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Abstract

Exsolution is a promising method to design metal nanoparticles for electrocatalysis and renewable
energy. Metal nanoparticles exsolved from perovskite oxide lattices have been utilized as catalysts in
many energy fields because of their high durability and excellent electro-catalytic properties.
Although this method has received much attention in recent years, a comprehensive understanding
is still lacking because of difficulties in finding a rational combination of driving forces and
perovskite supports. Thus, the aim of our work here is to recapitulate the principles of exsolution
and collect various exsolution studies by categorizing the driving forces of exsolution and the
structural characteristics of perovskite supports. These classifications provide guidelines for
selecting suitable materials groups and remodeling existing materials, thereby exploring
applications of catalysts using exsolution that are applicable to academic and industrial fields.

1. Introduction

Metal nanoparticles, active sites of electrochemical reactions, have been intensively researched toward the
development of more stable and effective catalysts due to their key role in electrochemical energy devices,
electronics, optics, and catalysis [1-4]. Since metal nanoparticles are difficult to keep secure and stable,
heterogeneous composites that introduce a supporting material to immobilize high-surface-area catalytic
particles have been developed. Such composite materials are fabricated by depositing metal nanoparticles on
the surface of the supporting material through chemical vapor deposition (CVD) or infiltration methods
[5-7]. However, the deposited metal nanoparticles may undergo agglomeration and coarsening during cell
operating conditions, leading to fatal performance degradation. Thus, an exsolution technique has been
received extensive attention as a promising alternative.

Exsolution is a phenomenon in which metal catalysts are segregated from an oxide lattice to an oxide
surface under a reducing atmosphere [8, 9]. Unlike the conventional deposition techniques, exsolution is
particularly attractive for its time efficiency because no additional process is required for catalyst addition.
Additionally, the exsolved metal nanoparticles have the unique feature of socketing into the oxide surface
(figure 1(a)), enhancing cohesion between the metal nanoparticles and the supporting material [10].
Consequently, well-distributed and stable catalysts can be formed on the supporting material surface
through the exsolution. The two key factors in producing nanocatalysts through exsolution are: (1) the
perovskite supports should have high redox stability and (2) the metal cations should easily come to the
surface under a reducing atmosphere. However, the complicated relationship between these factors and the
numerous combinations with various perovskite oxides make the phenomena difficult to understand.
Therefore, it is essential to identify and organize the exsolution phenomena to choose a rational catalyst.

This review begins with an overview of the general characteristics and driving forces of exsolution in
perovskite oxides. Although several articles reviewing the exsolution have been published previously [12, 13],
intensive research of exsolution is a recent endeavor, thus it is necessary to recapitulate the principles of the
phenomena, and to collect scattered studies. Therefore, we intend to provide guidelines for selecting suitable
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Figure 1. (a) Schematic illustration of the particle-substrate interface for deposited and exsolved nickel particles. (b) TEM
micrograph (dark field) of a Ni particle exsolved on (110) native surface facet (see figure 1(d)) after ageing (~3% H,0/5% H,/Ar,
930 °C, 60 h). (c) Three-dimensional AFM of sockets. (d) TEM image detail (bright field) of the corresponding atomic planes
and orientations. (e) AFM image after reduction at 700 °C (15 min, dry Hy). (f) 3D view of figure 1(e). (g) AFM height profile
along the line shown in figure 1(e). (a), (b), (c), and (d) Reproduced with permission from [10], Copyright 2015, Nature
Publishing Group. (e), (f), and (g) Reproduced with permission from [11], Copyright 2015 American Chemical Society.

groups of materials based on a fundamental understanding of exsolution, thereby exploring catalyst
applications using exsolution that are applicable to both academic and industrial fields.

2. Characteristics and driving forces of exsolution in perovskite oxides

In this section, we introduce the general characteristics of nanocatalysts produced by exsolution. The general
characteristics include morphology, carbon deposition characteristics, reversibility, and exsolution
mechanism. Several studies highlight a morphological study of particle-substrate interactions with anchored
nanoparticles [10]. As shown in transmission electron microscopy (TEM) analysis (figures 1(b) and (d)), the
exsolved Ni particles have a pinned structure that is approximately 30% submerged into the parent oxide.
Additionally, the atomic force microscopy (AFM) view of the etched surface (figure 1(c)) demonstrated that
nanoparticles were embedded in the oxide matrix to a significant depth. Detailed exsolution morphology is
described in a study by Oh et al [11]. As described by this study, exsolution proceeds through the formation
of subsurface nucleates, and the movement of metal nucleate to the surface is accompanied by the formation
of a pit on the surface where the particle emerges (figures 1(e)—(g)). Socketed structural features resulted in
improved thermal stability of the catalyst and significantly reduced coke formation. This can be attributed to
carbon fiber growth in exsolved particles occurring as a base-growth, unlike typical carbon fiber that
undergoes tip-growth (figure 2(a)). In this case, the base growth of carbon fiber is restrained compared to
the tip growth of carbon fiber.

