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New trends in nanoparticle exsolution

Alfonso J. Carrillo, 2 * Andrés Lopez-Garcia, Blanca Delgado-Galicia® and
Jose M. Serra 2 *

Many relevant high-temperature chemical processes require the use of oxide-supported metallic
nanocatalysts. The harsh conditions under which these processes operate can trigger catalyst
degradation via nanoparticle sintering, carbon depositions or poisoning, among others. This primarily
affects metallic nanoparticles created via deposition methods with low metal-support interaction. In this
respect, nanoparticle exsolution has emerged as a promising method for fabricating oxide-supported
nanocatalysts with high interaction between the metal and the oxide support. This is due to the
mechanism involved in nanoparticle exsolution, which is based on the migration of metal cations in the
oxide support to its surface, where they nucleate and grow as metallic nanoparticles partially embedded
in the oxide. This anchorage confers high robustness against sintering or coking-related problems. For
these reasons, exsolution has attracted great interest in the last few years. Multiple works have been
devoted to proving the high catalytic stability of exsolved metallic nanoparticles in several applications
for high-temperature energy storage and conversion. Additionally, considerable attention has been
directed towards understanding the underlying mechanism of metallic nanoparticle exsolution.
However, this growing field has not been limited to these types of studies and recent discoveries at the
forefront of materials design have opened new research avenues. In this work, we define six new trends
in nanoparticle exsolution, taking a tour through the most important advances that have been recently
reported.
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Introduction

Oxide-supported metallic nanoparticles are at the core of a
plethora of technologies, including traditional thermocatalytic
processes for producing fuels and chemicals," fuel cells and
electrolyzers,”™* sensors’ or even memory storage devices.®
Specifically, in catalytic and electro-catalytic processes occur-
ring at high temperatures (500-1000 °C), metallic nanoparticles
can easily suffer from sintering-related phenomena if they are
not firmly attached to the oxide support.” Eventually, metallic
nanoparticle growth and agglomeration will increase the nano-
particle size and lower their dispersion over the oxide support,
which will dramatically lower the catalyst activity. Thus, pre-
venting nanoparticle sintering-related phenomena has been a
major field of study in the catalysis and materials science
communities to obtain robust and durable catalysts with
enhanced lifetimes.® Based on this premise, in the last decade,
nanoparticle exsolution has emerged as a promising alterna-
tive to conventional impregnation methods, allowing the
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(a) Evolution of publications on nanoparticle exsolution in the last decade. (b) The six new trends in nanoparticle exsolution that are covered in this

fabrication of highly resistant metallic nanoparticles.’ This is
mainly due to the mechanism through which exsolved
nanoparticles grow.

Exsolution involves the migration of metallic cations con-
tained in the crystal lattice of the bulk oxide, which, under
reductive conditions, nucleate as nanoparticles on the oxide
surface. The fact that the nanoparticles grow from the bulk
rather than from a deposited precursor, as in impregnation,
endows them with high resistance to sintering since the
particles remain “anchored” to the oxide.'® Additionally, the
benefits of nanoparticle anchoring in preventing carbon
deposition have been demonstrated.’® These two beneficial
properties of exsolved nanoparticles, among others, have
prompted great interest in the scientific community, leading
to exponential growth in the number of publications over the
last decade™"" (Fig. 1a). However, it should be highlighted that
pioneering works demonstrating nanoparticle exsolution were
pointed out two decades ago, exemplified by the seminal article
of Nishihata et al.'? In this first decade, many contributions can
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be found, especially on precious metal (Pd, Pt, and Ru) nano-
catalyst exsolution from perovskite oxides."*° Since then,
many works have been devoted to mechanistic studies in which
thermodynamics and kinetics of metallic nanoparticle exsolu-
tion have been assessed. These works lay the foundation for
more efficient materials design, where a profound understand-
ing of the physicochemical phenomena controlling exsolution
is critical. In parallel, and according to the inherent emerging
nature of this field, research efforts have also been put into
expanding the limits of nanoparticle exsolution to new avenues,
enlarging the materials design space of this novel nanocatalyst
fabrication route.

Background: how to control
nanoparticle exsolution?

Besides its high robustness, one of the significant advantages
of exsolution is its excellent capability for facile control over
nanoparticle characteristics (morphological and composi-
tional), which is an additional advantage of this fabrication
method. This has attracted great interest in the community,
which is focused on understanding the underlying mechan-
isms of this promising nano-fabrication method and finding
structure-property relationships that could lead to more effi-
cient catalysts or devices. Nanoparticle exsolution can be
controlled by adjusting the external (conditions under which
exsolution is performed) or internal factors (related to the
oxide properties that serve as the host for nanoparticle exsolu-
tion). Regarding the former, parameters such as temperature,
time and gas composition®?'* have resulted in changes in
nanoparticle size and dispersion. Longer exposure times and
lower temperatures generally lead to larger nanoparticles and
lower dispersions. These trends are directly related to the
kinetics of nanoparticle nucleation and growth, which, under
the aforementioned conditions, favour the latter. Longer
exposure times have also been recently proven to alter the
shape of exsolved nanoparticles.'' The design of shape-
controlled exsolved nanoparticles and their implications in
the catalytic activity of heterogeneous reactions will be dis-
cussed in Section 1. It is important to emphasize here that
morphological changes achieved via variations in the exsolu-
tion fabrication route should ensure an improvement in the
catalytic (or device) performance while assuring long-term
stability.

Additionally, changes in the conditions under which exsolu-
tion is performed can greatly impact the composition of the
nanoparticles. A recent work illustrated that the exsolution
temperature influences the composition of exsolved ternary
alloy metallic nanoparticles.®® The possibility of exsolving
multiple B-site cations, leading to the formation of alloys or
multi-elemental nanoparticles, is, undoubtedly, one of the
main focuses of recent research in nanoparticle exsolution.
Exsolved alloy nanocatalysts can unlock unprecedented cataly-
tic properties, leading to higher activity while guaranteeing
robustness over prolonged operation. The latest discoveries in

This journal is © The Royal Society of Chemistry 2024
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the conceptual design of multi-elemental (alloy) nanocatalysts
will be covered in Section 2.

Time and temperature can be used to alter the composition
of the exsolved nanoparticles, as well as the gas atmosphere.
Traditionally, the exsolution field has focused on fabricating
metallic nanoparticles. However, in many chemical reactions or
physicochemical processes, other chemistries such as oxides,
sulphides or phosphides are the active species. The exsolution
field has not put aside the catalytic potential of these com-
pounds, and lately, the exsolution of oxide®* nanoparticles or
sulphides®® has been reported. Section 3 will analyze the recent
advances in the design of non-metallic exsolved nanoparticles.

Temperature, time, and gas partial pressure are the external
parameters commonly changed to control exsolution. A recent
review by Ruh et al. has covered these aspects.'' However, in
recent years, metallic nanoparticle exsolution has been induced
via non-thermal treatments such as electrochemical poling,®”
laser induction,*® or applying plasma®® or microwaves.*® These
methods have led to promising results in achieving higher
exsolution extents or milder exsolution conditions in H,-free
atmospheres, opening new avenues away from conventionally
heating in reductive atmospheres. These latest trends will be
discussed in Section 4.

Modifications in the material intrinsic (or internal) factors
have also been widely studied in recent years to improve the
exsolution capacity of oxide materials. One aspect that has
greatly impacted the amount and shape of exsolved nano-
particles is oxide strain. Strain engineering has been mainly
studied in thin films due to the relative ease with which
strain can be induced in a thin film oxide by a lattice mis-
match with the support in which it is deposited.*’ Namely,
for Lay Sty ,Nig1Tip 9055, compressive strain was found to
increase the exsolved nanoparticle population, leading to the
exsolution of smaller nanoparticles compared to tensile
strain.*' Interestingly, the relationship between strain and
nanoparticle exsolution can be reverse-engineered as it has
been recently demonstrated in bulk oxides.**™** Here, exsolu-
tion is explicitly aimed at forming endogenous nanoparticles
that precipitate inside the oxide bulk together with conven-
tional surface exsolution. These metallic precipitates induce
tensile strain in the perovskite oxide, which significantly
enhances the oxygen exchange capacity of these materials, a
fundamental property in the chemical looping production of
syngas.*’ The design of oxides functionalized with endogenous
nanoparticles will be covered in Section 5.

The influence of the plane direction on nanoparticle exsolu-
tion has been explored using thin film exsolution. Kim et al.
discovered that nanoparticle population and shape strongly
correlate with the plane orientation in perovskite titanates.*’
In particular, the (111) plane led to higher populations, whereas
the (001) plane led to larger, more elongated particles.*® Here,
the authors demonstrated the relevance of interfacial energies
in the shape and dispersion of exsolved nanoparticles.

A-site deficiency has been conventionally employed as a
compositional modification to enhance the number of exsolved
nanoparticles.*® In a recent work, O’Leary and co-authors shed

Chem. Commun., 2024, 60, 7987-8007 | 7989
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more light on the influence of A-site deficiency and composi-
tion on the energetics of Ni nanoparticle exsolution from
perovskite titanates.?” However, in some cases, A-site deficiency
is not favourable since it can lead to compositional instabil-
ities, eventually resulting in the segregation of transition metal
oxides such as NiO in non-stoichiometric double perovskites.*"
This affects the extent of exsolution since not all the exsolvable
B-site cations are in the perovskite oxide crystal lattice, causing
a decrease in the nanoparticle surface dispersion compared
to stoichiometric materials. Our group recently found that by
partially replacing Sr in the A-site with trivalent lanthanides, it
was possible to reduce the amount of NiO segregations in
St oFe; ;Nig ,M0g 50s_5 double perovskites.*® We also found
that there was a correlation between the lattice parameters
induced by this lanthanide-doping strategy and the extent
of exsolution, in which incorporation of larger cations, e.g,
La’" resulted in a decrease of the exsolved nanoparticle
population.*® These results emphasize how alterations in mate-
rial properties can directly affect the exsolution behavior of the
pervovskite family.

