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AbstractComputational approaches have been used effectively in material design for solid oxide fuel cells (SOFCs).
As a way to improve the performance and stability of anode materials in SOFCs, the exsolution phenomenon has been
extensively taken advantage of. In the exsolution process, highly active and stable nanoparticles (NPs) are formed uni-
formly over the surface of the host oxide due to the anchoring effects of exsolved NPs in the host’s structure. In this
review, we particularly focus on how computational approaches such as density functional theory calculation, phase
field modeling, and analytic methods can be used to understand the exsolution phenomenon; this knowledge can then
be exploited to design enhanced anode materials for SOFCs. We first review the nature of exsolution and then look
into catalytic applications of exsolved NPs. From this point, we investigate how to engineer exsolved nanoparticles to
maximize their catalytic activity with a view that any enhanced performance will aid future applications.
Keywords: Exsolution, Solid Oxide Fuel Cells (SOFCs), Perovskite Oxides, Computational Modeling, Density Func-

tional Theory (DFT)

INTRODUCTION

Solid oxide fuel cells (SOFC) are energy converters that produce
electricity from chemical energy sources. Due to the wide variety
of fuels available to SOFCs, such as H2, fossil fuel, biomass [1-3], as
well as their high energy conversion efficiency (~60%) [4], SOFC
is expected to be a technology used in a wide range of next gener-
ation applications from the power generator for hydrogen vehicles
to an alternative for thermal power plants [5,6]. In addition, an SOFC
can be a solid oxide electrolyzer cell (SOEC) that is operated in
reverse; that is, acting as an SOFC the system uses fuel to produce
electricity, while acting as an SOEC the system uses energy to pro-
duce fuel. This reversible, flexible nature is essential in a renew-
able energy system, and it complements the temporal and spatial
imbalance between supply and demand of renewable energies [7].

Conventional SOFCs consist of anode, cathode, and electrolyte.
The anode and cathode are in contact with the fuel and air, respec-
tively. Oxygen ions created by an oxygen reduction reaction (ORR)
at the cathode are transported to the anode where a fuel oxidation
reaction through the electrolyte layer between the two electrodes
occurs. As a result, electrons move from the anode to the cathode
and through an external circuit, creating a current travelling in the
opposite direction to the oxygen ions.

The performance of any SOFC is mainly determined by the
materials used in each component. Among these, electrodes are
important active layers where electrochemical reactions occur. The

level of electric and ionic conductivity as well as catalytic activity
are factors that determine the performance, in terms of measures
such as energy conversion efficiency and power density, of the SOFC
[1]. Besides these considerations, due to the high operation tem-
perature of SOFCs, the thermal expansion coefficient as well as the
chemical compatibility of the electrolyte and both electrodes are also
important factors in the long term stability and durability [8,9].

For the cathode, perovskite-type materials satisfy the necessary
conditions mentioned above. Co-based perovskites (La1xSrxCoO3,
La1xSrxCo1yFeyO3, Pr1xSrxCo1yFeyO3, and Sm0.5Sr0.5CoO3) have
higher oxygen reduction activity and electric/ionic conductivity than
Co-free perovskites [10-13]. However, due to the high Co cost and
the higher thermal expansion coefficient of Co-based perovskites
compared to other components of SOFCs, Co-free perovskites have
also been investigated for use in SOFCs [14]. Among the Co-free
perovskites, Sr-doped perovskites (Pr0.8Sr0.2FeO3, La0.8Sr0.2FeO3, and
La0.6Sr0.4Fe0.9Nb0.1O3) are known to have high electric conductivity
over 100 S·cm1 at high temperature; however, the rapid decrease
of their electric conductivity at intermediate temperatures remains
a challenge [15-17]. In addition to the intrinsic material property
such as electric conductivity, suppressing Sr segregation in Sr-based
cathodes is also an important challenge to improve the cathode sta-
bility because the segregation may change structure and composi-
tion of the perovskite surfaces [18].

