure via voltage
control which is hard to achieve with typical reducing
gas
thermal e ex-solution without the use of reducing gas
reduction'>”
® prospects on vacuum annealing, rapid thermal
annealing ex-solution
heterogeneous e usage of grain boundary as favorable nucleation site
doping’ which achieves low-temperature ex-solution

o faster ex-solution speed

e ex-solutes do not largely affect by solubility to host
crystal which results in increased number of
combinations of host and ex-solute materials

o largely independent of loading method

active layer e high surface areal material can be used as support

L. 130—13,
deposition 3
® nanoscale ex-solution enables higher mass activity of

metal catalyst

o infiltrated ions fill in the ex-solute ion vacancy of host
oxide, which support the phase stability of parent
oxide

topotactic ion
57,75
exchange

e larger number density of ex-solution nanoparticles

e prospects on alloy catalysts which cannot be achieved
solely with conventional ex-solution process

sluggish (>10 h) and accordingly slow-moving ions in the
oxide crystal may result in an unimpressive population of ex-
solved nanoparticles. Alternately, the research team used
electrical reduction (electrical bias of 2 V in 50% H,O/N,)
which almost instantly led to a numerous amount of ex-solved
nanoparticles (150 s) on Lag4;Cag3,NigsTig04O3-5  They
referred to this technique as “electrochemical switching” and
utilized the process to create socketed nanoparticles facilely
through an applied voltage (Figure 15). Despite the shared
phenomenology between hydrogen reduction and electro-
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chemical switching, the basic science is dictated by the same
law, which is the po gradient between the oxide and the

external stimuli. Indeed, the applied voltage of 2 (2V) is
estimated to be around 107 atm according to the Nernst
equation, much lower than that of the typical balanced H,
reduction (107'? atm). This larger driving force may result in
an ultrafast ex-solution process. In addition to the fast speed,
the voltage-driven ex-solution allows one also to achieve
morphology and performance superior to that of ex-solution
driven by H, reduction. For instance, the particle density is
nearly double (6.2 X 10~7 Ni nanoparticles ym™> vs 3.7 X 10~
Ni nanoparticles ym™2), and the subsequent peak power
density was increased by 7-fold (1.3 W cm™ vs 0.2 W cm™2).
This brilliant concept brings forth an interesting approach to
realize best-in-class reversible solid oxide cells along with a
simplified and rapid preparation method. Although the
aforementioned case is one in which electrochemical switching
is implemented on the fuel electrode, Zhou et al. reported
earlier that high cathodic polarization applied to a cathode
material can result in similar electrochemical switching of
active nanoparticles."””* In the Ag-doped perovskite of
(Lag§Srg2)005A80.0sMnO5_s5, Ag can be ex-solved under
cathodic bias, enhancing the oxygen reduction reaction
catalytic activity significantly. Therefore, the concepts
presented in these studies suggest that electric bias can be a
highly efficient route by which to synthesize active metal
nanoparticles operando.

THERMALLY INDUCED EX-SOLUTION

Other than the voltage-driven ex-solution process, a thermally
driven ex-solution process has been proposed as well. Tan et al.
substituted a small portion of Gd into Ni in Gd,Ce;_,O,_s
(GDC) to form Ni:Gd co-doped ceria (Gd, sNiyCey30,_s,
GNDCS5)."*” While Ni of 5 mol % can be successfully doped
into the ceria lattice, thermal annealing at 1250 °C induces the
growth of NiO nanoparticles onto the GDC surface. This may
be a reflection of the thermal reduction of the ceria lattice, as
the elevated temperature can be the driving force to decrease
the oxygen content in the oxide crystal. Indeed, the reduction
of oxide (and therefore the decreasing oxygen nonstoichiom-
etry) is typically observed as the temperature escalates because
of the entropy aspect. The advantage of thermal reduction,
which originates from the absence of reduction gas, has many
auspicious implications. Since many reductive gases (H,, CH,,
and so on), typically rendered as explosive and/or flammable
gases, therefore inevitably accompanies the safety issues.
Hence, the samples and, of course, the reaction chamber
should be handled heedfully with the appropriate equipment of
gas leak sensors. Therefore, finding other methodologies to
avoid/minimize the usage of hazardous gases but simulta-
neously acquire a sufficient amount of metal nanoparticles will
be critical. However, as the thermal reduction does not convey
the aforementioned issues, ex-solution can be carried out more
simply and has the potential to be extended as vacuum
annealing to ex-solve metal nanoparticles.65 Moreover, the
ramping rate of the thermal reduction will be central to tune
the growth of the nanoparticles in this case, as the sizes of the
particles become smaller, while their density increases when
the ramping rate increases.*’