Finally, in the last section, we will assess the recent progress
on metallic nanoparticle exsolution from non-perovskite oxide
materials (Section 6). This is quite a relevant topic since it can
expand the realm of exsolution to other oxides conventionally
used as supports in catalysis, such as fluorites, e.g., ceria or
zirconia. In a recent work, we demonstrated that Ru exsolution
from CeO, significantly boosted the chemical looping perfor-
mance of this type of materials for syngas production via
methane partial oxidation.*® Exsolution from other oxides such
as yttria-stabilized zirconia, pyrochlores and spinels will also be
covered in this section, emphasizing the main differences that
arise when comparing with perovskite exsolution.

This Feature Article presents a brief but thorough analysis of
six trends in nanoparticle (Fig. 1b) exsolution based on the
latest discoveries in this emerging field, emphasizing the
discoveries led by ITQ. This work aims to connect these recent
findings with future directions that will help designing durable
materials with high catalytic activity by applying the exsolution
method, regardless of the application or end-use of these
catalysts. Specific applications and detailed thermodynamic
or kinetic aspects will not be covered here, although their
importance is key for more efficient exsolution design.

New trends in nanoparticle exsolution
1. Shape-control exsolved nanoparticles

Most exsolution studies focus on the size or population of
nanoparticles as these are straightforward factors to control.
These are usually modified by changing the temperature
(or time) of reduction. For instance, increasing the temperature
leads to an increase in the size of the nanoparticles while
reducing their dispersion. Besides these morphological proper-
ties, modifying other characteristics of the exsolved nano-
particles would also be interesting, like the acquired shape
during exsolution. This can, indeed, be modified by adjusting

7990 | Chem. Commun., 2024, 60, 7987-8007
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the process conditions and may significantly impact the cata-
Iytic performance of these nanoparticles. For example, for
polyhedral-shaped nanoparticles, the exposed surface is higher
than that of spherical ones for the same volume.>°

Conventionally, exsolution of metallic species tends to gen-
erate spherical-shaped nanoparticles. However, several works
report alternative shapes, even demonstrating strategies to
control the geometry of the exsolved metallic nanoparticles.
To date, and the best of our knowledge, only two reports show
how changing exsolution parameters can tune the exsolved
nanoparticle’s shape. The first of these two studies, by Neagu
et al.,”" Fig. 2a-d, demonstrates how the exsolution gas atmo-
sphere plays an important role in shaping the emerging nano-
particles. Usually, as previously mentioned, spherical-shaped
nanoparticles are expected when exsolving metallic species,
like Ni from Lag gCe 1Nig 4Tio.c03_s, as shown in Fig. 2b after
650 °C, 10 hours under H, flow reduction treatment. However,
cubic-shaped nanoparticles were formed when this same mate-
rial was subjected to 5% CO at 900 °C for 10 h (Fig. 2c).
Remarkably, applying humidified (2.5% H,0) 5% H, flow at
1000 °C for 10 h generated ellipsoidal-shaped nanoparticles
interfaced with La,TiOs oxide (Fig. 2d). In this same work,
even vacuum conditions were explored for exsolution. From
Lag.43Cap 37Nig 03 Ti9.0403_5 perovskite, strongly faceted nano-
particles emerged upon heating up to 900 °C under vacuum
(Fig. 2a). These results show the high impact that the exsolution
treatment gas atmosphere and/or pressure can have on the
shape of the exsolved nanoparticles, in this case, Ni.

Kim et al. also conducted their work on Ni-doped lanthanum
titanate, reporting shape alterations with temperature
variation.>® La,;Cag,Nig,5Tig-503_s under a dry H, atmo-
sphere at temperatures ranging from 600-800 °C, either for
short durations (3 h) or longer ones (24 h), resulted in the
exsolution of spherical-shaped nanoparticles (Fig. 2e). But,
when the temperature was raised up to 1000 °C, faceted
nanoparticles were obtained, Fig. 2f and g. They proved the
importance of exploring different nanoparticle shapes since the
faceted Ni nanoparticles exhibited a longer and higher conver-
sion of CH, in dry reforming of methane reaction compared to
spherical-shaped and infiltrated Ni catalysts.>

As previously mentioned, there are some other studies
where non-spherical shaped nanoparticles are exsolved without
reporting control over their shape. For instance, Fe-based
nanorod formation was observed when Lag ¢St FeO;_s was
exposed to H, at 600 °C.”” For the same composition, flattened
particles emerged when subjected to a 3% H, (650 °C, 5 h)
treatment,®® proving how the atmosphere plays, indeed,
a relevant role modify specific morphological properties of
the exsolved nanoparticles.

Finally, since exsolution can potentially be reverted under
oxidizing conditions, partial or complete redissolution of
the exsolved nanoparticles is expected under certain adequate
conditions. For instance, one of the requirements for exsolved
NP re-dissolution is that the perovskite is A-site soichio-
metric.'>'*'®>* However, Neagu et al. published some inter-
esting results involving morphological changes affecting Ni and

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc01983k

Open Access Article. Published on 11 Qasa Dirri 2024. Downloaded on 19/11/2025 8:10:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

Fig. 2

View Article Online

Feature Article

(a) ETEM micrographs of Lag 43Cag 37Nio.03Ti0.9403_s faceted exsolved nanoparticle generated in vacuum at 900 °C. (b)—(d) ETEM micrographs of

Lap.gCeq1Nig 4Tip.6O3_s exsolution: (b) spherical-shaped nanoparticles (H,, 650 °C); (c) cubic-shaped nanoparticles (5% CO, 900 °C, 10 h); (d) ellipsoidal-
shaped nanoparticles (2.5% H,O/5% H, 1000 °C, 10 h). Reprinted (adapted) with permission from D. Neagu, V. Kyriakou, |. Roiban, M. Aouine, C. Tang, A.
Caravaca, K. Kousi, I. Schreur-Piet, I. S. Metcalfe, P. Vernoux, M. C. M. van de Sanden and M. N. Tsampas, ACS Nano, 2019, 13, 12996-13005. Copyright
2019 American Chemical Society. High-voltage transmission electron microscopy micrographs showing the evolution with time and temperature
of Ni nanoparticles from Lag 7Cap 2Nig 25Tio 75035 under a H, gas flow: (e) 800 °C, 24 h; (f) 900 °C, 3 h; and (g) 900 °C 24 h. Reproduced with permission

from ref. 50.

Co-Ni exsolved nanoparticles when subjected to a CO + O, flow
for carbon monoxide combustion. Under these conditions,
more faceted shapes were first obtained, which led to cubic
(Co,Ni);0, spinels instead of redissolution.”®

2. Multi-elemental metallic nanoparticle exsolution

One fascinating aspect of metallic exsolution relies on the
possibility of simultaneously exsolving several species and,
thereby, creating multi-elemental nanoparticles in a relatively
facile manner. This is mainly due to the easy compositional
tunability of perovskite oxides, facilitating the incorporation of
a wide variety of cations in both the A and B sites of the ABO;
perovskite structure. Specifically, the target has been to com-
bine several cations with adequate thermodynamic properties
for exsolution from the B-site. Here, it should be kept in mind
that some metals, namely, Ag, usually occupy the A-site and
have been shown to generate nanoparticles upon exsolution,
although to date,*®*” metallic multi-elemental exsolution has
mainly focused on metals located at the B-site of the perovskite.
In this context, as metioned earlier, it is crucial to pro-
perly select metals for partial B-site substitution, as not every

This journal is © The Royal Society of Chemistry 2024

element is thermodynamically favored to exsolve. This matter
has already been studied by Carrillo et al., showing the thermo-
dynamic tendency for reduction (and, thereby, for exsolution)
via calculations of Gibbs free energy (AG) for several metallic
species.”® These studies reveal that metallic cations such as
Ni, Fe, Co or several noble metals (Ru, Rh, Pt...) are thermo-
dynamically favored for exsolution (AG < 0). In contrast, Mn, Ti
or Mg are not expected to exsolve as metals. Therefore, accurate
materials design via partial substitution of B-site atoms with
exsolvable species can lead to a multicomponent exsolution
process. Mainly, this phenomenon has been studied for bime-
tallic alloy exsolution, but in the past few years multi-elemental
exsolution has experimented a remarkable development, aim-
ing not only to achieve more complex alloys, but also to reveal
the possibility of generating non-alloyed multicomponent
nanoparticles.

a. Binary alloys. The exsolution of several metallic cations
has been of great interest in producing a wide range of alter-
native functionalized materials. Combining different elements
into alloyed metallic nanoparticles offers the possibility of
generating nanocatalysts with altered properties compared to

Chem. Commun., 2024, 60, 7987-8007 | 7991
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single metal ones, which may significantly impact their appli-
cations or stability.

The exsolution of multicomponent nanoparticles has
usually been related to binary alloys, and nowadays a major
part of the published studies deals with this matter. In fact
review articles about bimetallic alloy exsolution have already
been published. For instance, the study by Tang et al. not only
explores different exsolvable alloys (mainly concerning Fe, Co
and Ni), but also investigates the mechanisms behind this
process.>® Previous DFT studies performed by Kwon et al.
focusing on Ni-Co alloy exsolution suggested that the most
thermodynamically favored pathway for alloyed nanoparticle
exsolution relies on the independent co-segregation to the
surface of each metal together with oxygen vacancies (V).
Later, aggregation of Ni and Co species results in the formation
of alloyed nanoparticles. This surface alloy formation (Fig. 3a)
would be preferential over the bulk alloy formation, followed by
segregation to the surface, according to the Gibbs energies
calculated in this work.®®

In this context, a wide variety of bimetallic alloys have been
exsolved from a diverse range of materials, including not only
perovskites (ABO;) and double perovskites (A,B,O¢), but also
other structures, like fluorite-based structures, (i.e., CeO,). The
following sections will further discuss this matter in depth (see
Section 6). Since bimetallic exsolution has already been widely
explored by other authors, and this work focuses on the most
recent trends in nanoparticle exsolution, this subsection will
not delve into deep detail. However, it is essential to highlight
the wide variety of applications in which bimetallic exsolution
proved to be useful. For instance, Fe-Ni alloyed exsolved
nanoparticles proved to perform better than non-alloyed Ni
nanoparticles in CO oxidation reactions.®®> Fe-Ni alloys have
also been exsolved from perovskites to significantly improve the
catalytic activity of (Lag75ST¢.25)(CrosFeos_»Ni )O3 perovskites
for methane reforming reaction.®® In fact, Fe-Ni alloyed nano-
particles (which generally form FeNi; compositions) have been
commonly explored as promising candidates for dry reforming
of methane.®>®° In particular, our group found that increasing
the Ni/Fe ratio on the B-site of Sr,Fe,_ ,Ni,MoO¢_s double
perovskites enabled a greater extent of nanoparticle exsolution,
which eventually increased CO, and CH, conversion.®® This
result corroborates that Ni exhibits more favorable thermody-
namics and kinetics for metal nanoparticle exsolution. Fe-Ni
alloy exsolution also has a great interest in electrocatalysis
applications, especially in solid oxide cells (SOCs).®”""*

Other bimetallic alloys have proved to be versatile for
applications, like FeCo exsolved nanoparticles. Just as in the
FeNi case, materials functionalized with FeCo bimetallic exso-
lution exhibited enhanced catalytic activity in several applica-
tions, like in PrBaFeCoOs.s double perovskite for dry reforming
of methane.”” FeCo exsolution has also been employed success-
fully in solid oxide fuel cells (SOFCs),”® proton-conducting
fuel cells (PCFC)"*7® or in double perovskite cathodes for CO,
electrolysis in solid oxide electrolytic cells (SOECs).”® This last
work reported remarkable results regarding the possibility
of redissolving FeCo alloyed exsolved nanoparticles from

7992 | Chem. Commun., 2024, 60, 7987-8007
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Co-doped Sr,Fe; sMo, 5065, extending the possibility of rever-
sible exsolution to alloyed nanoparticles.