On the other hand, for the anode, Ni-YSZ is the material gener-
ally used because its low cost and high catalytic activity make it
excellent for fuel oxidation. However, owing to its direct contact
with various fuels, Ni-YSZ has various stability issues, including
sulfur poisoning, carbon deposition (coking), and Ni coarsening
(Fig. 1) [19]. Therefore, there have been many attempts to find an
alternative anode material. Despite the development of nickel-free
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anodes including perovskite-type materials (La0.8Sr0.2Cr0.98Ru0.02O3,
Sr2FeNb0.2Mo0.8O6, LaCo0.3Fe0.67Pd0.03O3) [20-22], and fluorite-type
materials (Sc0.1Y0.1Zr0.6Ti0.2O1.9, Ti0.34Nb0.66O2) [23,24], nickel is still
fundamental for the development of the current generation of low
cost and high performance SOFCs.

In this situation, the computational approach is essential for the
rational design of SOFC materials. Generally, it takes about 40 hours
to fabricate one SOFC test sample [27]. Performance tests, such as
for long-term stability, can take up to several days. Therefore, it is
not possible to test all of the candidate materials experimentally.
As first-principles calculations, density functional theory (DFT) has
been widely used in material design to model catalytic reactions. It
can be used to find new catalytic materials through testing an enor-
mous number of material combinations (screening) or for analyz-
ing material properties down to the electronic structure level.

Jacobs et al. used this method to explore the best materials for
use as an SOFC cathode. Using DFT calculations, they examined
2145 distinct perovskite materials using three criteria: oxygen p-
band center (for ORR activity), formation energy per atom in ORR
(for stability), and band gap (for eliminating insulator). Finally, they
suggested the three best materials to be tested in experiments [28].
The screening method has also been used to design anode materi-
als. Hwang et al. suggested that a Ni-Au alloy can be a promising
catalyst as the sulfur-tolerant SOFC anode. They selected six dop-
ant candidates (Cu, Rh, Pd, Ag, Pt, and Au) for Ni surface which
have favorable surface segregation among 14 transition metals and
then calculated the adsorption and dissociation energies of H2S
and the intermediates on those Ni-based alloy surfaces [29]. The
effectiveness of this screening method in finding a desired mate-
rial was verified by Vernoux et al.’s following experimental results
which demonstrated high sulfur tolerance of the Ni-Au alloy [30].
In addition, Cho et al. conducted DFT-based microkinetic analy-
sis on the H2O/CO2 co-electrolysis reaction on transition metal sur-
faces and proposed catalytically active metal alloys (Ni3Ru, Ni3Fe,
and Ni3Co) for use as the fuel electrode in solid oxide electrolyzer
cells [31].

In addition, the computational approach can provide insight for
the material design strategy in SOFCs. To overcome the stability
problem caused by A-site cation segregation at SOFC cathodes,
Kwon et al. reported on the relation between cation segregation and

elastic energy in La-based perovskite. Using DFT calculations, they
controlled the elastic energy with different sizes of B-site cation to
show that A-site cation segregation can be reduced through the mini-
mization of elastic energy [32]. In further work, they verified the
strain effect through investigating experimentally strain-controlled
SrTi0.5Fe0.5O3 films [33].

The combination of highly active metal nanoparticles (NPs) and
stable oxide support can have a synergetic effect to help fabricate bet-
ter SOFC anodes that have high catalytic activity and good stability.
Exsolution is a prospective method to produce stable, well dispersed
metal NPs on perovskite surface. In this method, the metal NPs
come from the inside of the perovskite support to its surface. This
unique fabrication method produces exsolved NPs that are more
stable than the NPs fabricated by conventional methods such as
deposition and infiltration. Similar to how infiltration has been con-
sidered for SOFC applications, exsolution has been studied for its
optimization and application to SOFC. However, compared to the
many review papers that specialize in infiltration, exsolution has often
been treated cursorily in review papers dealing with SOFC nano-
technology or SOFC anodes [34-36]. Especially, there is no review
paper that gives an overview or summarizes the theoretical and
computational approaches to the exsolution phenomena.