Dopant cations dissolved in the parent oxide lattice matrix are released and then anchored to the surface
under a reducing atmosphere, and this process is said to have redox reversibility if it can occur in reverse. It
has been speculated that particles generally re-dissolve back into the perovskite oxide under an oxidizing
atmosphere. However, as reported by Neagu et al [14], Ni and Co-Ni particles do not re-dissolve back into
the underlying perovskite host lattice during the oxidation in LagygCeq 1 Nig 4Tip O3 and
Lag 7Cep.1 Cog3Nig 1 Tip O3 systems (figure 3). In the Co-Ni system, approximately 0.06 exsolved B-site atoms
per unit cell, which is thought to make re-dissolution less favorable with the larger amount of 0.2 preferred
for A-site vacancy.

The exsolution mechanism has been actively studied in recent years. Exsolution is a chemically driven
heterogeneous phase transition, and Gao et al [15] proposed that exsolution arises from the four physical
processes of diffusion, reduction, nucleation, and growth (figure 4(a)). Exsolving dopant cations are first
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Figure 2. (a) Schematic of possible carbon fiber growth mechanisms. (b) Ni particles (30-100 nm) prepared by vapor deposition
on Lag4Sr0.4TiO3 showing considerable carbon fiber growth. (c) False color micrograph depicting a side view detail of

Lag.s2 Sro.28Nio.06Ti0.9403 (5% H3, 880 °C, 6 h). Reprinted with permission. (a), (b), and (c) Reproduced with permission from
[10] Copyright 2015, Nature Publishing Group.
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Figure 3. (a)—(b), (d)-(g) SEM images of tracked areas collected at room temperature at highlighted stages of catalytic testing,
and corresponding cross-section schematics of the particle-perovskite interface. (c) XPS valence band spectra, guideline showing
evolution of Co3O4 phase across selected samples. (h) Schematic of the local appearance of the perovskite surface after cube
removal. Reproduced with permission from [14] Copyright 2017, Nature Publishing Group.




10P Publishing

J. Phys. Energy 2 (2020) 032001

O Kwon et al

—_—
(=3
~—

(a)

E nucleation surface interface
@ e - growth
i \ 4
reduction i i 1 = i 2 ‘
Ni 3 g //, N )
= — H ~
@ ” - ! .
c — Il A !
[} i
2 H
£ :
= 2 H
8 s bulk ! .. sum
é (9 (1l R N T
=
j2r
Ni 0 r* Frmax

particle diameter (r)

Figure 4. (a) Illustration of the exsolution process. (b) Gibbs free energy change during the nucleation and growth. Reprinted
with permission. (a) and (b) Reproduced with permission from [15] Copyright 2016, Elsevier.

diffused from the bulk to the surface and then reduced to metal. Reduced metals are assembled into small
nanoparticles that grow in size over the treatment time. Recently, direct observation of particle nucleation
and growth during the exsolution has confirmed that the particles grow epitaxially and isotropically while
maintaining their original positions [16]. The study also demonstrated that exsolution is limited by the
exsolvable ion availability rather than diffusion to the surface. Gao et al [15] studied the effect of reducing
time and atmosphere composition on particle growth and proposed three analytical models for growth, in
which particle growth can be limited by strain, reactant amount, and diffusion. The results suggest that both
the size-related strain and limited amounts of Ni could be possible mechanisms determining the particle size
growth rate. However, the actual exsolution mechanism is likely a much more complex process than the
models suggest, as nucleation, growth, and particle interaction need to be considered simultaneously.

Since the exsolution occurs under a reducing atmosphere, a general driving force of exsolution is an
oxygen vacancy formation in the perovskite oxides. The oxygen vacancy formation destabilizes the lattice
stoichiometry, causing the segregation of B-site cations to maintain structural stability. Several driving forces,
such as temperature, non-stoichiometry by A-site defect, voltage biasing, strain, phase transition, and
topotactic ion exchange, have been introduced to form the oxygen vacancy (figure 5). However, the degree of
oxygen vacancy formation differs for each perovskite structure. Thus, the following sections discuss various
exsolution phenomena and structural properties in the perovskite oxides to develop a more detailed
understanding. A list of materials by structure and driving force is given in table 1.

2.1. Exsolution on stoichiometric single perovskite

Perovskite oxides (ABO3) and derived structures (e.g. double perovskite (A;B,05 5) and
Ruddlesden—Popper (RP, A;, +1B,03 1, +1))-based materials have been mainly studied as the support
materials for exsolution due to their excellent structural and compositional flexibility (figure 6). In typical
perovskite oxides, it is possible to withstand some lattice mismatch between A—O and B-O bonds, thus
allowing doping with different types of cations at each site [60, 61]. This flexibility of the perovskite structure
enables the combination of a wide range of constituent ions, providing a variety of catalytic properties. In
particular, studies have been conducted on redox couples such as Ti* T4+, Mn?+/4+, Ce3+/4+, Mo*+/6+,
Cr3t/4+ Nb*+ 5+, and V3/4+/55+ which can be stable under a redox atmosphere.