Most recently, alternative alloys involving noble metals
have also been explored, mainly with Ru. Based on the same
SryFe; sMog 5065 double perovskite structure, Lv et al
obtained FeRu alloyed nanoparticles to functionalize CO, elec-
trolysis fuel electrodes.”” Nevertheless, the most remarkable
result in this work was the demonstration of the promotion of
exsolution through repeated redox manipulations. This work
proved an increase in the extent of exsolution after several
reduction-oxidation cycles using in-situ STEM. In addition,
FeRu alloy exsolution caused a notable improvement in the
SOEC performance. Guo et al. also obtained alloyed nano-
particles from double perovskites, namely, NiRu alloys from
A-site deficient La, ,NiRuOg_; for their application in symme-
trical cells. Interestingly, this work showed the lowest thermal
exsolution temperature achieved to date (350-450 °C).”®

b. Ternary alloys. Despite the notable growth experienced
by binary alloy exsolution over the past few years, the develop-
ment of more complex alloys is still limited. The possibility of
combining more than two metals in exsolved nanoparticles
would bring new properties to the functionalized materials,
which can enhance the performance of the catalysts. More
complex alloys can, thereby, open a new path for an appropriate
and thorough design of the catalysts according to the needs of
the desired reaction or process. For instance, Joo et al. studied
the performance of different single metals and alloys for dry
methane reforming.”® They proved increased catalytic activity
of FeCoNi exsolved nanoparticles from double perovskites
compared to single metal (Fe and Ni) and bimetallic alloys
(NiCo).”” With DFT calculations, variations were observed in
CH, conversion rates due to electronic differences between
alloys and single metals, affecting the d-band centers. So then,
more complex alloys can, indeed, outperform binary exsolved
alloys for specific processes. These FeCoNi ternary alloys were
obtained via topotactic exsolution. In this case, only Co and Ni
were exsolved from the perovskite lattice, not all three. Fe was
incorporated by infiltrating the surface with a solution of an
iron precursor, which, after a thermal treatment, reacted with
CoNi exsolved nanoparticles, forming ternary alloys.

Besides this work, limited publications concerning the
exsolution of ternary alloys have been published. Maybe the
first direct exsolution of a ternary alloy was achieved by Santaya
et al., who were able to exsolve ternary FeCoNi nanoparticles
at 700 °C and 10% wet H, in an Ar atmosphere from Sry o3-
(Tig.sFeq.56Nig.07C00.07)03_5 perovskites.®® These functionalized
materials were tested as electrodes in symmetrical SOFCs,
exhibiting a significant improvement in their performance
after exsolution, indicating an enhancement in electrocatalytic
activity. Most recently, another work has reported exsolution of
FeCoNi from Sr,9C0¢ s5Fey 35Nip1505_5 to improve the electro-
catalytic performance for oxygen evolution reaction (OER), with
satisfactory results.®!

In this context, in our previous work, we wanted to achieve
direct ternary alloyed nanoparticles from a double perovskite
system based on Sr,Fe; sM0g 506_5.>" The physicochemical

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Thermodynamically favored mechanism for alloy exsolution. Co-segregation of each metal together with oxygen vacancies (Vg) followed by
superficial aggregation of metallic species (surface alloy formation) is preferential over bulk alloy formation. Reproduced with permission from ref. 60
with permission from the Royal Society of Chemistry. (b) High-resolution TEM and HAADF-STEM images, including EDXS mapping analyses, of ternary-
alloyed exsolved FeCoNi nanoparticles from SroFeCogq »2Nig 2MNng 1Moo 5065 at 600 °C, 4 h, and a 5% H,/Ar atmosphere. (c) Compositional comparison of
FeCoNi ternary alloys exsolved for 4 h, in a 5% H,/Ar atmosphere, at 600 and 800 °C. Exsolution temperature proved to be crucial for tuning the metallic
rates in the generated alloyed nanoparticles. (d) Multi-elemental non-alloyed Fe—Cu exsolution of Janus type nanoparticles and co-segregation
mechanism from Lag 43Sr0.37F€0.09CU0.03Ti0.8803_5 exsolution. Adapted with permission from ref. 61. (e) Multi-elemental exsolution of core-shell
nanoparticles, consisting of a metallic Feg;7Rug 3 core and a FeO, shell. This structure has a key role in the reaction mechanism when employing these
functionalized (Pro 5Sro.s)0.9F€0.8RU0 1Nbo 1035 perovskite materials as anodes in an H, or CsHg SOFC. Adapted with permission from ref. 62.

properties of this family of materials make them exciting Moreover, B-site substitution of Fe with non-exsolvable elements,

candidates for their use as electrodes for both SOEC** and
SOFC®® technologies or even symmetrical cells.®* As discussed
in the binary alloy subsection, B-site partial substitution of
Fe with other elements has already led to the direct exsolution
of alloyed nanoparticles, for instance, FeCo, FeNi or FeRu.

This journal is © The Royal Society of Chemistry 2024

like Mn, demonstrated the possibility of improving specific proper-
ties of these materials, as Jiang et al. showed that in their work
with Sr,Fe; sMn, Mo, 506_s double perovskites.*” For all these
reasons, we developed Sr,FeCo, ,Niy ,Mng 1Mo, 506_s fuel electro-
des for CO, electrolysis in SOEC devices.*!
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With this material, FeCoNi exsolution was achieved (Fig. 3b)
for the first time in this kind of double perovskites at different
treatment temperatures (600, 700 and 800 °C) to investigate
morphological changes of the nanoparticles with variations
in external parameters. Lower exsolution temperatures led to
higher population rates and smaller nanoparticles, namely,
1800, 1200 and 550 pum > (dispersion) and 8.9, 11.6 and
21.3 nm (mean sizes) at 600, 700 and 800 °C, respectively.
These results showed that the morphological properties of the
exsolved nanoparticles can be tuned by changing external
treatment parameters, in this case, temperature. However,
during this research, we wanted to achieve more profound
control over the exsolution of ternary alloys, more specifically,
over the composition of the exsolved alloyed nanoparticles. For
this purpose, compositional analyses of the obtained nano-
particles via EDXS were carried out, comparing the generated
nanoparticles at 600 and 800 °C. The question was if, besides
morphological properties, the composition of the alloys could
also be controlled and tuned by changing the exsolution treat-
ment parameters, focusing on the applied temperature. Santaya
et al. showed that the nanoparticles contained similar amounts
of the three metals, whereas in our case, Ni is the main
component of the alloy for both 600 and 800 °C exsolutions,
followed by Co and Fe (Fig. 3c). Nevertheless, interesting
changes can be observed with temperature variation during
exsolution since Fe content experienced a twofold increase at
800 °C compared to the 600 °C treatment. Co amounts remain
relatively unaltered, while Ni amount decreases after 600 °C
reduction. These results proved, for the first time to our knowl-
edge, that in addition to morphology, the composition of
exsolved alloyed nanoparticles can be easily modified by adjust-
ing external parameters of the reduction treatment, which
can lead to a more rational and efficient design of catalysts
via in-situ exsolution.

c. More complex alloys. Considering the continued under-
development of ternary alloys, obtaining more complex alloys
via exsolution remains almost unexplored. In fact, the only
report to date was the one by Hou et al., in which reduction at
400 °C under H, of a high-entropy oxide Zr,s(NiFeCuMn-
C0).50; resulted in CoFeCuNi alloyed nanoparticles exsolution
(around 30 nm).*> Additionally, and in line with previously
mentioned research, reversible exsolution of these alloyed
nanoparticles after H,/Air cycles is reported. These functiona-
lized materials exhibited a remarkable catalytic behavior, spe-
cifically in long-term reverse water gas shift (RWGS) tests at
400 °C (500 h in continuous CO, hydrogenation). More complex
compositions such as NiFeCoCuPd have been the focus of the
work of Gilliard-AbdulAziz and co-authors as recently reviewed
in ref. 86.

d. Multi-elemental non-alloyed exsolution. While most
publications concerning multi-elemental exsolution report
alloys, several works claim the formation of alternative multi-
elemental non-alloyed structures during the exsolution of
various metallic species. For instance, Jo et al. studied the
bimetallic exsolution of Cu and Fe from Lag 4351 35F€0.09CUg.03-
Tig.8s03_s perovskites to use them as electrodes in reversible
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SOCs.®" Contrary to the expected FeCu alloy after exsolution,
Fe-Cu Janus nanoparticles were obtained with 800 °C reduction
treatment (12 h under H, flow). As it can be seen in Fig. 3d,
a phase-separated Fe-Cu heterostructure forms during the
exsolution treatment. These Janus heterostructures presented
a remarkable electrocatalytic performance for H,O and CO,
electrolysis, achieving 1.1 A ¢cm™> at 900 °C and 1.3 V.
In addition, this work proved the triggering effect of Cu
exsolution on Fe segregation and subsequent formation of
multicomponent nanoparticles. As already explored and com-
piled in the review article by Tang et al., the low segregation
energy of Fe cations hinders its exsolution.’ In fact, metallic Fe
exsolution is not observed in some perovskite systems in which
Fe is the only exsolvable cation in B-site positions. For instance,
for Sr,Fe; ,Ni,Mo0O¢_; double perovskites, incorporation of Ni
was required to achieve metallic exsolution, whereas a material
without Ni incorporation did not show any exsolution.®®
However, Fe exsolution has been reported for other perovskite
systems, namely La, ¢St 4FeO3_s or SrFe, 3Tiy ,05_s, by apply-
ing cathodic bias,®” or in Sr,Fe;,,M0,506_s by increasing the
stoichiometric ratio of Fe.?® Nevertheless, as the mechanism in
Fig. 3d explains, Cu reduction (and, thus, exsolution) would act
like a nucleation seed, stimulating the subsequent exsolution
of Fe and, thereby, resulting in the formation of Fe-Cu Janus-
type nanoparticles. Fe would only exsolve separately at higher
treatment temperatures.