In this paper, we specifically focus on reviewing the computa-
tional aspects of exsolution research. In the next section, we will
introduce the exsolution phenomenon and explain its application
to SOFC. In section 3, the key conditions for exsolution that have
been studied both experimentally and theoretically will be discussed.
In section 4, computational approaches to analyze exsolution will be
given an overview. Then, examples of engineered exsolution inspired
by computational methods will be introduced. Finally, we discuss
how to model an exsolved metal NP and simulate its growth using
computational and analytical methods.

EXSOLUTION AND ITS APPLICATION TO SOFC

Exsolution is an attractive technology as it produces stable and
well-dispersed metal NPs, which can be used as a catalytic active
site in various chemical applications, such as chemical sensors, CO
oxidation, SOFC, and so on. In the exsolution process that is mainly
applied to perovskite support, metal NPs (B-site metal) are moved

Fig. 1. (a) Scanning electron microscope (SEM) image of vapor-deposited nickel nanoparticles on La0.4Sr0.4TiO3 before and after annealing
(650 oC 24 h, and 800 oC 6 h). Scale bar is 500 nm. (reproduced from Ref. [25] with permission). (b) SEM image of carbon coking on
infiltrated nickel nanoparticles. Schematic illustrations show (a) nickel coarsening and (b) carbon coking processes, respectively (repro-
duced from Ref. [26] with permission).
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from the inside of the support to its surface in the reducing condi-
tion (Fig. 2(a)). The simple fabrication process and material flexibility
to the other metal oxides are the additional advantages of exsolu-

Fig. 2. (a) Schematic illustrations of perovskite structure and B-site metal exsolution in the structure, respectively. (b) Growing number of
papers and citations that were searched in web of science with exsolution-related keywords.

Fig. 3. (a) Schematic illustration of exsolved and deposited nanoparticles. (b), (c) SEM images of exsolved nickel nanoparticles and nano-
sockets after all the nickel nanoparticles were removed by etching with HNO3, respectively. (d) 3D AFM image of the nano-sockets in
(c). (reproduced from Ref. [25] with permission). (e) Environmental transmission electron microscope (ETEM) image of a Ni
nanoparticle grown from La0.43Ca0.37Ti0.94Ni0.06O3 (LCTN) under vacuum at 900 oC. (f) 3D model constructed based on the crystallo-
graphic relationships highlighted in (e) (reproduced from Ref. [39] with permission).

tion for its application in electrochemical devices [37]. With the recent
interest in exsolution being used in these various applications, the
number of papers and citations related to “exsolution” have increased
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exponentially (Fig. 2(b)).
In 2007, Madsen et al. reported on improved stability of SOFCs

coming from the application of exsolved NPs to the anode [38]. The
application of the exsolved Ru and Ni NPs to the La0.8Sr0.2CrO3

anode not only increased the maximum power density compared
to the SOFC with a bare La0.8Sr0.2CrO3 anode, but also improved
its long term stability. The cell was able to maintain its voltage for
nearly 50hours at intermediate temperatures of 700-800 oC in con-
trast to the initial or gradual cell voltage decreases experienced by
a recently developed Ni-based anode under the same conditions.
This result was a big surprise in the field of SOFCs.

The stability of exsolved NPs comes from their specific anchored
structure. Exsolved NPs, produced by B-site metal moving from
bulk to surface, are embedded in the perovskite surface (Fig. 3(a)).
Dragos et al. showed the anchored structure of the exsolved NPs
with an AFM image with socket-like holes on the perovskite sur-
face after etching the exsolved Ni NPs (Fig. 3(b)-(c)) [25]. They
showed an even clearer image of the embedded exsolved NPs in
their other paper [39]. Their atomic resolution TEM image showed
that about half of the Ni NPs are located below the perovskite sur-
face (Fig. 3(d)-(f)). They also performed carbon coking and ther-
mal stability tests to show the stability of the exsolved Ni NPs and
compared the results to those from deposited NPs on the same
perovskite surface (LaxSr13x/2TiO3). In the coking test with a CH4/
H2 environment, the two samples showed different carbon growth
mechanisms (Fig. 4). The deposited NPs were accompanied by long
carbon fiber, whereas the exsolved NPs had negligible length of
associated fiber (Fig. 4(b)-(d)). In addition, the growth direction of

the carbon fiber in the two samples was obviously different (base
growth vs. tip growth, Fig. 4(a)).