Early exsolution concepts were applied to stoichiometric perovskite with A/B = 1, in which only readily
reducible cations (e.g. Ni*T, Ru?", Rh**, Pd*T, and Pt*") could be exsolved to metal nanoparticles [62]. In
such a case, most cations remain in the bulk, thus the number of nanoparticles available on the surface is
limited. Since LaFe( 57Co¢ 3sPd 0503 [9] opened the possibility of in situ growth catalysts, perovskite oxides
(ABOs3) have been employed as supporting frameworks. In early research, noble metals (e.g. Pd [9, 63], Ru
[19, 20, 64], Rh, and Pt) were doped into B-site in perovskite lattice and partly exsolved under a reducing
atmosphere. The Pd-perovskite catalyst [9] lasted about 100 h in an aging test under an atmosphere
consisting of engine exhaust. The mol percentage of Pd was increased to 0.2 in Lag gSry,CrosPdo 035 [17],
and the elimination of Pd nanoparticles upon oxidation and their re-nucleation upon reduction were
observed. Meanwhile, Hamada et al [65] proposed a possible mechanism for the self-regeneration of Pd
catalysts in LaFe;.,Pd,Os. On the basis of the density functional theory (DFT) calculations, oxygen vacancies
stabilized the surface segregation of Pd in the perovskite supporting material, forming LaPdOj_, in the
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transition, and topotactic exchange. In the driving forces, the green spheres indicate exsolved nanoparticle. In the middle circle,
blue, green, and red spheres indicate A-site cation, B-site cation, and oxygen, respectively.
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Figure 6. Crystal structures of (a) single perovskite (ABO3), (b) double perovskite (AA‘B,Os 45), and (c) RP perovskite
(An +1B1O3 0 11).

vicinity of the LaFe;_,Pd,O3 surface. The LaPdOs., layer on the surface allows Pd atoms to move in and out
of the perovskite lattice without long-distance diffusion through the bulk during the redox cycles.

In the case of Pd exsolution, co-exsolution with Fe has been reported in B-site excessive stoichiometric
Lag gSro2Feg9Nbg.1 Pdg 04035 [18]. Fe® and Pd® metallic nanoparticles were confirmed to exsolve on the
surface of the perovskite anode during operation under a hydrogen atmosphere. The introduction of Pd
increased electrical conductivity and H-adsorption. In the study on exsolving Ru [19] from a host lattice,
increasing the electrochemical kinetics of Ru had a more pronounced effect than increasing that of Ni. The
exsolved Ru nanoclusters were smaller (< 5 nm) than those of Ni (~10 nm), and there were more Ru
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nanoclusters than Ni nanoclusters. An attempt was made to dope Ir on the B-site of LaCrO3-based perovskite
[21]. The CH4 conversion of the dry reforming reaction reached 81% at 750 °C and was maintained for
about 72 h without coke formation on the catalyst surface.

Among transition metals, early research on producing Ni nanoparticles was carried out based on
La;_,Sr,Cr;,Ni,Os_5 [22]. The catalytic properties improved with the formation of Ni nanoparticles under a
reducing atmosphere, however, catalytic activity performance was not proportional to the amount of Ni.

Lag 5Sr0.5Tig75Nip2503.5 [23] containing a significant amount of Ni was also successfully synthesized and Ni
nanoparticles were exsolved in a hydrogen atmosphere. As an anode of solid oxide fuel cell (SOFC),

Lag 75S19.25Cro.5Mng3Nig,0, 5 [26] was studied and the limit of the solid solution of Ni was 20% in B site.
The formation of Ni nanoparticles during the reduction process could facilitate the water steam dissociation.
Gao et al [66] recently studied the energetics of Ni segregation in a SrTiO3-based perovskite framework.
They demonstrated that Ni preferentially segregates toward the (100)-oriented and SrTiOs-terminated
surfaces. The Ni surface segregation is energetically promoted by the presence of A-site and O-site vacancies,
whereas the substitution of Sr>* with La®>* hinders surface segregation. Sun et al reported on the production
of coking-tolerant anodes by co-doping Ni and Ce [25]. Exsolved metallic Ni provides a strong active site for
fuel oxidation reactions, while Ce species with redox couples provide abundant oxygen ions. Moreover, a
SOFC equipped with a Ni/Ce co-doped lanthanum strontium titanate anode also showed good
electrochemical performance and stability in both 5000 ppm H,S/H; and dry CH,.

Alloy nanocatalysts among transition metals have also been reported in stoichiometric perovskite.

Lag 6Sro.4FeosNip203.5 [27] showed excellent current density during CO, electrolysis and it was found that
the material gained redox stability from the symmetry between reduction and re-oxidation (figure 7). In
(Lag.75)(Srg25)(CrosFeq 35Nig 15)O3 [28], it was demonstrated that the exsolution of bimetallic Fe-Ni alloy
nanoparticles occurred on the surface of the perovskite. For strontium ferrites based perovskites, Liu et al
[29] revealed that Fe-Ni nanoparticles can be exsolved from Sr,Fe; 4Nig 1Moy 50¢_s perovskite. They
examined the redox reversibility of the exsolved Fe-Ni nanoparticles which were oxidized to transition metal
oxides (Ni,Fe)O instead being reincorporated into the parent perovskite oxide at 800 °C in air. Fe-Cu alloy
nanocatalysts were also exsolved in SrFeq gCug1Nbg 105.5 [67]. The high conductivity in 5% H,/Ar was
achieved because of the exsolved Fe (or Fe-Cu alloy). Co-Fe nanoparticles on Lag 3Sr7Crg 3Fe 6C00.103.s
[30] showed a redox process at 800 °C where the exsolved particles were completely reincorporated into the
perovskite lattice.