Other alternative multi-elemental nanoparticles exsolved
are core-shell structures. Several works deal with this matter,
such as Qin et al. publication, in which exsolved (Pry 55t 5)o.o-
Feo gRuy 1Nby 105_5 perovskite was employed as an electro-
catalyst for SOFC anodes.®” After 900 °C and 2 h under wet
H, treatment (about 50 nm of mean size), the exsolved nano-
particles exhibited a clear core-shell structure, as seen in
Fig. 3e. This core consisted of a FeRu alloy (70: 30 molar ratio)
and a thinner shell of Fe oxides (FeO,). This core-shell struc-
ture seems to be crucial for explaining the reaction process,
and the authors proposed a reaction mechanism involving both
the core and shell of the exsolved nanoparticles, exhibiting
promising electrocatalytic results when using wet H, or wet
C3;H; as fuel. In addition, and as expected due to exsolution
intrinsic advantages, the functionalized material showed
a notable resistance against coke deposition. Other works
have also demonstrated this core-shell (metal-metal oxide)
exsolution. Namely, NiFe/FeO, nanoparticles from Prg,Sr; ¢
(NiFe); sMo0, 506_s double perovskites for their use as CO,
electrolysis cathodes in SOECs®® or even Co/CoO, in an inter-
esting work involving porous nanotubular webs of double
perovskite materials (PrBag sSro.sC0g2Fe; g0s4s).>°

In summary, although multi-elemental exsolution is in its
initial stages of development, it brings a promising opportunity
for a more rational and efficient design of nanocatalysts via
in-situ exsolution. The intrinsic advantages of exsolution,
together with the ability to control the morphological and/or
compositional properties of the exsolved nanoparticles, either
alloys or non-alloyed multi-elemental structures, pave the
path for expanding the potential applications of this kind of

This journal is © The Royal Society of Chemistry 2024
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catalysts, leading to more efficient, highly active and resistant
functionalized materials.

3. Exsolution of non-metallic nanoparticles

a. Oxide exsolution. In the previous section, the possibili-
ties of tuning metallic nanoparticle composition by creating
multi-elemental metallic nanocatalysts have been described.
Alternatively, researchers have expanded the realm of exsolu-
tion to other non-metallic catalysts such as oxides, sulphides or
phosphides. Although the literature on this specific topic
remains limited to date, exsolution of these chemical com-
pounds could greatly enhance the applicability of this method
to a wider spectrum of catalytic applications. A good example
has been oxide exsolution for the functionalization of posi-
trodes in proton ceramic fuel cells.”® These electrodes operate
under wet air at temperatures around 500 °C,>°> conditions
under which many metallic nanocatalysts are prone to reoxida-
tion. Our group has been involved in the oxide exsolution of
positrodes as part of the consortium of the M-Era.NET project
FunKeyCat. One of the key aspects that we tried to unveil in this
project was the control over cobalt oxide exsolution, which,
compared with metallic cobalt exsolution, presents more
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difficulties in terms of materials design. In metallic exsolution,
simple thermodynamic calculations can easily predict which
species can exsolve in a certain system.’® For instance, in a
perovskite with Lag St 4Cro gC00,03_s composition, treatment
under an H, atmosphere at 900 °C results only in the exsolution
of metallic Co nanoparticles, based on thermodynamic predic-
tions, corroborated with experimental evidence.”® However,
oxide exsolution in double perovskites leads to more complex
formulations and can even result in multi-oxide exsolution.
That was exemplified in one of the consortium works by
Balcerzak et al. in which oxide exsolution was assessed in
Lu-doped (Ba,La)Co0;.** Lu*" doping was used as a strategy
to induce lattice strain based on an ionic radius mismatch.
Fig. 4a and b show that these cobaltites present nanoparticles
covering their surface in the as-synthesized form. The long
annealing treatments (48 h, 1200 °C in static air) and the strain
induced by Lu-doping already triggered the formation of oxide
nanoparticles in the as-synthesized form.*® Interestingly,
when analyzing the nature of the exsolved nanoparticles
with elemental mapping, several oxide compositions were
found, clearly influenced by the presence of several perovskite
phases in the pristine material.>> Namely, Ba-Co-La-O rich

Fig. 4

(a) and (b) SEM micrographs of Bag sLag 4Lup 1C0oO3 depicting the oxide nanoparticle decoration over this double perovskite. (c) HAADF and EDXS

mappings of an exsolved nanoparticle composed of Co, La, Ba and O from Bag gsLap 15C00.75LUg 2503 _s5. Reproduced from ref. 35 with permission from

the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024
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nanoparticles were exsolved from Bag gsLag 15C00.75LU¢ 25035
Fig. 4c, whereas nanoparticles with low La content were
exsolved from Bag 4L.ag¢C00.s5LU0.150;5_s.>> These results highlight
the intricate nature of these systems, providing valuable insights
that can guide future improvements and optimizations.

The thermodynamics of oxide exsolution were initially
assessed by Tsvetkov et al.®® for Pr;_,Ba;_,C0,04_s5, a much
more well-known cobalt-based double perovskite.”*°® In their
work, Tsvetkov et al. achieved oxide exsolution after treating the
PrBaCo,0s_s sample at 1000 °C in an atmosphere with pO, =
107? atm, whereas in their case, oxygen annealing did not lead
to any exsolution. Based on thermodynamic calculations and
oxygen content thermogravimetric data under different condi-
tions, the authors identified these 30-40 nm nanoparticles as
CoO, although depending on the temperature and pO, used,
C050, could also be formed.®® However, recent works illustrate
that this type of preliminary calculations might not be enough
to predict the nature of the oxide-exsolved nanoparticles. In this
sense, results found in the literature show that different
compositions can be obtained from almost identical perovskite
materials. For instance, Zhou et al. obtained BaCoO;_ s exsolved
nanoparticles (identified through Raman spectroscopy) from
PrBag sCa,,C0,0s,;5 used as positrodes in PCECs.”” In a work
by the same group, Hyuk Kim et al. also obtained exsolved
BaCoO;_,, which greatly promoted the electrocatalytic activity
of these positrodes, through a water-induced surface modi-
fication.”" The treatment involved exposure to 3 vol% H,O/air
for 3 h at 600 °C, resulting in particles smaller than 100 nm,
which remained stable after operation at a constant cell voltage
(0.65 V) for 230 h.°" Despite the promise, it remains unclear
why Tsvetkov’s predictions pointed to Co;0,/CoO exsolution
from Pr; _,Ba; ,C0,06_s, whereas Liu’s group obtained BaCoO;
exsolutions from PrBa,gCa,,C0,05.s5. The same group also
obtained BaCoOj; exsolution from Pr;_,Ba,CoO;_s thin-film
coatings used for enhancing the electrocatalytic activity of
(Lag.6STo.4)0.05C00.2Fe0 503 _5.°% Thus, Ca-substitution at the
A-site could be ruled out as a possible reason for forming
BaCoO; instead of binary cobalt oxides. More recently, water-
mediated exsolution has also been employed to functionalize
alkali-metal doped BCFZY A,Ba;_,C0¢ 4Feo.4Zro,,Y,0; 5 (A =
Li, Na, and K) with BaO, nanoparticles.”® Here, the choice of
dopant highly affected the morphology of the exsolved nano-
particles. Li-doped and K-doped resulted in nanoparticles of
166 and 84 nm, respectively, whereas Na-doped size was too
small for proper image analysis. This water-mediated exsolution
(under 3% H,0 wet air, 600 °C) resulted in faceted nanoparticles.
The authors ascribed the formation of BaO, exsolved nano-
particles to the creation of oxygen and barium vacancies
resulting from the acceptor doping strategy on the A-site. Based
on DFT calculations, the authors demonstrated that Li and K
doping decreased the energetics of barium and oxygen vacancy
formation, thus increasing the driving force for BaO, exsolu-
tion. In particular, the K-doped sample showed a remarkable
decrease in polarization resistance (44%) after 5 h of treatment
in wet conditions, revealing the positive impact of BaO, exsolu-
tion on the electrochemical performance of PCFC.”
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Based on these results, it is clear that more systematic
experimental studies and computational calculations on oxide
exsolution from perovskites are needed to discern the effects of
the different processing conditions (pO,, moisture, tempera-
ture) and material-related aspects (strain, A-site deficiency)
on oxide exsolution. It will be critical to obtain processing
guidelines to aid a targeted exsolution of a specific compound.