Previously, Gohier et al. reported that the carbon growth direc-
tion on NP metal catalysts was controlled by the interaction between
the NPs and the support [40]. Thus, a strong interaction between
the exsolved NPs and perovskite surface was considered to be the
reason for high coking resistance. In the thermal stability test, the
exsolved Ni NPs also showed high thermal stability (similar parti-
cle size and distribution were maintained for 90 hours at 900 oC)
compared with the coalescing of the deposited Ni NPs after 6 hours
at 800 oC.

Regeneration is another important characteristic of exsolved NPs.
The exsolved NPs fabricated by a reducing process can resolve back
into perovskite bulk in oxidation condition. This redox process can
be repeated continuously (Fig. 5), which improves the redox stabil-
ity of SOFCs. Kim et al. recently reported on the high redox stabil-
ity of SOFC anodes made with exsolved Ni NPs [27]. In a ten redox
cycle test at 750 oC, the specific resistance of the anode only increased
0.027·cm2 (1.79·cm2 increase was seen without exsolved NPs).

After the work of Madsen et al., other catalytically active metal
NPs (Fe, Ni-Fe alloy, Co, Ni-Co alloy, Cu, Ni-Cu alloy, Ag, Pd, and
so on) have been investigated to see if it is possible to apply the exso-
lution method [41-48]. Although it is simple to fabricate well-dis-
persed metal NPs on oxide support, some metals such as Fe require
a particular support oxide and difficult reducing condition to be
easily exsolved. In a similar way to the material design for SOFCs,
it is impossible to perform optimization and device testing on all
possible exsolved NP candidates experimentally. Therefore, the com-

Fig. 4. (a) Schematic illustration of carbon fiber growths depending on the conditions of nickel nanoparticles. (b) SEM image of carbon cok-
ing on infiltrated nickel nanoparticles. Scale bars are 1m in overview and 100 nm in inset figures. (c) SEM image of carbon coking
on exsolved nickel nanoparticles. Scale bars are 500 nm in overview and 100 nm in inset figures. (d) Side view image of SEM image in
(c). Scale bar is 100 nm (reproduced from Ref. [25] with permission).
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putational approach is required to quickly predict which combina-
tion of metal and support will lead to the facile exsolution of metal
NPs. In addition, it has also been widely used for mechanistic study
of the exsolution process. In the following section, we will review
the computational approaches used to investigate exsolution.

MECHANISTIC ANALYSIS OF EXSOLUTION

Although the underlying mechanism of exsolution is still not
clear, several possible elementary steps in the exsolution process
have been proposed through previous experiments and theoreti-
cal analyses. One proposed mechanism is the defect-mediated
exsolution suggested by Dragos et al. (five point-defect reactions,
Fig. 6(a)). They demonstrated that the amount of exsolved NPs on
La0.4Sr0.4NixTi1xO3 surface increased with A-site defect concen-
tration [50,51]. The main reasons for this boosted Ni exsolution
have been suggested to be (1) the formation of A-site defects changes
the number of oxygen vacancies to maintain the stoichiometry of
ABO3 perovskite (Eq. (1)), (2) the reducing environment then in-

creases the number of oxygen vacancies (Eq. (2)), and thus (3)
metal atoms are reduced from oxide phase to the metallic phase
through B-metal exsolution (Eq. (3)) or reduction of MO (Eq. (5))
followed by the exsolution of Schottky defects (Eq. (4)) (Fig. 6(a)).
In this mechanism, the degree of exsolution is limited under a cer-
tain threshold of oxygen vacancies (lim), which is required at least
to maintain the perovskite structure (Fig. 6(b)) [51]. Sun et al. also
proposed two exsolution mechanisms (Fig. 6(c)): the formation of
oxygen vacancies under reducing environments destabilizes the lat-
tice structure, which induces the exsolution of B-site cations (Way
1), and both oxygen vacancies and B-cation complex defects such
as Schottky defects result in B-cation exsolution (Way 2) [52]. Jiang
et al. used phase field modeling to kinetically analyze the exsolu-
tion phenomenon on a perovskite surface (non-equilibrium ther-
modynamics) [53]. Their simulation suggested that spinodal de-
compositions depending on the reducing condition, A-site deficiency,
and segregation energy trigger exsolution.