However, compared to reduction by H, or electrochemical
switching, the thermally driven ex-solution process may
relinquish the surface area of the support considerably, as a
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showing oxygen loss upon reduction by hydrogen as a function of time; in orange, cell current upon application of 2 V, also as a function of
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Springer Nature.

significantly high temperature is required to build up enough of
a po, gradient to ex-solve metal nanoparticles. Therefore, an

advantage can be found where the support should be dense
and compact, such as in gas separation and/or with a
permeation membrane.'*® Furthermore, the thermally induced
ex-solution may find merits where the extreme temperature
gradient is routine such as in chemical looping combustion or
solar thermal applications.'**~"**

HETEROGENEOUS DOPING

Heterogeneous doping offers another effective option by which
to synthesize nanoparticles into the range of functional oxides
beyond perovskite oxides, including CeO, and ZrO,.’
Heterogeneous doping refers to a methodology which involves
the feeding of metal sources into the grain boundaries of
oxides, where the host lattice does not intrinsically contain any
metal sources (Figure 16). In this case, the metal source is
initially sputtered onto the oxide and then annealed in air at
700 °C. During this process, metal cations diffuse through the
grain boundaries, as cation diffusion can occur much more
rapidly throu%h the grain boundary as opposed to bulk
diffusion.*”"*" These heterogeneously doped metal cations
are accommodated in the crystallographically defective grain
boundaries, and when a reductive heat treatment is carried out,
they nucleate in the corners of the grain boundaries. Typically,
it is well-known that to ex-solve particles with the
stoichiometric oxide with a fluorite structure is more difficult.
For example, only a small number of nanoparticles (<5/um?)
can be confirmed in ceria surfaces. However, with heteroge-
neous doping, an impressive number density of nanoparticles
can be formed.

Since the technique is based on grain boundary diffusion
with excellent selectivity, thus the following points can be
emphasized: (1) It does not require uniform coating of a metal
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source, (2) targeted metal ions can be uniformly distributed in
the grain boundaries of the oxide only by an appropriate heat
treatment, and (3) it does not require complete etching of the
metal source afterward. These three aspects make this
technique have general applicability which can be transferred
to a variety of fields in practice to produce functional
nanocrystalline oxides. Since grain boundaries have a
substantially higher transitional metal storage capacity than
the bulk, it is possible to produce an adequate amount of metal
particles with a limited grain boundary density. Coupled with a
number of state-of-the-art synthesis techniques for fabricating
porous nano-polycrystalline oxide structures with high specific
surface areas makes the approach practical. The methodology
can be especially useful when the desired metal sources have
insufficient solubility in the host oxide. Moreover, it offers the
advantage of a lower ex-solution temperature (e.g.,, 700 °C), as
the grain boundary serves as a favorable spot for heterogeneous
nucleation.

THIN-FILM PEROVSKITE COATING

As discussed above, one of the shortcomings of the ex-solution
process is the low surface area of the perovskite support.
Typically, perovskites are prepared via a solid-state reaction or
a sol—gel method."**'*> During the synthesis process, high-
temperature calcination (e.g.,, >900 °C) is conducted to ensure
cation blending and phase purity. Hence, the surface area of
the perovskite support is usually less than 10 m?/g.'**
Additionally, a reductive heat treatment with which to grow
nanoparticles will likely result in further sintering of the
supporting frameworks. In other words, there is ample room
for improvement in the catalytic activity if high-surface-areal
perovskites are chosen to support ex-solved nanoparticles.

To address this, thin-film perovskites coated onto highly
porous supports such as spinel MgAl,O, (surface area > ~60
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nanoparticles and their self-regenerative tendency according to the redox cycles), (b) cross-sectional scanning transmission electron
microscope (STEM) image, and (c) energy-dispersive X-ray spectroscopy (EDS) mapping results of Sm-doped CeO, (SDC) film with a Ni
particle (scale bars; (a) 500 nm; (b, c) 10 nm). Panels a—c reproduced with permission from ref 3. Copyright 2018 The Authors under a
Creative Commons CC-BY 4.0 license (https: //creativecommons.org/licenses/by/4.0/ ), published by Springer Nature.
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licenses/by/4.0/), published by Springer Nature.