Oxide exsolution has also been achieved from non-perovskite
materials. Namely, PrO, was exsolved from (Cey ¢Gdo 1)1 xPrxO,_s,
significantly reducing the polarization resistance of these electro-
des used in solid-oxide electrochemical cells.'® PrO,-exsolved
nanoparticles were obtained after thermal treatments of 800 °C
for 50 h in air. The particles are transformed into elon-
gated needle-like nanoparticles by increasing the treatment time
to 200 h.'®

b. Sulphide exsolution. The formation of sulphide nano-
catalysts has also been achieved via exsolution routes. The first
report was by Sun et al.,'®" who obtained WS, nanoparticles of
around 5 nm size from SrTiO;. The fabrication strategy fol-
lowed several steps. First, W-doped SrTiO; was treated with
a 5% H,-N, flow at 800 °C for 10 h to induce the exsolution
of W. Afterward, this sample was in-situ treated in CS, flow at
350 °C for 2 h, using Ar as a gas carrier. This route proved to be
effective, generating 61 particles/1000 nm?"°" Exsolution com-
bined with sulphidation could be a promising route for increas-
ing the robustness of transition metal dichalcogenides, which
are excellent catalysts in many relevant processes such as
hydrogen evolution reaction.'®® More recently, CdS nanodots
have been fabricated via exsolution at room temperature.*®
Here, the authors used Lag 4St¢.4Cdo.05Tig.0505_s, €xhibiting a
cotton-ball-like morphology as the parent perovskite for the
exsolution process and Na,S as a sulphur precursor, which was
contained in a vessel along with a vial containing the perovs-
kite. Upon the addition of HCIl, H,S was formed, and after
5 min the perovskite changed color from white to yellow as an
initial indication of CdS formation of around 3.5 nm nano-
particle size.*® Different from the previous work, sulphide
nanoparticle formation was achieved in a single exsolution
step, without the need for initial reduction in a hydrogen
stream, and importantly, at room temperature.*® CdS exsolved
Lag 4Sr0.4Cdo.05Ti0.0503_s materials showed great promise as
photocatalysts for H, production.>®

c. Phosphide exsolution. A similar strategy as applied by
Sun et al.'°* to obtain WS, nanoparticles was followed by Zhang
et al. to obtain CoP using a combined exsolution-phosphidation
protocol.'® The exsolution was performed on (PrBag 5STg.5)o.05"
(Co4.5F€.5)0.05C00.0505+5 Nanofibers at 350 °C for 2 h under 5%
H, flow. Afterwards, the phosphidation process was conducted
using NaH,PO,-H,0O as the phosphorus precursor in a tube
furnace at 300 °C under an Ar flow for 2 h. This catalyst
exhibited high catalytic activity in several electrochemical reac-
tions carried out in alkaline media, showing high stability for
water splitting reaction during 12 h.'®

These works have served as a proof of concept for the
exsolution of new chemistries (oxides, sulphides, and phos-
phides), which could greatly expand the benefits of these

This journal is © The Royal Society of Chemistry 2024
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methods to other catalytic processes. However, conducting
more systematic analyses, where the treatments are evaluated
under different conditions, will be crucial for a better under-
standing of this process, unveiling the mechanisms behind the
direct exsolution of these non-metallic compounds.

4. Non-thermally driven nanoparticle exsolution

Metallic nanoparticle exsolution has been conventionally trig-
gered by thermal reduction treatments in a (diluted) H, atmo-
sphere. Different times, temperatures and H, partial pressures
have been utilized, which, depending on the perovskite system,
have resulted in varying particle sizes, nanoparticle dispersion
or even particle morphology (see Section 1). Probably the most
studied perovskite system in exsolution has been La;_,A)Ti;_,
Ni,O;_; in which A = Sr, Ca or Ce, often with A-site deficiency
to favor the formation of exsolved nanoparticles. Anyhow,
this perovskite class requires high temperatures and long
treatments to reach nanoparticle exsolution. For instance,
Lay 43Ca0.37Nig 06 Ti0.0403_, €lectrodes required reduction with
hydrogen at 900 °C for 20 h to reach a population of around

100 particles per pm?>>?” These dispersion values are low
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compared to other perovskite systems in which at similar
temperature conditions and shorter exposure times show
a 6-fold improvement.®' In this sense, several studies have
attempted to reach higher nanoparticle populations by using
unconventional approaches in which exsolution is triggered by
other phenomena different from thermal reduction. These are
electrochemical-driven, plasma and microwave-assisted exsolu-
tion (Fig. 5a) and laser-induced exsolution. Most of these
treatments allow for exsolution in the absence of an H, atmo-
sphere and at milder temperatures, reaching remarkable nano-
particle dispersions.

a. Electrochemical poling. The first report in which nano-
particle exsolution was probably achieved via a non-conven-
tional route was the work by Myung et al., in which exsolved
nanoparticles were obtained by electrochemical switching.®”
For that purpose, the authors built a solid-oxide electrochemical
cell, in which the fuel electrode was Lag.43Ca 37Nio.06Ti0.0405—;
from which Ni exsolution was assessed. By applying 2 V under a
50% H,O/N, atmosphere at 900 °C for 150 s, the authors achieved
exsolution of Ni particles with a higher nanoparticle dispersion
compared to conventional heating (ca. 350 vs. 100 particles per pm?,

Thermal exsolution

Electrochemical poling

Plasma exsolution = Microwave exsolution

t (min)

Fig. 5

(a) Schematic of the different approaches used to drive the exsolution of metallic nanoparticles. (b) Plot of five microwave pulses utilized to drive

the exsolution of Ni nanoparticles from Lag 43Cag 37Nio.06Ti0.9403_s. The microwave-cavity reactor in which these experiments were performed allowed
measuring the materials electrical conductivity during the microwave-driven exsolution process. This process was performed at low temperatures
(400 °C) and just in the presence of inert N, flow, avoiding the use of H,. (c) SEM and (d) TEM micrographs depicting spherical Ni nanoparticles exsolved
by applying microwave radiation. Adapted from ref. 40.
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respectively).’” The high dispersion in such short exposure
times evidenced the benefits of this novel exsolution approach
in the absence of H,. This work served as an illustrating
example of a breakthrough in the field, opening new scientific
questions. Since then, several research works have focused on
understanding the interplay between electrochemical switching
and metallic exsolution.!®® For instance, Summerer et al. stu-
died Fe exsolution via electrochemical switching in
Lag ¢Sro4FeOs_s thin film electrodes.'®® The authors investi-
gated the effects of cathodic bias using wet H, atmospheres,
identifying several regimes depending on the applied bias.
High cathodic polarization, low pO, and long exposure times
helped promote metallic iron exsolution.'® These electro-
chemical-driven exsolved particles could experience reversible
oxidation/reduction by changes in the applied potential and gas
atmosphere. Interestingly, the changes between the active and
inactive iron states followed a hysteresis-like curve.'®

Lu and co-authors have studied the effects of the applied
potential on the exsolved nanoparticle dispersion in more
detail using Lag43Ca0.3,Tig.04Nig0s03_s electrodes.'®® The
uniqueness of this work is that the authors designed an
electrochemical device in such a way that the applied voltage
was spatially graded. At 0 V (900 °C, 5 min exsolution), which
correlates with pO, < 107%° atm (5% H, atmosphere),
the exsolved nanoparticle population was equal to 90 particles
per um’. However, in the region where a higher cathodic
potential of —1.37 V was applied (equivalent to a pO, of
ca. 10~* atm), the nanoparticle population increased to
205 particles per um?'% Interestingly, nanoparticle size did
not suffer alterations when varying the voltage, indicating that
on increasing the cathodic voltage, nucleation of the exsolved
nanoparticles is promoted but not the growth of the exsolved
nanoparticles. This fast nucleation driven by electrochemical
switching was also confirmed in Lay 5,Ca¢.2sNig.06Tio.040; fibers
compared to conventional exsolution, which helped increase
the activity of these electrodes.'®” As commented above, in the
work of Lu et al, the particle size of exsolved Ni in Lag 43-
Cayp 37Ti0.04Nig 06035 electrodes was not affected by the applied
potential.'®® However, this effect might be material-specific
and/or heavily influenced by the gas atmosphere conditions.
In a recent work by Kim et al., electrochemical-driven exsolution
was performed in Lag,Sry,C0o2Feqs0; electrodes for SOECs.'%®
Here, the authors report Co exsolution under cathodic bias. Quite
interestingly, CoFe alloys were not formed. Moreover, the authors
observed that increasing the applied voltage induces the growth
of the exsolved nanoparticles."®® At low cell voltages, —0.5 V for
10 min, exsolved nanoparticles of around 30 nm appeared on the
surface of Lay,Sry,C0p,Feq50;.'% The authors suggest that at
such low voltages and before the point at which the electroche-
mical switching happens (—0.98 V) these Co nanoparticles are
partially oxidized by H,O and/or CO, used for electrolysis. After
this point, completely reduced Co nanoparticles are obtained,
however, with a remarkable increase in nanoparticle size up to
200 nm observed at —1.5 V."%®

In summary, electrochemical-driven exsolution is a promis-
ing tool for (but limited to) the functionalization of electrodes
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in SOFCs, electrolyzers or other electrochemical devices. It has
been proven under different atmospheres and applied cathodic
voltages, and even using anodic shocks.'®® The reported scien-
tific evidence clearly indicates that electrochemical switching
accelerates exsolved nanoparticle exsolution, obtaining remark-
able dispersion in a few minutes. However, more fundamental
works are required to decipher the underlying mechanisms of
electrochemical poling, unveiling the role of process conditions
and material properties on the exsolution extent.

b. Plasma-assisted exsolution. Plasma-driven exsolution
was first reported by Kyriakou et al., using Lay 43Cag 37Nig o6
Ti.040;5_5 as a perovskite model material.*® Ni exsolution was
first performed by applying plasma in a N, atmosphere at
650 °C for 1 h and compared to conventional exsolution in a
H, atmosphere for 2 h. Under these conditions, the plasma-
assisted process led to the formation of exsolved Ni nanoparticles
of ca. 20 nm, with a dispersion of 160 particles per um?, whereas
using the conventional treatment exsolution, 80 particles per pm?>
of around 11 nm were exsolved. These results showed that plasma
treatments accelerate exsolution, with higher dispersion values
and larger nanoparticles in shorter times.>® The authors also
evaluated different plasma sources, namely, using powers of 50,
125 and 200 W in N, gas flow and 30 W powered Ar plasma
(always for 60 min at 650 °C). Interestingly, the Ar plasma, with
lower power input, resulted in a higher nanoparticle dispersion
(ca. 900 particles per um?®) and particle sizes around 8 nm.
According to the authors, this higher driven force of Ar plasma
is caused by a higher (~100 times larger) electron and ion
density if compared to N, plasma. This, in turn, triggers a
100 times higher electron and cation flux to the surface, thus
enhancing nanoparticle exsolution.*® In brief, this exsolution
mechanism by plasma creates an accumulation of electrons at
the surface of the perovskite. This generates a negatively charged
layer on the surface, which induces metallic nucleation.*®