Combining the above results, the dopant segregation towards
the surface (B-metal segregation) and reduction of the segregated

Fig. 5. SEM images of La0.3Sr0.7Cr0.3Fe0.6Co0.1O3 perovskite during redox processes at 800 oC. The sphere nanoparticles at each reduction
condition are the exsolved cobalt nanoparticles (reproduced from Ref. [49] with permission).
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dopant (breaking the bond between the oxygen and B-metal) can
be seen as the key factors for exsolution. Kwon et al. confirmed the
validity of these key factors by predicting exsolution tendencies [54].
Using the DFT method, co-segregation energies were calculated
for the layered perovskite structure of PrBaMn1xTxO5 (T=Mn,
Co, Ni, and Fe) (L-PBTMO) (Fig. 7). The segregation of a dopant
atom (T) with an oxygen vacancy, which is defined as co-segrega-
tion energy, was used to describe dopant segregation under a reduc-

ing environment, in which oxygen vacancies are easily formed. Co
and Ni showed higher co-segregation energies than the host Mn,
whereas Fe showed lower co-segregation energy; this implies that
Co and Ni exsolutions from the host perovskite of L-PBTMO are
more favorable than from the host Mn while Fe is less favorable.
The experimental results also confirmed that after reduction treat-
ments, the exsolved Co and Ni NPs were observed at the Co and
Ni doped L-PBMO (L-PBMCO and L-PBMNO), respectively. No

Fig. 6. Experimentally suggested key elementary steps for B-metal exsolution (reproduced from Ref. [52] with permission).

Fig. 7. Research scheme for the simulation driven material design of exsolved NPs (reproduced from Ref. [54] with permission).
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exsolved NPs were observed at the pure (L-PBMO) and Fe doped
L-PBMO (L-PBMFO). The segregation energies also explained the
tendency of Ni exsolution on different (La0.5Sr0.5)(Sc1xNix)O3 sur-
faces of (100), (010), (001), and (121). The most preferential exso-
lution of Ni NPs was observed on the (010) surface, which can be
explained by its higher segregation energy than any other surfaces
[55].

Once segregation occurs, the segregated metals should decom-
pose (be reduced) from oxide phase to metallic phase. This can be
proceeded by the formation of oxygen vacancies near the segre-
gated metals, which can be measured by surface oxygen vacancy
formation energy obtained from the DFT calculations. The oxy-
gen vacancy formation energy also shows that Co and Ni form
oxygen vacancies more easily than the host Mn or Fe dopant [54].
Consequently, the synthesized electrode materials of L-PBMCO
and L-PBMNO with the exsolved NPs showed the higher power
density that came with long term stability than any other promis-
ing ceramic electrode materials up to 2017. These results demon-
strate that computational approaches are able to capture the main
characteristics of B-metal exsolution, thereby playing an import-
ant role in designing exsolution materials as well as elucidating the
mechanism at the atomic scale (Fig. 7).