2.2. Exsolution on non-stoichiometric single perovskite

For these stoichiometric compositions, most cations are present in the oxide matrix under a reducing
atmosphere, which is not available for gas-phase catalysis. Additionally, the compositions undergo difficulties
associated with phases involving undesirable A-site cations (equation (1)).

Exsolution (

ABO;3_; 1— @) ABO; 5 + aAO + aB (1)

Exsolution (

AL_oBO;_g 1—a)ABO;s_g + aB (2)
Therefore, A-site deficient perovskites (A/B < 1) have been proposed to alleviate these problems
[8, 11, 68, 69]. In the systems, the exsolution reverts perovskite to a more stable ‘defect-free’ ABO;
stoichiometry, thus inhibiting A-site segregation (equation (2)). Moreover, harder-to-reduce cations can also
be exsolved and exsolution preferentially emerges on the surface [69]. For example, in A-site deficient
Lag.4Sro.4Ti03, extremely stable Ti cations can also be exsolved as TiO, on the surface of the perovskite [69].
Based on this finding, much research on A-site deficient perovskites has been conducted to create more
metallic nanoparticles on stable supporting materials in the past few years. Neagu et al [8] systematically
reported on the role of A-site deficiency in B-site exsolution. In an A-site stoichiometric sample, a smooth
surface exhibits no exsolution, whereas nanoparticles are exsolved on the surface in the case of A-site deficient
perovskite under reducing condition. When reducing A-site deficient perovskite A;_,BOs3_;, oxygen
vacancies are introduced as oxygens are removed. The presence of oxygen vacancy can cause spontaneous the
exsolution of B-site species, thus destabilizing the perovskite lattice and re-establishing the stoichiometry.
The exsolved nanocatalyst is well anchored on the perovskite substrate and stable against agglomeration. Gao
et al [15] reported Ni exsolution on a Sc-based A-site deficient perovskite material Lag 4Srg 4Sco 9Nig103.5.
The reduced samples showed high electrochemical catalytic activity in symmetric-cell measurements with an
area-specific resistance of 0.055 €2 cm? at 800 °C in a humid hydrogen atmosphere. For LaMnOj; based
perovskite, it has been reported that 20 mol% Ni-doped LaMnO3, LagoMng gNig,05 [37] showed resistance
to carbon fiber formation due to their strong interfacial bonding to the substrate. Lag ¢Sr3Crg g5Nig.1503.5
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Figure 7. Thermogravimetric analysis testing. (a) Weight loss and differential thermal analysis of LSFN powders in 5% H,/N,
reducing atmosphere. (b) redox cycling ability test of LSFN powders, conducted first in a 5% H»/N, reducing atmosphere in the
ascending temperature range. After it was cooled, the analysis environment was switched to air flow in the same ascending
temperature range. Reproduced with permission from [27] Copyright 2016, American Chemical Society.

[38] exhibited enhanced electrochemical performance and attractive redox stability in a 5000 ppm H,S-H,.
A-site deficient perovskite also showed high performance in solid oxide electrolyzer cell (SOEC) cathodes
[39]. Ni-anchored Lag 3Sro 7 TiO3_5 showed an approximately 20% better current efficiency than a bare
cathode under an applied voltage of 2.0 V at 800 °C. For titanate co-doped with Mn and Ni, Ni metal can be
exsolved to grow on the Mn-doped titanate [40]. This active catalyst showed the improved electrocatalytic
activity and Faradaic efficiency for CO, electrolysis. Additionally, electrical conductivity is enhanced by the
presence of metallic Ni. A great deal of research has been conducted recently on the exsolution for room
temperature electrocatalysis. Lag 4Sro.4Tip9O3.5 [41] perovskites decorated with Ni nanoparticle have been
reported to have catalytic activity in hydrogen evolution reaction (HER). This catalyst can work as a highly
efficient HER electrocatalyst in basic media. As a bifunctional effect in the catalyst, the Lag 4Sr.4Tip9O3.5
perovskite promotes the dissociation of water and generation of hydrogen intermediates (H,q4s), and the
exsolved Ni nanoparticles facilitate the adsorption of hydrogen intermediates and generation of H,. It was
also possible to exsolve bimetallic nanoparticles such as Ni-Fe in A-site deficient perovskites. Sun et al [24]
attempted to exsolve Ni-Fe bimetallic nanoparticles to improve the performance of a SOFC’s monometallic
anode, and they found that adding Fe helped to create more oxygen vacancies, and promoted the material
reducibility. Zhu et al [46] revealed that A-site deficiency is important to avoid B-site deficiency after
exsolution. In that study, the oxide phase in reduced Sr.95Tig 3Feq3Nig.0703.5 showed a well-ordered
perovskite structure, whereas the greater B-site deficiency in reduced SrTij 3Feq 63 Nig.0;03.5 resulted in a
highly disordered and strained structure. Among transition metals other than Ni, Cu also can be exsolved.
For example, (Lag 755r0.25)0.9(CrosMng 5)0.9Cug 1035 [42] can be used in CO; electrolysis by exsolving Cu on
the surface of the perovskite. They observed that the current efficiencies of 85% were obtained with
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Cu-decorated nanocatalysts for direct CO, electrolysis. Cu metal nanocatalysts were also effective in steam
electrolysis [43]. The polarization resistance of (Lag ,Sro.)0.9Tip.oCug 1 O3.5 [43] was improved to 1.5 £2 cm?
at 800 °C in hydrogen compared to 3 Q2 cm? for the bare sample. In addition, the current efficiency of the
Cu-anchored cathode is approximately 20% better than that of the bare cathode. Research on exsolution on
Ag was carried out to develop SOFC cathode materials. Zhu et al reported that the exsolved
S10.95A80.05Nbg.1 C00.903.5 [44] electrode was very active for oxygen reduction reaction (ORR), achieving a
very low area-specific resistance (~0.214 €2 cm? at 500 °C). In addition to high-temperature applications, Ag
has excellent catalytic activity in other energy storage and conversion applications. An Ag nanoparticle
modified (Lag gSr¢2)0.9sMnOs_5 [45] was used as a cathode in dye-sensitized solar cells (DSSCs), displaying
enhanced activity for the electrocatalytic triiodide (I5”) reduction reaction (IRR) in DSSCs as compared to
the Ag/perovskite hybrids synthesized by physical mixing and impregnation methods.