A second work that deals with plasma-driven Ni exsolution is
by Khalid et al. using an identical composition Lag43Cag37-
Tig.04Nig.0602.055. '° Here, the exsolution was performed in
Ar plasma (0.3 mbar vacuum pressure), applying a power of
40 W for times ranging from 10-20 min, and importantly, at
room temperature. Even with just a 10 min treatment, it was
possible to exsolve nanoparticles of ca. 20 nm and 60 particles
per um? dispersion, which increased to 510 particles per pm?*
by increasing the exposure time to 20 min."'® This remarkable
result achieved in such a short exsolution time and at such low
temperatures illustrated the potential of plasma-assisted exso-
lution. In both works, the plasma-treated samples presented
stable catalytic activity for CO, hydrogenation®® and CO oxida-
tion reactions.'°

c. Microwave-assisted exsolution. Recently, a novel approach
for nanoparticle exsolution based on using microwaves as
reducing agents was developed.*® The rationale was built upon
our previous works in which microwave radiation was utilized
to drive the reduction of trivalent-doped cerium oxides
for hydrogen production based on redox thermochemical
cycles.** Thus, this technique allows for the generation of
oxygen vacancies in oxides, which is a key step in metallic
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nanoparticle exsolution.> In these works, a microwave-cavity
fixed bed reactor was utilized, in which metal-oxide reduction is
performed with microwave radiation. A remarkable feature of
this device is that it allows monitoring the electrical conduc-
tivity changes experienced by the oxide during exsolution with-
out using any electrical contacts.*® In this work, the exsolution
was performed by applying short microwave pulses, applying
between 30 and 50 W g~ " of power per reduction cycle (Fig. 5b).
These microwave pulses lasted less than 1 min, a period during
which the temperature was rapidly raised to 400 °C. After the
microwave supply was switched off, a new cycle was performed
after the temperature reached RT. Fig. 5b shows 5 microwave
cycles used for the exsolution experiments, with the power
input, temperature reached and sample conductivity.*® Surpris-
ingly, even after the first pulse, Ni nanoparticle exsolution was
inferred by XRD and SEM. In other words, exsolution was
performed in less than one minute, aided by rapid microwave
irradiation. This first microwave pulse resulted in nanoparticle
populations of about 30 particles per pm® and sizes around
21 nm. These dispersion values are obviously far from ideal,
especially if compared with the other methods described in
previous sections. However, it should be kept in mind that the
exposure times were less than one minute. Interestingly, by
applying more pulses (up to five), the dispersion slightly
decreased (25 particles per pm?) while the nanoparticle size
slightly increased (ca. 33 nm), indicating that more pulses
favoured nanoparticle growth rather than nucleation, Fig. 5c
and d.*° The catalytic activity of the microwave-treated samples
also remained very stable over time when tested for the reverse
water shift reaction.*® This first work on microwave exsolution
highlights the benefits of this technology, especially its require-
ment for short exposure times. In addition, hydrogen is not
required, the system can work at ambient pressure and it is
easily scalable, which are exciting benefits compared to other
exsolution routes (Fig. 5a).

d. Photo-induced exsolution. Photo-induced Ag exsolution
was reported on AgNbO; perovskites by Lu et al.*® using the
light emitted by the Xe lamp and 30 min time of irradiation
(according to the authors, this treatment resulted in a temperature
of 71 °C on the perovskite surface). After just 10 min of exposure
time, the authors obtained an exsolution dispersion of about
125 particles per um? of nanoparticles of around 10 nm.*®

More recently, a similar approach was applied to a non-
perovskite oxide (in section 6 this topic is covered in more
detail). In this case, photo-thermal exsolution was utilized
to exsolve precious metals, viz. Pt, Rh, and Ir, from WO;.'"*
By applying an intense pulsed light-derived momentary photo-
thermal treatment (reaching temperatures higher than 1000 °C),
the exsolution process was achieved in an unprecedented short
period of time of less than 20 ms.""" This method resulted in
exsolved nanoparticles of around 5 nm, which presented remark-
able sensing performance in the detection of H,S.""

e. Laser-induced exsolution. Laser-induced exsolution was
demonstrated on (Lag 7ST¢.3)0.03Ti0.903C00.0,03 to obtain metallic
Co nanocatalysts.""* This method applied a two-laser (200 W
power) treatment to exsolve nanoparticles in a fast manner,
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achieving nanoparticle dispersions of about 75 particles per
um? after just 36 s of treatment. The perovskite with laser-
induced Co exsolution exhibited stable electrocatalytic activity
for the oxygen evolution reaction (OER), highlighting the
potential benefits of this treatment in the functionalization of
perovskite oxide electrocatalysts.'™

f. Ion irradiation alloy exsolution. One of the latest break-
throughs in the field of exsolution has been the work by Wang
et al. on the fabrication of exsolved alloy nanoparticles using
ion irradiation."** The groundbreaking aspect of this novel
exsolution technique was to create multi-elemental exsolved
nanoparticles in which one of the metal constituents was
introduced via an ion beam, rather than being obtained via
conventional cation migration from the perovskite crystal
structure."*® In particular, the authors could exsolve ca. 2 nm
FeNi, nanoparticles by applying a 10 keV Ni irradiation on a
SrTip esFe 3503 thin film. Interestingly, by supplying 150 keV,
the nanoparticles (ca. 3 nm) only consisted of metallic Fe, with
all the Ni remaining in the SrTiO; substrate. This process was
achieved by applying 10 keV Ni~ and 150 keV Ni' beams on thin
films at 800 °C for 1 h under high vacuum. The results indi-
cate that careful control of the ion beam power is crucial for
obtaining multi-elemental exsolved nanoparticles. In both
cases, bulk exsolution (see Section 5) was observed, whose
composition was also modulated by the ion beam power,
namely, FeNi, with 10 keV and Fe nanoparticles with 150 keV.
This indicates that this technology could be extremely helpful in
tailoring the composition of endogenous exsolved nanoparticles,
as well as serving as a tool to create multi-elemental exsolved
nanoparticles a la carte. This could facilitate the fabrication of
exsolved metallic alloys with tailored composition, which is a
tedious task using conventional exsolution treatments (see Sec-
tion 2) since B-site metal cations have different migration energies
and cationic diffusions, which usually results in nanoparticles
that are enriched by the cation with more favorable thermo-
dynamics and kinetics for exsolution (e.g., Ni over Fe).

5. Exsolution in solid-solid interfaces, endogenous
nanoparticles and embedded metallic clusters

Nanoparticle exsolution has gained attention mostly due to its
robustness, which provides high stability in high-temperature
thermo- or electrochemical catalytic processes. Thus, it
has been mainly employed to enhance the catalytic activity in
gas-solid interfaces. However, recent works have shown that
exsolved nanoparticles can also be employed to functionalize
materials when completely embedded in solid-solid interfaces.
There are two main paths to fabricate exsolved nanoparticles
uniquely surrounded by one or more solid phases. First, by
intrinsically generating the nanoparticles during the exsolution
process that do not reach the surface generating sub-surface
metallic nanoclusters or endogenous nanoparticles in the oxide
bulk. The second approach involves the decoration of a surface
via a conventional exsolution process followed by deposition of
an oxide (or any other solid compound) over the functionalized
surface, see Fig. 6a. While the former case was already reported
a decade ago,"*'** for the second approach, there is a unique
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(a) Schematic depicting the fabrication strategy to functionalize the perovskite-based bottom electrode in resistive switches (b) with exsolved

metallic nanoparticles. In the first step, the perovskite thin film, Lag »Sro7TiooNig 103 s, fabricated through pulsed laser deposition (PLD) on a LaAlOs
substrate was reduced to generate exsolved Ni nanoparticles. Afterwards, a second PLD thin film was deposited on top of the exsolved perovskite,
rendering a solid—solid interface in which exsolved Ni nanoparticles were embedded. (c) SEM micrograph of Ni nanoparticle exsolution from the bottom
electrode thin-film Lag 2Sro7TiooNig1O3_s thin film after reduction for 10 h at 900 °C. Reprinted with permission from ref. 6. (d) SEM micrograph
depicting bulk and surface exsolution of Ni nanoparticles in Lag gCeq 1Nig 4Tio 603 perovskite powders used as oxygen carriers in chemical looping syngas
production. (e) Influence of particle size and interparticle distance of endogenous nanoparticles on strain. Dark blue dots represent endogenous
nanoparticles created via exsolution, whereas light blue dots represent nanoparticles created by assembling and sintering. (f) Influence of strain
generated with the exsolved endo-particles on the conductivity. Reproduced from ref. 44. (g) STEM-HAADF micrograph of a thin film with Pt exsolved
clusters formed in a Pt-doped CaTiOs film after a reduction treatment. The inset shows a metallic Pt cluster totally embedded in the perovskite thin film.
Reproduced with permission from ref. 115. STEM-HAADF micrographs of SrTigoNbg gsNig.0503_s thin films before (h) and after reduction (i). Reprinted
(adapted) with permission from M. L. Weber, M. Wilhelm, L. Jin, U. Breuer, R. Dittmann, R. Waser, O. Guillon, C. Lenser and F. Gunkel, ACS Nano, 2021, 15,
4546-4560. Copyright 2021 American Chemical Society. (j) STEM-HAADF and (k) EDXS mapping of Ni clusters formed in a Lag 2Srg 7Nig1Tip.9O03_s thin

film in anti-phase boundaries. Reproduced with permission from ref. 116.

report developed by Spring et al. from Prof. Rupp’s group.® This
specific work aimed at functionalizing the bottom electrode/
switching oxide interface of a resistive switching device (Fig. 6b)
to favor filament confinement, eventually improving their
performance. The strategy here was to perform Ni exsolution,
Fig. 6¢c, from La,,Sro,TipoNip10;_s at different times and
temperatures, resulting in thin films (fabricated through
pulsed laser deposition (PLD) on a LaAlO; substrate) with
exsolved nanoparticles of various sizes and dispersions. The
next step was depositing, also through PLD, a layer of amor-
phous SrTiO; and, on top, a Pt electrode via sputtering. This
nano-fabrication route was effective in improving cycle-to-cycle
variability, which is one of the issues that this type of devices
encounter.