ENGINEERING OF EXSOLUTION TENDENCY

From the above results, we learned two main things about the
exsolution phenomenon: (1) Exsolution requires a large enough driv-
ing force for the target element to be exsolved from the host struc-
ture. (2) However, each dopant element has a thermodynamically

different degree of driving force (e.g., different dopant-oxygen vacan-
cies, co-segregation energy, and so on) (Fig. 7). By considering
these two characteristics, exsolution can be effectively engineered
for various purposes. In practical applications, theory-guided ex-
perimental results have demonstrated the alloy exsolution of Co-
Ni bimetallic NPs (Fig. 8). To elucidate the mechanism of alloy exso-
lution, the energy requirements for two possible paths (surface alloy
formation and bulk alloy formation) were calculated. The surface
alloy formation path starts with the individual segregation of Co-
Ov and Ni-Ov toward the surface (G=0.46 eV). Then, they form
the nearest neighbored Co-Ov-Ni complex at the surface (G=
0.01 eV). On the other hand, the bulk alloy formation path starts
with the formation of the nearest neighbored Co-Ov-Ni complex
in bulk (G=+0.02 eV), and then it segregates together toward the
surface (G=0.48 eV). In both paths, the alloy formation requires
thermodynamically higher energies than segregation. In particu-
lar, a surface alloy formation path was revealed to be a thermody-
namically more favorable process than the bulk alloy formation
path because it has no apparent thermodynamic energy require-
ments. A similar approach was used to explain the exsolution of
Co-Fe alloy on Co doped Sr2Fe1.5Mo0.5O6 (SFM). The introduc-
tion of Co defects created by Co exsolution with oxygen vacan-
cies decreases the segregation energy of Fe from 0.91 eV to 0.62
eV, which facilitates Fe exsolution to form exsolved Co-Fe alloy
NPs on SFM [56].

Exsolved alloy NPs showed good catalytic activity as well as long-
term stability for both CO2 electrolysis [56] and fuel oxidation in
SOFC anodes [57]. Generally, alloy metal catalysts tend to have
unique catalytic activity for several reasons. First, they have unique

Fig. 8. Engineering of B-metal exsolution. The left inset figures are TEM and EDS map of the exsolved Co-Ni alloy NPs on PrBaMn1.7Co0.1Ni0.2O5+.
The right inset figure is a schematic illustration of topotatic exchange-driven boost for Co exsolution (reproduced from Ref. [60] with
permission).
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electronic structures. For example, Ko et al. showed that surface
electronic structure (d-band center) of binary d-block transition
metal catalysts was tuned by the electronic structure of the constit-
uent elements [58]. Thus, a unique electronic structure, which is
not present in a monometallic catalyst, can be achieved by well-
designed multi-component alloying. Second, alloys can provide
various active sites for surface reactions as a bifunctional catalyst.
Each element in an alloy catalyst selectively provides the active
sites for different kinds of reactants [59].

Although extrinsic factors such as oxygen partial pressure and
temperature can be used to increase the total amount of exsolved
NPs, at some point the numbers become limited by both dopant
concentration and the solubility limit to maintain the perovskite
structure. To overcome this, topotatic ion exchange was suggested
(Fig. 8) [60]. The main concept of topotatic ion exchange is an
exchange between externally provided cations and doped cations
in the bulk perovskite. For example, Co prefers to segregate toward
the L-PBTMO surface, whereas Fe does not. Therefore, the cations
externally provided by means of infiltration, which prefer to dis-
solve from surface to the bulk, fill up the B-site vacant sites created
by Co exsolution, preserving the bond networks in the perovskite
structure. This process may be able to maximize the amount of
exsolved Co NPs. To prove this hypothesis, the energy require-
ments for the incorporation of Fe into perovskite surface and the
exchange of incorporated Fe with bulk Co were calculated. Both

incorporation and exchange are thermodynamically favorable with
negative reaction energies of 0.41 eV and 0.34 eV, respectively.
In addition, the Fe-Co exchange energy increases as the amount
of incorporated Fe increases. These computational results are in
good agreement with the experimental result that showed a large
amount of exsolved NPs being obtained under Fe infiltration onto
PrBaMn1.7Co0.3O5+. About five-times more exsolved NPs were
observed at 12 wt% of Fe infiltrated PBMCO than without Fe infil-
tration in a given area. The maximum power density at 800 oC in
H2 achieved the best performance among the promising ceramic
anode materials up to 2019. This implies that engineering of exso-
lution properties is a good strategy for designing high performance
anode materials in SOFCs.