In addition to the non-stoichiometric approach for exsolution, studies on other variables have been
carried out to control B-site exsolution. These include altering factors such as lattice strain, electrical
polarization, and gas environment. Strain effect plays an important role in determining the degree of
exsolution. In this study of strain effect, a model system using epitaxial thin film is used. Tuning surface
strain involves controlling the substrate, mechanism compression, and cation doping. A recent study using
lattice strain [31] led to a high degree of nanoparticle exsolution. The epitaxial thin film was used to show the
relationship between lattice strain and exsolved metal nanoparticles. This study indicated that the
unidirectional lattice change in the strained thin film leads to a promotion of the nanoparticle nucleation
with a large population density. Thus, lattice strain-enhanced exsolution in thin films can be controlled by
adopting various lattice-mismatched substrates.

Another way to trigger exsolution is to apply a potential to the cell device [32-36]. Under reducing
conditions for a SOEC cathode, several studies demonstrated that B-site dopants of A-site deficient
perovskites can be exsolved to surface. It was confirmed for the first time that the Fe cation of
Lag 4Sro 4Feq 06 Tig.9405.97 [32] can also be exsolved. In a SOEC device with a Lag 43Cag 37Nig 06 Ti9.9403.5 [33]
electrode, a finely dispersed array of anchored metal nanoparticles was grown in a few seconds at 900 °C,
resulting in 2.75 A cm~2 at 1.3 V under an atmosphere of 50% water/N, gas, which is one of the highest
performance of SOEC reported so far. The figure compares the characteristics when the sample is reduced by
hydrogen versus a voltage-driven reduction, the latter of which was about two orders of magnitude faster
than conventional reduction, and more nanocatalysts were produced. Some of the reported perovskite-based
systems were used as the electrode for CO; electrolysis. Recently, Lag 43Cag 37Nig 06 Ti0.9403.5 and
Lag.43Cag 37Nig g3Feq.03 Tip.0403.5 perovskite electrodes were investigated to produce nanoparticles by
exsolution under voltage in CO, atmosphere [34]. The cells with the reduced Lag 43Cag 37Nig g6 Tip.9403.5 and
Lag.43Cag 37Nig 03 Feg 03 Tip.04 3.5 exhibited the current densities of 0.37 and 0.48 A cm™2 at 1.5 V in 100%
CO,, respectively. As reported by Ye et al, combining oxygen vacancies and exsolved catalytic nanoparticles
produces an active interface for electrocatalytic CO, reduction [35]. Gan et al reported that in situ grown Ni
nanoparticles on a (Lag 3Srg.7)0.9Tig.95Nig 0sO3.5 surface were enhanced by ~50% as compared to the bare a
cathode for CO, electrolysis [36].

2.3. Exsolution on double perovskite

Because of its oxygen vacancy channel and structural characteristics, the double perovskite (AA‘B,05 4.5)
exhibits excellent catalytic properties, such as fast surface oxygen exchange, rapid oxygen ion diffusion, and
high electrical conductivity [70, 71]. As shown in figure 6(b), the A and A° sites are ordered along the c-axis,
and oxygen vacancy is mainly formed in the A-site layer. In this regard, Sengodan et al reported

PrBaMn,0Os ;5 (PBMO) layered oxygen-deficient double perovskite as ceramic anode for direct hydrocarbon
SOEC [1]. The PBMO double perovskite was fabricated through a two-step sintering process.
Pry5BagsMnOs.;5 single perovskite with a mixture of cubic and hexagonal phases was synthesized in the air at
950 °C and then annealed in H, at 800 °C to fabricate the PBMO. The differential thermal analysis curve
indicated an exothermic peak at approximately 400 °C in the reducing atmosphere, indicating that the phase
transition from a single perovskite to a double perovskite occurred during the annealing process.

The phase transition under the reducing conditions leads to spontaneous exsolution without external
control such as A-site defects. Additionally, the oxygen vacancy formation on the [PrO,] layer also causes the
exsolution of B-site transition metals [51]. Following the DFT using the Vienna ab initio simulations package
(VASP) code, the double perovskite structure (—3.62 eV) has a much lower energy barrier for the exsolution
of B-site atoms than a single perovskite (—4.82 eV). Therefore, the crystal reconstruction of perovskite is a
favorable process for B-site cations exsolution. Indeed, MnO is known as having harder-to-reduce cations yet
is also exsolved from NdBaMn,Os ;s double perovskite under reducing conditions [48].