8000 | Chem. Commun., 2024, 60, 7987-8007

Besides this work, most of the reports on metallic nano-
particle exsolution in solid-solid interphases are related to
nanoparticles formed during the exsolution process or some-
times by carefully adjusting the process conditions. Perhaps the
most relevant work covering this latter aspect is by Kousi et al.,
who were able to exsolve Ni nanoparticles both at the perovskite
surface and at the bulk of LaggCeq1Niy4Tig O3 perovskite
powders (Fig. 6¢). Interestingly, as depicted in Fig. 6c,
the particles in the bulk, named “endogenous”, are smaller
than the particles at the surface, namely, 13 and 45 nm,
respectively.”® To obtain a material with such morphology,
authors strategized a set of intrinsic and extrinsic parameters
that effectively resulted in the targeted objective: a perovskite
with relatively low cationic diffusion (to favor bulk versus

This journal is © The Royal Society of Chemistry 2024
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surface exsolution), a high content of exsolvable metal transi-
tion cations on the B-site, A-site deficiency, and high exsolution
temperatures (1000 °C) and exposure times (10 h) to help the
nucleation and growth in the bulk, since this latter process
has higher energy requirements than surface exsolution.*?
However, the beauty of this work relies not only on the smart
materials design using the aforementioned combination of
material-related properties and treatment conditions but
also on the effect caused by the endogenous nanoparticles.
By forming the endogenous Ni NPs, the authors induced tensile
strain in the perovskite oxide, leading to an increase in the
oxygen exchange capacity of these oxides. This enhancement in
lattice oxygen release improved the methane partial oxidation
activity in the chemical looping syngas production reactions in
which these materials were tested. This enabled working at
unprecedented low temperatures in methane-assisted chemical
looping (450 °C).** These works unlocked a new functionality of
nanoparticle exsolution, in which the nanoparticles are utilized
to induce tensile strain in the oxide, where more convention-
ally, exsolution is aimed at catalyzing surface reactions.*” This
could be considered a major breakthrough in the field since
there are not many available technologies to induce tensile
strain in bulk oxides. Only a few works by Ishihara’s group, in
which gold nanoparticles were embedded in perovskite electro-
des in SOFCs, have been reported to date."’”''® In a recent
work, Dalton and Neagu have evaluated the strain effects of
both the exsolution-driven pathway and the route proposed by
Ishihara’s group.** Their modelling results allowed identifying
the amount of strain produced when varying the nanoparticle
size and the nanoparticle distance for both approaches and the
impact of strain on the ion conductivity.** Strain increased with
both increasing nanoparticle size and the interparticle distance
(Fig. 6€), and the strain determined for the exsolution approach
helped in enhancing the conductivity exponentially (Fig. 6f).

These works have revealed the great potential of using
exsolution of endogenous nanoparticles as a strain-engi-
neering strategy in metal oxides, which could be easily scaled
up. Most works on strain engineering in oxides have been
devoted to thin films, in which strain is usually induced by a
lattice mismatch between the deposited oxide and the oxide
substrate used. Indeed, this approach has been utilized to
demonstrate the effects of strain on nanoparticle exsolution
in thin films. For instance, Han et al. proved that compressive
strain helped in increasing the nanoparticle dispersion compared
with tensile strain,*' revealing the benefits of precise strain
engineering in the development of exsolved nanocatalysts.

Thin films have served as a magnificent playground for
fundamental studies that helped in unveiling the factors gov-
erning metallic nanoparticle exsolution."'® Moreover, the first
reports on “bulk” exsolution of metallic nanoclusters were first
observed in Pt-doped CaTiO; thin films by Katz et al.,**” Fig. 6g.
This work pioneered in revealing that Pt clusters not only
formed as exsolved nanoparticles on the perovskite surface
but could also form metallic clusters fully embedded in the
oxide sub-surface.""® Interestingly, after treatment in oxidation
conditions, not all of these Pt nanoclusters re-dissolve back in
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the perovskite bulk, indicating a low extent of reversibility of
these “bulk’” exsolution processes.

In some perovskite systems, nanoclusters have been identi-
fied even under pristine conditions after thin-film deposition.
This is observed in the case of NiO,. clusters that were observed
in SrTig.oNbg osNiy 0505_s thin films."*® This phase separation,
Fig. 6h and i, occurred even before the reduction treatment, in
which these B-site dopants formed columns of nanoclusters
spontaneously.’*® According to the authors, these columns of
oxidized nickel served as preferential spots for the exsolution of
metallic Ni."*° These results revealed an alternative mechanism
for metallic nanoparticle exsolution in stoichiometric thin
films, in which these capsule-like nanoclusters served as nuclei
for metallic nanoparticle exsolution.’*® More recently, Guo
et al. proved that by varying the deposition conditions (vacuum
pressure) it was possible to also obtain different nanostructures
embedded in the LaFe,,;Co0( 1Niy 1Rug o5Pdg.0505_s thin-films.
Namely, with pressures of 0.15 mTorr in the PLD process, self-
assembled nanorods were obtained, whereas at 0.015 mTorr,
core-shell NPs were observed. The outter shell was formed by a
Ni-Co oxide, whereas the core was composed of Pd."**

Following thin-film studies on titanate-based perovskites,
works have also focused on A-site deficient perovskites, such as
(Lag »STo sNig 1 Tig 0O03_5).'*® In this case, the amount of exsolved
nanoparticles was one order of magnitude higher (795 vs.
51 NPs per um®) when comparing the non-stoichiometric and
stoichiometric perovskites.''® The authors ascribed this higher
nucleation extent to the formation of anti-phase boundaries in
the perovskite, which facilitated the diffusion of Ni to the
surface.'*® Fig. 6j and k depict the HAADF-STEM and EDXS
mappings for Ni, in which the antiphase boundaries in the
perovskite are marked by a dashed line."'® Authors observed
the formation of Ni clusters in these regions that served as
paths for the migration of Ni toward the surface of the
perovskite in which they nucleate as exsolved nanoparticles,
exhibiting high dispersion.'*® These studies on thin films revealed
the concomitant formation of metallic clusters or endogenous
nanoparticles as well as exsolved nanocatalysts on the surface for
both stoichiometric and non-stoichiometric perovskite thin films.
Even though, for each case, a different mechanism seems to
determine the exsolution kinetics, it is clear that crystal defects are
crucial in accelerating the exsolution of metallic nanoparticles.
Thus, defect engineering emerges as a major tool for improving
the extent of metallic exsolution, which could be smartly used for
generating endogenous exsolved nanoparticles. Despite the pro-
mise, scaling up the observations obtained in thin-film funda-
mental studies might not be straightforward for bulk oxide
materials. However, the promising results regarding exsolved
endogenous nanoparticle formation in bulk perovskite oxygen
carriers and its superior oxygen exchange capacity, demonstrated
for chemical looping syngas production, illustrate the potential of
this novel approach.

6. Exsolution from non-perovskite oxides

Exsolution from non-perovskite oxide materials has fewer pub-
lications dedicated to it," yet it is a promising field of research.
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For instance, it is especially relevant in oxides commonly used
as supports for metal nanoparticles in thermocatalytic pro-
cesses, such as CO, hydrogenation or hydrocarbon reforming.
The latter are endothermic reactions that occur at high tem-
peratures, usually resulting in nanoparticle agglomeration.
Therefore, improving materials functionalization is crucial for
developing more efficient and resistant catalysts, where the
exsolution method can emerge as a promising alternative.

a. Exsolution from fluorites and fluorite-like structures.
Among the non-perovskites oxides employed for exsolution
purposes, fluorite structures (AO,), such as CeO,, have to be
highlighted due to their physicochemical properties and applic-
ability. They show high thermal stability and redox activity
ascribed to their high oxygen ion mobility, which is why they
are often used to increase the ionic conductivity in electro-
chemical cells. These materials, combined with the appropriate
precious metal, can be adequate catalysts for some thermo-
catalytic processes like olefin hydrogenation.'** They are also
involved in other important processes, such as the oxidation of
pollutant gases, such as NO or CO, to generate less harmful
ones (NO, and CO,), as it is done in three-way catalysts in
vehicles."”?

In addition, these materials are widely employed in high-
temperature electrocatalytic proceses.'?> Conventionally, doping is
a usual procedure to improve the electrochemical properties of
these materials. For instance, doping ceria with trivalent cations
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such as gadolinium increases its ionic conductivity."**'** These
materials are employed in a wide range of high-temperature
processes in which surface reactions are crucial. Thus, functio-
nalization with robust exsolved nanoparticles would be highly
convenient. However, the low solubility of transition metal
cations in ceria and other fluorite structures can limit the
compositional tunability of these materials.

One of the first reports of exsolution in fluorite-type oxides
was probably on Ru exsolution from pyrochlores."*® This exso-
lution process was performed on Sm,Ru,Ce, ,O, (with x = 0
0.1, 0.2, and 0.4), where 10% H, was employed to exsolve
metallic Ru nanoparticles, showing a mean size of about
1-2 nm (Fig. 7a). This exsolved material was tested for
dry methane reforming reactions, showing higher catalytic
activity and stability when compared to impregnated catalysts,
highlighting the potential benefits of exsolution in high-
temperature thermocatalytic processes for syngas production.