Lattice strain can also be applied to engineer the ideal degree of
exsolution. The degree of Ni exsolution on La0.2Sr0.7Ni0.1Ti0.9O3

(LSNT) thin films was increased when grown on GdScO3 (GSO)
(110), which, with a misfit strain of +1.2%, has a higher lattice param-
eter than LSNT. Based on analytic modeling equations, it was re-
ported that induced misfit-strain energy not only reduces the nucle-
ation barrier but also increases the nucleation rate [61]. A similar
concept was also applied to suppress A-site cation segregation [33].
DFT results demonstrate that each constituent in the perovskite
structure has its own optimal strain state. For example, tensile strain
stabilizes Sr atoms in Sr(Ti,Fe)O3 because the Sr atoms are intrinsi-
cally in a compressive state at the strain-free equilibrium state of

Fig. 9. (a) Environmental transmission electron microscope (ETEM) image of a Ni nanoparticle grown from La0.43Ca0.37Ti0.94Ni0.06O3 (LCTN)
under a vacuum at 900 oC. (b) Enlarged image of a part marked with a black rectangle in (a) that shows the particle-perovskite inter-
face with an overlay of Ni metal and perovskite lattices in their respective orientations. This image reveals epitaxial growth. (c) 3D
model constructed based on the crystallographic relationships highlighted in ((a), (b)). (d) Details of the 3D model in (c), which high-
lights the diffusion pathway of Ni2+ ions through the LCTN perovskite lattice. (e) 2D and 3D models of the time evolution of a Ni par-
ticle on LSTN during the exsolution process. (f) Relative energy diagram for the CO oxidation reaction and (g) optimized structures
of the reaction intermediates at each elementary step on the Co segregated STC surface (STCsurface), the surface with Co located in bulk
(STCbulk) and with exsolved Co NP (Co5@STC) (reproduced from Ref. [39] and [63] with permission).
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perovskite oxide. Contrary to A-site cations (Sr), B-site cations are
intrinsically in a tensile state. Therefore, it has been suggested that
the tensile strain may facilitate the segregation of B-site cations by
destabilizing them. This stability tuning might be a key reason for
enhanced exsolution under a tensile strain state of LSNT [61].

ATOMISTIC MODELING AND CATALYTIC ACTIVITY 
OF EXSOLVED NANOPARTICLES

The key characteristic that is different between NPs synthesized
by conventional deposition methods and exsolved NPs is the par-
tially immersed structure of NPs into the host perovskite (Fig. 9(a)-
(e)) [39]. To model these NPs at an atomic scale, identifying the
interface between exsolved NPs and host perovskite structure is
important. Due to the lack of known atomic structure in exsolved
NPs, several possible models have been used to describe the exsolved
NP. These include the non-socketed NP model (deposition model),
surface doping model, and the small metal cluster incorporation
model [56,62,63].

Based on these models, the catalytic activity of exsolved NPs
has been further investigated (Fig. 9(f)). For CO oxidation, the active
site was revealed to be at the gas-NP-support triple phase bound-
ary (TPB) on Co exsolved Sr(Ti1xCox)O3 by both experimental and
theoretical analyses (Fig. 9(g)). In particular, DFT results demon-
strated that the first CO2 formation step in the Mars-van Krevelen
(MvK) mechanism is the rate-determining step (RDS) for CO oxi-
dation. A lower reaction barrier at RDS with strong CO adsorp-

tion was calculated for Co NPs exsolved on Sr(Ti1xCox)O3 com-
pared to Sr(Ti1xCox)O3 without exsolved Co NPs; these results imply
that exsolution provides not only strong metal-support interac-
tion but also catalytically active sites for CO oxidation [63].

The higher catalytic activity of exsolved Co-Fe alloy NPs on
Sr2Fe1.35Mo0.45Co0.2O6 (SFMC) compared to pure SFMC was also
identified by a free energy diagram for CO2 electrolysis. In this
reaction, CO2 is more easily dissociated into CO and atomic O on
the exsolved NPs due to greater charge donation of Fe to the car-
bon atom in CO2. This process was revealed as RDS and healed
surface oxygen vacancies [56]. However, the particle size and mor-
phology of exsolved NPs constructed in the modeling were not
still sufficient to describe the anchoring, size, and interfacial effects
often observed in experiments. In this regard, more realistic mod-
els should be developed for computational simulations.