Furthermore, Kwon et al reported the contribution of various transition metals toward exsolution on a
PrBaMn, ;T¢30s s (T = Mn, Co, Ni, and Fe) double perovskite [47]. In their experimental results, Co, Ni,
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Figure 8. (a) Schematic image of co-segregation in the layered perovskite. Pr, Ba, Mn, T (Mn, Co, Ni, and Fe) and O atoms are
shown as grey, green, dark blue, purple and red, respectively. The inset red boxes indicate the co-segregation of B-cation with an
oxygen vacancy. (b) Comparison of the co-segregation energy with the dopant materials. (a) and (b) Reproduced with permission
from [47] Copyright 2017, Nature Publishing Group.

and Mn were exsolved from the double perovskite, but Fe showed no exsolution. Transition metals generally
have different degrees of reduction, however, the reducibility is not enough to explain the degrees of
exsolution. Because the exsolution is a complex phenomenon that occurs from the inside of the lattice to the
surface, the parent materials characteristics should be considered. The exsolution mechanism in the double
perovskite is best described as the formation of a Schottky-type defect, which can be expressed as:

TS, 4+ O 3 TO+ VY + Vi, (3)

where T3, is the B-site dopant in the Mn site with a zero net charge, Of is oxygen in the oxygen site with a
zero net charge, V¥’is the oxygen ion vacancy with a net charge of +2, and Vy,represents the cation vacancy
in the Mn site with a net charge of —2.

Therefore, the co-segregation energy of B-site transition metals with oxygen vacancies was introduced to
verify the exsolution trends in the double perovskite. As shown in the schematic image (figure 8(a)), the
B-site cations co-segregate with nearby oxygen toward the surface. Based on the Mn used as host cation, Co
and Ni have higher co-segregation energy, and Fe has lower co-segregation energy, which is well supported
by experimental results (figure 8(b)). Meanwhile, PrBaMn; 7Co¢ 305 45 and PrBaMn, 7Nig 305 45 with
exsolved metal nanoparticles show higher electrochemical performance than PrBaMn,0s | s and
PrBaMn,; ;Fe; 305 5 with exsolved oxide nanoparticles. This is because the exsolved metal nanoparticles
have excellent catalytic activity for fuel oxidation [15, 72]. Additionally, no significant degradation was
observed at a constant voltage of 0.6 V at 700 °C in C3H; fuel, meaning that the double perovskite with
exsolved metal nanoparticles has a high carbon coking tolerance in a hydrocarbon atmosphere.

Various catalyst design studies have been conducted based on the exsolution trends in the PBMO double
perovskite. First, Co and Ni were co-doped on the Mn site of PBMO to investigate an alloy exsolution [49].
Since Co and Ni have higher co-segregation energies than Mn, both were expected to exsolve in the
PrBaMn; ;Co 1Nip ;05 +5 (PBMCNO). As shown in the high-angle annular dark field (HAADF) image of
PBMCNO with energy-dispersive x-ray spectroscopy elemental mapping images (figure 9(a)), Co and Ni
coexist on the surface of PBMCNO, which indicates that Co-Ni alloy nanoparticles are exsolved after
reduction at 850 °C in H,. The lattice distance of the alloy nanoparticle is 0.127 nm (figure 9(d)), which is
consistent with the lattice spacing of the (220) planes of the Co-Ni metal alloy.

It is reasonable to think that to form exsolved Co-Ni alloy nanoparticles, the aggregation of two doped
B-site cations and the segregation to the surface should occur under a reducing atmosphere. Thus, two
possible mechanisms, ‘bulk alloy formation’ and ‘surface alloy formation’, were considered to understand the
alloy exsolution mechanism. During bulk alloy formation, Co—O, (oxygen vacancy)-Ni aggregation occurs
in the bulk of PBMCNO, after which Co—O,—Ni segregates toward the surface. On the contrary, in the
surface alloy formation, after Co—O,—Co and Ni—O,—Ni segregate to the surface, two metals with oxygen
vacancy aggregate on the surface of PBMCNO. The Gibbs energies of aggregation in the bulk (bulk alloy
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Figure 9. (a) High-angle annular dark-field (HADDF) image of PBMCNO with the EDS elemental map of Pr, Ba, Mn, Co, Ni,
and O. (b) A bright-field (BF) TEM image and (c) the high-resolution (HR) TEM image of PBMCNO. (d) Magnified HR TEM
image of exsolved Co-Ni alloy nanoparticles. (a), (b), (c), and (d) Reproduced with permission from [49] Copyright 2018, The
Royal Society of Chemistry.

formation) and at the surface (surface alloy formation) are 0.02 eV and —0.01 eV, respectively,
demonstrating that surface alloy formation is thermodynamically more favorable. The in-situ x-ray
diffraction (XRD) results also confirmed that after the metallic Co located at 44.25° and the metallic Ni
located at 44.7° were observed at 700 °C under an H, atmosphere, the two peaks combined to form a single
peak at a temperature above 750 °C. To illustrate the notable improvement in the catalytic activity of the
exsolved Co-Ni alloy, the dry reforming of methane was conducted at 800 °C-900 °C in a fixed-bed reactor.
The CO; conversion of PBMCNO with Co-Ni alloy nanoparticles is almost four times higher than that of
PBMO with MnO nanoparticles at 900 °C, which verifies that the exsolved Co-Ni metal alloy improves the
catalytic activity for hydrocarbon oxidation.