m?*/g) by means of atomic layer deposition (ALD) have been
reported multiple times.'”’”">* ALD has the merit of being
able to create a uniform and conformal coatings that are not
largely affected by the support morphology, even with pores of
a low aspect ratio, making this an appropriate method for
tackling this challenge.'*> With the metal nanoparticles/
perovskite/MgAL, O, configuration, encouraging demonstra-
tions of ex-solved catalysts have been published. Indeed,
nanoparticles supported on perovskite/MgAl,O, demonstrate
regenerating catalytic behavior between the redox cycle (Pt/
LaFeO,/ MgAl,O,, Figure 17a),"*" or anticoking capabilities
(Ni/CaTiO;/MgAlO,, Figure 17b),"*" neither of which can
be reproduced on nanoparticles directly supported on

MgALO,.
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TOPOTACTIC ION EXCHANGE

It has become clear lately that factors such as the modality,
size, distribution, morphology, content, architecture, and
catalyst—support interaction of nanoparticles are highly
significant in the pursuit of ideal catalysis, and the topotactic
ion-exchange process represents an important step forward for
the ex-solution technique, as it encompasses the key benefits of
both infiltration and ex-solution simultaneously (Figure
18).”7"*¢ Infiltration refers to a surface engineering technique
in which a liquid solution containing stoichiometric metal salt
precursors is introduced onto a prefired backbone.'*” During
this process, a broad range of metal salts of varying
compositions can be dissolved into the solution and
subsequently fired to achieve catalyst coatings. Therefore,
infiltration has advantages over the ex-solution process in terms
of the selection of the catalyst material. However, optimizing
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Creative Commons CC-BY 4.0 license (https: //creativecommons.org/licenses/by/4.0/ ), published by American Association for the

Advancement of Science.

the particle size and distribution through the infiltration
technique can be extremely difficult and may require several
instances of trial and error or several repetitions of infiltration—
thermal heat cycles to procure the desired morphologies. On
the other hand, the ex-solution approach is restricted in terms
of the choice of materials, as previously noted. However,
control over the size and distribution of the nanoparticles is
superior compared to the infiltration process. In an effort to
combine these critical factors, Joo et al. proposed the
topotactic ion-exchange approach.”” This protocol involves
the following steps: (1) preparation of a porous electrode
backbone which contains the ex-solute with a high segregation
energy level; (2) infiltration of the guest cation with lower
segregation energy; and (3) a subsequent reductive thermal
treatment, where the infiltrate intercalates into the host oxide
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lattice while the host cations extrude onto the surface.
Eventually, the ex-solute and infiltrate components form
alloy catalysts in situ. In more detail, the authors infiltrated
Fe guest cations (co-segregation energy of —0.15 eV) onto
PrBaMn, ;Co0,3Os,s as a host oxide, during which the host
cation of Co has co-segregation energy of —0.55 eV.”” During
the Co ex-solution process, a significant number of B-site
vacancies can be generated, which may critically affect the ionic
and electrical conduction of double perovskites. However,
through a topotactic ion-exchange step, Fe guest ions are
incorporated into the host lattice to fill the B-site vacancies (as
Fe has low segregation energy), preserving the structure of the
host oxide. Such a topotactic ion-exchange brings two
advantages: (1) the ex-solution of Co would not create any
B-site vacancies, thus leaving no detrimental effects on the
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Figure 20. (a) Schematics of shape control of ex-solved nanoparticles leading to advanced nanostructures. (b) SEM micrographs of as-
prepared Ni metal particles and NiO particles after light-off and CO kinetic experiments (scale bar, 100 nm). (c) SEM micrographs of as-
prepared CoNi particles and after the light-off step. Cubic-like structures formed during the CO kinetic experiment and the final cube
microstructure after completion of the CO kinetic experiment (scale bar, 100 nm). Panels b and c reproduced with permission from ref 91.
Copyright 2017 The Authors under a Creative Commons CC-BY 4.0 license (https:// creativecommons.org/licenses/by/4.0/ ), published by
Springer Nature. (d) Faceted particles grown under a vacuum in environmental TEM at 900 °C from La, 43Caq 3, Tig04Nig 603 (e) Cubic-
shaped particles grown in a 5% CO atmosphere at 900 °C for 10 h from La, zCe,Tiy¢Ni4O;. (f) Ellipsoid-shaped particles interfaced with
as-grown oxide (La,TiO;) in a 2.5% H,0/5% H, atmosphere at 1000 °C for 10 h from La,3Ce, Tiy¢Niy4O0;. Panels d—f reproduced with
permission from ref 65. Copyright 2019 American Chemical Society. (g) TEM images of cone-shaped CoFe alloy nanoparticles obtained
from Sry,95Tig75C00,0125F€0.237505 thin film after a reductive heat treatment at 750 °C and with po, = 107> atm (H,/H,O mixture) for 30 h.