ANALYTIC MODELING OF PARTICLE GROWTH

Once the dopant atoms segregate toward the surface, nucleation
and growth begin near the surface. In general, the Gibbs free energy
for a certain size of particle is determined by the balance between
the two competitive factors of volume (bulk) free energy and inter-
facial (surface) free energy. In this regard, Gao et al. developed three
analytical models based on a homogeneous nucleation model: (1)
strain-limited exsolution, (2) reactant-limited exsolution, and (3)
diffusion-limited exsolution (Fig. 10(b)). Among the three possi-
ble models, the experimentally measured sizes of Ni NPs exsolved

Fig. 10. (a) Particle reduction under pure (left) and 20% (right) H2 treatment for 5, 10, 15, 20, and 30 h. (b) Average particle size and fitting
curves from three prediction models as a function of reduction time. The d, t, and  in inset equations denote particle dimension,
time, and time constant, respectively. (c) The initial state of strain field simulation. Color bar denotes the distribution of volumetric
free energy density. (d) Time-lapse spatial free energy density distributions as the system evolves to minimize the total free energy of
the system (reproduced from Ref. [55] and [64] with permission).
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on La0.4Sr0.4Sc0.9Ni0.1O3 (LSSN) as a function of reduction time
were well matched with the equation of strain- and reactant-lim-
ited models. However, several assumptions were used in their
models: (1) the reaction rate is only dependent on the activation
energy in strain-limited models, (2) the activation energy is fixed
in reactant-limited models, and (3) the key parameters used in
these models should be fitted by the experimental results [55].
Nevertheless, those models effectively described the in-situ growth
of Co NPs on SrTi0.75Co0.25O3 polycrystalline thin films [63]. To
precisely predict the size, morphology, and distribution of exsolved
NPs without expensive and time-consuming experiments, funda-
mental theory-based models that can be practically and generally
applied should be further developed.

To understand the origin of the formation of socketed exsolved
NPs, Oh et al. suggested an interplay between surface free energy
and strain energy as the driving force for exsolution by using a
macroscopic view of strain field modeling (Fig. 10(c)). As exsolu-
tion proceeds, strain energy increases (blue region) until surface
deformation occurs. Then, it decreases (changes to red) at the opti-
mal pit depth to stabilize the exsolved NP (Fig. 10(d)) [64]. In strain
field modeling, however, many key factors such as surface energy
of the oxide matrix and metal-oxide interface energy were simpli-
fied or taken by other similar oxide systems. Therefore, the results
cannot be applied to unknown materials. In this regard, the devel-
opment of a reasonable exsolution model for atomistic simulation
and further research into the effect of interfacial electronic struc-
ture and of the effective strain of exsolved NPs on the catalytic activ-
ity are required.

SUMMARY AND OUTLOOK

We have introduced how to use a computational approach to
design highly active and durable exsolved NPs on perovskite mate-
rials while giving several examples. As computational resources,
computing speed, algorithm efficiency, and accuracy increases, the
role of computational approaches becomes more important in var-
ious application fields. In particular, high throughput screening
alongside elucidating reaction mechanisms at the atomic scale is
established as a typical research procedure nowadays. Although the
exsolution phenomenon has many advantages in the field of catal-
ysis and electrode materials, the underlying mechanism and the
origin of the high catalytic activity produced are still unclear due
to the limitations of the measurable scale, complexity of reaction,
and high cost in experiments. In this regard, high accuracy of com-
putational techniques enables us to broaden our understanding of
the electronic and atomic structures of the materials in detail. Al-
though it is still not easy to cover every aspect of exsolution with
only computational simulations, the effective combination of com-
putational and experimental approaches is a useful strategy that
makes up for the inherent limitations of each method through con-
tinual feedback between them [65].
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