In the general exsolution process, significant amounts of cations remain in the host bulk during the
reduction process due to the limited diffusion rate of metal cations [62, 73]. In addition, the exsolution can
cause structural instability because of excessive cation loss in the host material [74]. A recent study was
conducted to increase the number of exsolved nanoparticles and stabilize the bulk using the exsolution trend
and topotactic ion exchange [50]. The topotactic ion exchange is a solid-state reaction that reorganizes the
cation locations [75, 76]. As mentioned previously, exsolution in stoichiometric double perovskite
(AA‘B,.,C,Os 4 5) leaves B-site vacancies. In contrast, topotactic ion exchange maintains stoichiometric
double perovskite without B-site vacancies after exsolution, which is illustrated by the following equation.

AA‘By_4COs45 +xG — AA'B;_G;O545 +xC (4)

where AA‘B,_,C,Os, 5 represents the stoichiometric double perovskite, xG represents the quest cation,
AA‘B,_,G,Os 4 srepresents a new double perovskite without B-site vacancy, and xCrepresents the exsolved
metal.

In the study of topotactic ion exchange, PrBaMn; 7Coy 305 ;5 and Fe were selected as the host oxide and
the guest cation, respectively. This is because Co (—0.55 V) had higher co-segregation energy and Fe
(—0.15 eV) had lower co-segregation energy than Mn (—0.47 eV) [47]. As a result of the topotactic ionic
exchange between Co and Fe during the reduction process (figure 10), Fe entered the host material and Co
exsolution occurred without B-site vacancies. To demonstrate the topotactic ion exchange process between
host cation (i.e. Co and Mn) and guest cation (i.e. Fe), DFT calculation was conducted. The calculation of
incorporation energy between B-site cations indicated that Co<>Fe (—0.41 eV) is thermodynamically more
favorable than Mn<>Fe (0.22 eV). Therefore, as the amount of Fe guest cations increased, more Co cations
were exsolved to the surface of the host material. The number of exsolved nanoparticles was thus verified to
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Figure 10. Schematic of exsolution process with and without topotactic ion exchange. Reproduced with permission from [50]
Copyright 2019, Nature Publishing Group.

increase with the amount of guest Fe cations owing to the topotactic ion exchange, which greatly improved
the electrochemical performance of the SOFC anode. The topotactic ion exchanged anode showed a
maximum power density of 1.834 W cm~2 in humidified H,, achieving the highest performance among the
various recently developed SOFC anodes using exsolution [52, 77, 78].

2.4. Exsolution on Ruddlesden—Popper (RP) type perovskite

RP type perovskites have been widely researched as catalysts that can provide interesting physical and
electrochemical properties because of their dimensionality effects and unique structure [79-82]. The RP
structure consists of alternating perovskite and rock salt layers, which leads to fast ionic and electronic
transport [83]. However, the conventional methods for fabricating RP perovskites require relatively high
sintering temperatures (> 1350 °C), which reduces specific surface area and catalytic activity. To decrease the
sintering temperature, Yang et al utilized the phase transition of perovskite in a reducing atmosphere [52]. As
a result of the reduction process, RP type perovskite (Prg 4Sro¢)3(Fe.s5Nbg 15),07 with a Co-Fe alloy was
formed from Prg 4SrysCog,Fep ;Nbg 1035 cubic perovskite. As with the double perovskite, exsolution occurs
simultaneously with phase transition from the single perovskite to the RP type perovskite under the
reduction process [54, 56, 84, 85].

Furthermore, Du et al reported the phase transition of perovskite with the exsolution in detail [53]. As
shown in figure 11, the Sr,FeMog ¢5Nig 35065 (SFMNI) perovskite is reduced to a Sr3FeMoQOj7.5 RP phase, a
SrFe;,Mo,0;_s cubic phase, and a Ni-Fe metallic alloy. The RP phase is a Sr3FeMoOj_s layered perovskite
(A3B,05), consisting of the two layers of SrFe s Moy 503.5 cubic perovskite (ABO3) between the rock salt
(AO) layers. The phase transition of the SFMNIi can be expressed as:

. 1 1 1 . 1
SrzFeMOo_65Nlo_35O6_5 — ESI'F€047M00.3O3_5 + ESI’3F€MOO7_§ —+ §F€1_2N12_8 + 502 (g) (5)
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permission from [53], Copyright 2016 American Chemical Society.

Table 2. Characterization techniques for the study of exsolution.

Techniques Depth resolutions  Description

Low-energy ion scattering (LEIS) 1-2 atomic layers  Elemental composition and lattice arrangement at the
outmost layer

Auger electron spectroscopy (AES) Several nanometers Elemental composition of material surface

Scanning electron microscopy (SEM) Several nanometers Microstructure and morphology

X-ray photoelectron spectroscopy (XPS)  Several nanometers Elemental composition and electronic state

Transmission electron microscopy (TEM) Atomic-scale Local elemental distribution with laterial resolution at
the surface

Atomic force microscopy (AFM) Several nanometers Surface morphology

The transformed SFMNi anode with exsolved Ni-Fe alloy exhibited high catalytic activity toward the H,
and CH,4 oxidation. In addition, a single-cell with an SEMNi anode showed no detectable degradation under
a constant current density of 0.2 A cm ™2 in CHy, indicating good carbon coking tolerance of the ceramic
anode.