(h) TEM images of cone-shaped core—shell CoFe alloy nanoparticles obtained from Srg s Ti-5C0g0125F€023750; thin film after a reductive
heat treatment of 800 °C and po, = 1072 atm (H,/H,O mixture) for 30 h.
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Irg 0;Wo.0003 NSs; (d) In situ TEM image of Iry 4, W, 0003 NSs annealed in 4% H,/Ar at 300 °C (referred to as ex-Iry 4, W,0,03 NSs_300). (e)
STEM image of ex-Iry 4, W0,03 NSs_300. (f) Cyclic sensing response of ex-Irg oW 4003 NSs_400 and Ir particles decorated WO, NSs at 1
ppm H,S. (g) Selectivity characteristics of ex-Iry g, Wy 4003 NSs_400. Panels a—g reproduced with permission from ref 152. Copyright 2020

Wiley.

oxygen ion conduction and electron conduction paths; (2) the
concentration of ex-solved Co nanoparticles would be, in
principle, higher if the exchange of Co with Fe is favorable,
transforming the perovskite from PrBaMn,,Coy;Os,5 into
PrBaMn, ;Fe( ;05,5 This method may lead to opportunities to
utilize multiple combinations of metal cations, an advance
which was impossible to achieve solely with the ex-solution
process.

Recently, an advanced technique of topotactic ion-exchange
ex-solution (topotactic ex-solution) was reported, which
employs atomic layer deposition (ALD) instead of infiltration
as a method to introducing guest cation (Figure 19).”° As
previously noted, ALD is a thin-film technique which offers a
high specific surface area and fast diffusion rate of the target
material which makes the material deposition with nanoscale
control possible. Therefore, the guest layer introduced through
ALD should be highly uniform with controlled thickness. In
topotactic exchange, the diffusion rate of the deposited guest
cation is an important factor. Therefore, when the guest cation
is deposited through ALD, the topotactic ex-solution
phenomenon can be accelerated, which produces a finely
dispersed array of anchored alloy metal nanoparticles with
increased population density. However, currently, only a
limited assortment of metal cations can be found in the
literature (i.e., Ni—Fe); therefore, we hope that much attention
will be directed toward this strategy to develop rationally
designed, advanced catalyst systems.
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OTHER OPPORTUNITIES

While the most familiar form of pinned particles is the
semispherical shape, particles with exotic geometries are
occasionally reported. These irregular particles are sometimes
faceted, cubic, ellipsoidal, or cone-shaped with control of the
type of exposure gas, po, and temperature. For example, by

exposing ex-solved Ni particles to a CO-rich atmosphere,
rounded particles evolve into more faceted ones (Figure
20b).”" When CoNi alloy particles are exposed to a CO-rich
atmosphere, however, the particles show cubic structures,
presumably due to the Kirkendall effect (Figure 20c)."**~"°
These examples of restructuring are not only exquisite in terms
of the morphologies but also hold great promise with regard to
the engineering of functional metal—-metal oxides with
desirable facets. Indeed, different metal facets may result in
greatly distinguished catalytic activities, such as CO,
reduction.”®’ Therefore, shape control of ex-solved nano-
particles will be a fascinating topic to explore. In relation to
this, Neagu et al reported highly faceted Ni under high-
vacuum conditions as opposed to reduction via H, (Figure
20d), while observing nanocubes on a controlled scale when
CO gas is used as the reduction gas (Figure 20e).°° Moreover,
ellipsoidal particle—metal oxide heterointerfaces were achieved
when balanced wet H, is utilized (Figure 20f). While most ex-
solution processes described thus far heavily rely on balanced
H,, the aforementioned results imply that the presence of H, is
not always required. Taking into account that myriad types of

https://dx.doi.org/10.1021/acsnano.0c07105
ACS Nano 2021, 15, 81-110


https://pubs.acs.org/doi/10.1021/acsnano.0c07105?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07105?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07105?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07105?fig=fig21&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07105?ref=pdf

ACS Nano

Www.acshano.org

gases are available (e.g, N, CO, CO,, CH,, and NH;) for
rendering mild reduction conditions, an advanced form of ex-
solved nanoparticles may appear in the future (Figure 20a).
Accordingly, we provide cone-shaped CoFe alloy nanoparticles
grown from a PLD-SryesTig75C0g0125F€0237503 perovskite
oxide when reduction is carried out with a rationally controlled
Po, value of 107> atm at 750 °C (Figure 20g). It should be

noted that when a higher temperature of 800 °C is utilized,
restructuring occurs amidst the cones; therefore, a core—shell
shape can arise. Again, these results emphasize the parameters
pivotal for ex-solved nanoparticles when manipulating nano-
architectures.