Our group also reported Ru exsolution from ruthenium-
doped ceria (Rug ¢1Ceg.990,_5), which is the first publication
on exsolution in Ce0,.*° Ru nanoparticles (5 nm) were exsolved
with a 5% H, flow in Ar at 900 °C for 2 hours (Fig. 7b and c).
This new catalyst was tested in chemical looping reforming of
CH,4 coupled with CO, splitting, exhibiting higher CO, conver-
sion at the same temperature as the undoped material and
stable syngas production during 20 cycles. Remarkably, the
well-anchored Ru nanoparticles remained morphologically

Anchored Ru NP

fl STEM-HAADF

(@) TEM micrographs of Ru exsolution (10% H,, 700 °C, 1 h) from SmyRug>Ce; gO7. Reprinted (adapted) with permission from M. A. Naeem,

P. M. Abdala, A. Armutlulu, S. M. Kim, A. Fedorov and C. R. Muller, ACS Catal., 2020, 10, 1923-1937. Copyright 2020 American Chemical Society.
(b) and (c) TEM micrographs of Ru exsolution (5% H,, 900 °C, 2 h) from Ru-doped CeO,. Reproduced from ref. 49 with permission from the Royal Society
of Chemistry (d) SEM micrograph and XRD diffraction pattern of Ni nanoparticles exsolved from CeO, monoliths. Reproduced with permission from
ref. 127. (e) STEM and EDXS map analysis of Cu exsolution from CuFe,O, spinels. Reproduced with permission from ref. 128.
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unaltered (nanoparticle size of ca. 5 nm) after prolonged high-
temperature treatment, evidencing that exsolution could be a
promising superficial functionalization method for CeO,.
Regarding Ru as the exsolvable cation, Hu et al, tested a
composite material consisting of mixed Sr,Fe; sMo0, 5065 With
Gdy 1Cep90,_s to increase ionic conductivity, both doped with
Ru."”® They demonstrated that, under an H, or CH, atmo-
sphere at 800 °C, Ru metallic nanoparticles exsolved over the
surface of both materials, generating a carbon high-resistant
anode with better performance compared to unaltered perovs-
kites for methane conversion. This was the first work in which
dual exsolution has been proven. On the other hand, changing
the doping metal to Rh can generate efficient catalysts for
hydrogen production through hydrocarbon steam reforming.
Kim et al used a rhodium-doped (8 wt%) ceria to gene-
rate exsolved nanoparticles (~3 nm) under a 10% H,
atmosphere.'*’

As described in previous sections, Ni is the most common
cation for exsolution in perovskites. Nevertheless, doping ceria
or zirconia with transition metals such as Ni, Fe, or Co can be
challenging due to the notable difference in ionic radius with
host cations (Ce*" or Zr** vs. Ni**)."*' This size variation may
limit the solubility and usually triggers the formation of sec-
ondary phases."*> However, two works report Ni introduction in
ceria oxides, using different conditions and showing some
drawbacks. Qi et al.’** reached 1000 °C to achieve metallic Ni
exsolution under 5% H, in Ar flows, while Xiao et al.'?*” tests
involved the use of pure hydrogen. Although both reports
represent a significant advance in Ni exsolution from fluorite-
type oxides, the first approach®*? suffers from Ni agglomeration
when a 0.2% (wt) doped catalyst is used for CO, direct electro-
lysis. The second approach’?” reports the partial oxidation of Ni
when exposed to CH,, reducing the amount of active catalyst
available. One exciting aspect of the work of Xiao et al. is that
they fabricated porous single-crystalline Ni,Ce;_,O, monoliths
with high porosity (ca. 68%), from which they exsolved 4 nm Ni
nanoparticles (Fig. 7d).">” This is relevant since obtaining
highly porous single-phase oxides remains a challenge, espe-
cially when several cations are employed for the exsolution of
multicomponent metallic nanoparticles. Finding a fabrication
route that can yield exsolved materials with high specific
surface areas will be a breakthrough in the field since it will
expand the use of exsolution to other low-temperature pro-
cesses in which the control over porosity is crucial.

Furthermore, NiO exsolution on CeO,-based structures was
achieved thermally without reducing agents. In this case,
Gdy.,_,Ni,Cey 30,_s heated to 1250 °C exsolves Ni-rich nano-
particles, which, due to the high-temperature annealing under
oxidizing conditions (air), resulted in NiO exsolution. Further
reduction in hydrogen at 650 °C is needed (as in other common
functionalization methods) to generate the final Ni nano-
particles (~15 nm). This could be a promising approach
to lower the operation temperature in fuel cell performance
(up to 500 °C)."**

Finally, as discussed in Section 2, binary alloy exsolution has
recently been achieved by Lee et al.'*>'*® More specifically,
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PtRu alloyed nanoparticles were obtained from Ceq oGdg 10,5
(CGO) for its use as a catalyst in the commercial diesel reform-
ing process. Interestingly, after demonstrating the effective
introduction of both Pt and Ru into the CGO lattice, exsolution
of ~10 nm nanoparticles occur during the reaction, resulting
in an in-situ exsolution. The generated PtRu alloy exhibited
high conversions (even at low reaction temperatures) and
excellent stability during long operation times (up to 200 h).

Regarding other fluorite structures, such as the previously
stated ZrO,, exsolution of Ni metal has also been reported. It is
common to find the ZrO, structure doped with Y** (YSZ) as it
imparts phase stability to the ceramic material at high
temperatures.*** Joo et al. demonstrated that YSZ can be doped
up to 3% with Ni and, as in perovskites, an H, atmosphere
would generate Ni metallic nanoparticles. These nanoparticles,
between 20-50 nm size, were tested as catalysts for dry reform-
ing of methane, exhibiting twofold higher activity than conven-
tional Ni-YSZ cermets at 800 °C."*"

b. Exsolution from spinels. Spinels (AB,O,) are also inter-
esting oxide structures prone to exsolution due to some charac-
teristics such as good oxidation resistance and structure
stability while having reasonable electrical conductivity and
high electrocatalytic activity when operated at high tempera-
tures."”® This work remarks the possibility of transition metal
(e.g, Cu and Fe) exsolution from a spinel matrix. Previously, Gan
et al. demonstrated the exsolution of Fe nanoparticles at 800 °C
from a FeVO, structure, which, in a reduction environment, got
reduced to Fe/FeV,0, spinel.”*” This material is then used in
steam electrolysis with better results than the widely used
perovskite (Lag 755r0.25)0.07Clo.sMng 5055, in terms of conductiv-
ity and current density, although it does not outperform Ni-YSZ.
It is, in addition, a redox reversible structure, from FevVO, (when
oxidized), to Fe/FeV,0, (when reduced); therefore the catalysts
can be potentially regenerated."®” Finally, Cu exsolution from a
spinel structure has been recently published (Fig. 7e).'?®
CuFe,0, was treated under a 50% CO,/10% H,O atmosphere
in an Ar flow for co-electrolysis, resulting in Cu/Fe;O, cermet
exsolution. This material was found to have higher selectivity to
CO than Fe;0,4; however, its activity could not be compared to
that of Cu oxide since it was not active under the applied test
conditions.'*® The abovementioned reports on the exsolution of
fluorites or spinels are good examples of how exsolution is not
limited to perovskite oxides, and alternative metal oxides can
be considered for their functionalization with in-situ exsolved
nanoparticles.

Outlook and future perspectives

Nanoparticle exsolution has gained considerable attention in
the last decade as a catalyst fabrication route, assuring high
structural robustness and long-term catalytic activity. It was
initially explored mainly for high-temperature electrochemical
conversion and storage devices, but rapidly, its applications
expanded to other relevant thermocatalytic reactions, such as
hydrocarbon reforming, CO, hydrogenation, chemical looping
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syngas production or ammonia synthesis, just to name a few.
Furthermore, it has been employed to functionalize other
electrochemical devices, such as gas sensors or resistive
switches, illustrating the broad applicability of this method.
Regardless of the field of application, in this work, we have
summarized the most promising research avenues in which
efforts have been put in the last few years. We have identified
six new trends, but other relevant aspects of nanoparticle
exsolution are also currently under investigation. Our focus
has been on identifying those technological modifications that
we consider will have a high impact in the following years.
Some of them are related to improving the exsolution extent by
lowering the energy input required to generate nanoparticles or
by making the process much faster under milder conditions.
These non-thermal technologies show great promise for achiev-
ing high exsolution extents in very short exposure times.
Despite the promise, more systematic and thorough experi-
ments are required to better understand these new physico-
chemical processes and their interaction with the exsolution
mechanism. Regarding materials design, it is crucial to gain
further understanding of the evolution of nanoparticles over
time and the influence that intrinsic properties have on the
stability of exsolution. As recently pointed out by Weber and
co-authors, Ni exsolution from p-type and n-type perovskites
have different coalescence dynamics,'*® which might in turn
pose limitations on the long-term durability of the nano-
particles. Therefore, it is crucial to obtain materials design
guidelines that ensure that NPs are properly anchored, avoiding
isolated growth on specific spots, e.g., grain boundaries that in
turn will limit the catalytic activity of the exsolved nano-
particles. In this respect, high throughput synthesis could be
a useful tool to accelerate materials discoveries and obtain the
most efficient synthesis protocols, which might be material and
application specific.

A second important aspect considered in this work is the
expansion of nanoparticle exsolution to other chemistries.
We have focused both on the support, non-perovskite oxides,
and the nature of the exsolved nanoparticles, i.e., non-metallic
nanoparticles. This direction will have a high impact since
many catalytic processes do not rely on metallic nanoparticles
or perovskite supports. Furthermore, exsolution from non-
oxide supports will be essential to advance in this direction.
Their development, combined with computational tools**® that
accelerate materials discoveries and spectroscopic operando
techniques to unveil the mechanism of nanoparticle exsolution
from other non-oxide compounds, will be essential in this
matter.

Finally, it is crucial to continue advancing metallic exsolu-
tion to unlock further functionalities. Fabrication of shape-
controlled or multicomponent nanoparticles is a major aspect
requiring more fundamental investigation to better understand
and control these processes. The same applies to bulk exsolution,
which has emerged as a remarkable tool for strain-engineering
oxides on a large scale. This fact proves that exsolution can be
successfully employed beyond surface modifications. In this
respect, new synthetic routes that will allow for the fabrication
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of complex oxides with high surface area while guaranteeing
phase purity will be essential for further expanding the exsolution
method to other processes. This will be especially relevant in mild
temperature processes where fine-tuning the textural properties is
paramount for achieving relevant catalytic activities. However,
especially in the case of perovskite oxides, high temperatures
(>1000 °C) are required to avoid phase segregation, which
usually results in low specific surface areas (<5 m* g %),
limiting its applicability in many chemical reactions occurring
at low temperatures.

These six research directions are expected to impact the
fields of materials science, electrochemistry and catalysis in a
wide range of applications. In several cases, many of them
will be developed in combination, unlocking unprecedented
material functionalities. These new research trends, at the
forefront of materials design, combined with more conven-
tional developments will help in expanding the knowledge and
applicability of nanoparticle exsolution in the following years.
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