Phase-transition-induced ex-solution is another strategy that
provides an important opportunity to broaden the scope of ex-
solution-based applications.b3 In particular, it is believed that
the reconstruction of the crystal structure in the host oxide
would serve as an effective trigger for facilitating the formation
of ex-solved nanoparticles. While this strategy was originally
applied to the case of perovskite oxides (i.e., reconstruction of
ABOj; into AA/BB’Qy), it was found that WO, is also a suitable
candidate for phase-transition induced ex-solution. On the
basis of this discovery, Jang et al recently demonstrated a
highly stable chemiresistive sensor which employs Ir as the ex-
solution catalyst on two-dimensional (2D) WOj; nanosheets
(NSs).">* Specifically, the substitution of W with Ir led to an
improved reducibility of the WO; host oxide, enabling the ex-
solution at significantly low temperatures (300 °C) as
compared to those in other approaches. As shown in Figure
21a, the extraction of Ir nanoparticles from the host WO, at a
low temperature was accelerated due to the phase trans-
formation of the host WO; from monoclinic to tetragonal
WO; and WO, phases during the reduction process. The
resulting composite material, consisting of Ir nanoparticles that
were tightly anchored and finely distributed on WO; NSs,
exhibited much improved sensing performance and high
stability toward the repetitive H,S sensing compared with
that of conventional sensors based on 2D WO; NSs decorated
with Ir nanoparticles synthesized by a simple polyol route. This
result offers insight on the capability of phase-transition
induced ex-solution at very low temperatures, signifying their
potential application as highly stable chemical sensors (Figure
21).

COMPUTATIONAL PERSPECTIVES FOR MODELING
AND MATERIAL DESIGN

In the area of ex-solution, atomistic calculations have focused
on understanding the mechanism underlying the energetics of
nanoparticle egress. Works searching for perovskite composi-
tions that promote the ex-solution process have yet to be
reported. This may be largely due to the lack of suitable
descriptors that can predict the segregation energy, E.,, of B-
site elements as defined in eq 10. Incidentally, a similar
approach has been developed for the catalysis of oxygen
reduction and evolution reactions. For perovskites, a higher
electrocatalytic activity has been associated to an oxygen p-
band center closer to the Fermi level and a smaller vacancy
formation energy.””*'*® One interesting topic of future
research is the construction of descriptors that correlate
certain combination of bulk properties to the E,, computed
using the more “expensive” slab models. One possible
descriptor is the grand potential difference, AQ, given in eq
7.°° One must note that AQ only depends on the bulk
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Helmholtz free energy and the composition. Both quantities
can be obtained, in principle, from an online database (eg,
Materials Project,'*® the Open Quantum Materials Data-
base”).

Although existing materials databases feature thousands of
compositions, only a fraction of all possible perovskites is
included. Covering the entire compositional space computa-
tionally may prove to be an insurmountable task. One option
to overcome this challenge is to leverage artificial intelligence
(AI) by developing a trained neural network that can predict
certain materials properties, such as the AQ. A number of
articles have emerged in the past two years on the Al-based
prediction of these properties. Published neural networks
include the crystal graph convolutional neural networks
(CGCNN),"**"? the SchNet,'*” and the MatErials Graph
network (MEGNet).'®" In these Al-based frameworks, the
crystal structures and compositions can be embedded in a
given deep neural network architecture, which is capable, after
training, of predicting material properties (i.e, band gap,
energy above hull, and so on) with an accuracy comparable to
that of DFT. As such, one can use the trained neural networks
to predict the descriptors, such as the AQ, in a fraction of the
time needed to run the DFT calculations. One giant leap
forward would be the exploration of the compositional space
using the trained neural network in order to optimize the
perovskite composition. One should also note that this
approach can further be extended to other properties,
including the formation energies of O vacancies, and migration
barriers of B-site metals provided that the databases used for
training the networks are appropriately expanded.

To unravel the mechanism behind ex-solution, atomistic
models have played an important role. However, the
computational effort required by such models renders them
impractical if they are enlarged beyond a few hundred atoms.
In fact, DFT computations scale cubically with the number of
electrons, making conventional computations prohibitive even
with a thousand atoms. Furthermore, conventional DFT
calculates ground-state densities and is therefore not suitable
to reveal kinetic or dynamic processes taking place during the
ex-solution. To handle the kinetics, molecular dynamics (MD)
simulations can be used. However, due to their computational
complexity, ab initio MD simulations are typically limited to
only a few hundreds of atoms. This constraint may be
alleviated by artificial intelligence. Indeed, machine-learning-
based force fields can accelerate force evaluations, thereby
enabling simulations of larger systems. Researchers have
leveraged generalized neural networks,'®> Bayesian infer-
ence,'” and least absolute shrinkage and selection operator
(LASSO)'** to devise force fields. Despite their significant
promise, MD simulations, even in the least computationally
taxing scenario, are restrained to runs of less than a few
hundreds of nanoseconds. These time scales are too short to
successfully model the ex-solution dynamics.'® In contrast,
continuum models are time efficient. However, they suffer
from inadequate accuracy, particularly when defects are
involved.'®® Bridging microscale and macroscale models is
key for capturing the macroscopic behavior while representing
accurately the microscale kinetics of the system. To this end,
multiscale models, that have been developed for other fields,
could be used to accurately model microscopic models while
retaining the needed speed.'*>'®’

Bridging the gap between experimental and atomistic time
scales is possible if the phase-field crystal (PFC) model is used.
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The PFC framework can describe the crystal evolution and
self-organization,'®® linking atomic and mesoscopic scales.'®’
In fact, this method combines thermodynamics at the atomic
scale with diffusional time scales typical of phase trans-
formations.'®>'**"7%'"! Importantly, due to their ease of
implementation and lower computational burden compared to
MD simulations, PFC models can be run over relatively large
length scales and time scales,'®® making them well-suited to ex-
solution modeling. Potential applications include combining
PFC models and in situ characterizations. A similar strategy has
been implemented in the metallurgy literature, where
integrating phase-field models were integrated with operando
X-ray tomography.'”> Combining PFC simulations with real-
time observation (eg, with in situ TEM) and control of
nanoparticle size can ultimately unravel the mechanisms
underpinning ex-solution. The resulting insights would be a
cornerstone for advancing the field, ultimately allowing the
PFC method to design compositions that lead to optimal
nanoparticle size and coverage.

CONCLUDING REMARKS

Through these different examples, it is now clear that the ex-
solution process has invigorated a tremendous number of
chemical-electrochemical applications along with valuable
academic investigations. Indeed, various parent oxide materials
and different combinations of metal nanoparticles have been
examined with the ex-solution technique to demonstrate
markedly promoted catalytic properties. However, even with
these great contributions, the full potential of the ex-solution
process is yet to be unlocked, and more research is therefore
imperative. Given this perspective, we provide milestones here
for researchers who seek to improve the functionality and
broaden the applications of the ex-solution technique.
Additionally, alternative attempts to push the limits of the
current ex-solution process have been reviewed. Each and
every attempt critically loosened the constraints of current
techniques; therefore, the aforementioned problems of
engaging H, reductions or the limited choice of the parent
oxide and/or ex-solute have largely been overcome. The
concurrent implementation of the featured techniques may
develop intriguing and improved results in the future as well.
Nevertheless, the application of the ex-solution process has
thus far exceedingly focused on fuel electrodes, with relatively
scant attention paid to air electrodes to utilize the electro-
catalytic value of anchored nanoparticles."*'”* The authors
firmly believe that hitherto unknown strategies to obtain
extruded nanoparticles under more oxidizing conditions will
expand the boundaries of ex-solution technology even further.
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VOCABULARY

Alloy, combination of metals or metals with one or more other
elements; Ex-solution, spontaneous emergence of metal (in
some cases, oxide) nanoparticles onto the oxide supports;
Heterogeneous catalysis, catalysis where the phase of catalysts
differs from that of the reactants or products; Nucleation, the
first step in the formation of either a new thermodynamic
phase or a new structure; Point defects, deviations from the
perfect atomic arrangement such as missing ions, substituted
ions, interstitial ions, and their associated valence electrons in
all crystalline materials
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