The RP perovskites have excellent phase stability and reversibility under a redox cycle [55, 57-59]. Chung
et al [55] reported that RP structure of La; ,SrgsMng 4FeysO4 (RPLSMF) and in situ B-site exsolution of Fe
metal was obtained by in situ reduction of Lag ¢Srg 4Mng ,Fey sO5 (LSMF) single perovskite. In the XRD
results, the RPLSMF with Fe metal returned to the LSMF with no detectable secondary phase after
re-oxidation in air. When the re-oxidized material was annealed again under the hydrogen atmosphere, the
RPLSMF of the same composition as the first reduced sample was reconstituted, confirming the reversibility
of phase transition during the redox cycle.

3. Characterization techniques of exsolution

The advanced characterization techniques are essential to identify the origin of exsolution and control its
properties since exsolution occurs within a few nanometers. In recent years, the technological development
of the analysis tool has been intensively improved, so in this part, a brief overview of the tool analyzing the
exsolution is provided and summarized in table 2.

Low-energy ion scattering (LEIS) spectroscopy is a technique that can detect the composition and
structure of the outmost surface. The observation range of LEIS reaches one or two atomic layers of the
surface, which is one of the most precise surface analysis methods. Using the primary ion beam, the
information on composition, element, and lattice arrangement can be obtained from the energy difference
with the reflected primary ion beam. For example, Kilner’s group studied surface chemistry of
perovskite-based materials using LEIS [86]. They found that removal of the Sr-rich surface layer from
Lag ¢Sr9.4Co05_s could reduce the polarization resistance. Comprehensive studies have shown that LEIS
appears to be a very useful characterization tool for analyzing the phenomenon of exsolution by providing
profiling of elemental distribution in the near-surface regions of the perovskite oxides [86, 87].

Auger electron spectroscopy (AES) is a surface analysis technique that uses a high-energy electron beam
to probe the composition of the material surface. This analysis technique collects information by detecting
electrons emitted from higher energy levels called Auger electrons. Since this information includes the
average of several atomic layers, exsolution information can be obtained in combination with depth
profiling. Also, scanning electron microscopy (SEM) has been widely used to analyze surface morphology.
This is one of the most intuitive devices to view particles after forming exsolved particles. Joo et al analyzed
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by comparing the change in the number of exsolved particles of the SEM images to examine the correlation
between the number of exsolved particles and electrochemical performance [50].

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic technique that
measures elemental composition, empirical formula, chemical state, and electronic state. The basic use is to
obtain the oxidation state of B-site cation. Therefore, the metal nanoparticles exsolved on the surface and the
cation state bound to oxygen in the bulk can be distinguished, thereby enabling quantitative analysis such as
metal-cation ratio [88]. For example, it has been found that Ni is not present in the outermost atomic layer
in the low-index (110) and (001) faces of a single crystal of La; 7Sr933NiO4 15 through a combination of
analytical techniques with LEIS and XPS [87]. Recently, research on surface chemistry has been conducted
through in situ XPS. Shao-Horn’s group analyzed the surface of La;.,Sr,CoOs_; thin film during heating and
cooling cycles and found that the surface structure and chemistry are closely related to temperature [89].

Transmission electron microscopy (TEM) is an optical device where the electron beam passes through a
specimen to create an image. Since the specimen is fixed on the grid and has a very thin thickness of 100 nm
or less, electrons pass through interaction with the specimen. Energy-dispersive x-ray spectroscopy (EDS) is
used for elemental and chemical analysis of samples. The combined use of TEM and EDS can provide
information on local structures and compositions on surfaces, which can be very powerful tools for studying
exsolution.

Atomic force microscopy (AFM) is a scanning probe microscope that uses the force between a probe and
a sample surface atom. The surface image of the sample is formed by monitoring the change in the reflected
laser caused by the tip bending as the tip scratches the surface. AFM does not require the conductivity of the
sample nor the pretreatment of the sample which are required in SEM, therefore it can be used for analyzing
various materials. Dragos et al have analyzed the dimension of exsolved particles by etching the sample
surface [10].

4. Applications of exsolution

The exsolved nanoparticles on perovskite oxides have been intensively studied in the area of catalysis,
electrocatalysis, and photocatalysis owing to their high catalytic properties and durability [39, 42, 50]. In
particular, since the exsolution occurs in the reducing atmosphere at high temperatures, it has been widely
used to design electrode materials in solid oxide cell (SOC) operated at 700 °C-850 °C [47, 49]. Exsolved
metallic nanoparticles provide an excellent catalytic active site for fuel oxidation reaction in the SOC [47]
and CH,4 conversion in the dry reforming reaction [50]. Besides, the exsolved composite oxides act as a
superior catalyst for the HER, ORR, and oxygen evolution reaction (OER) [41, 90, 91]. Jiang et al reported
that the improvement in electrochemical performance is mainly caused by the strong interaction and the
electron transfer between the host perovskite oxide and exsolved metal nanoparticle [91]. In the
photocatalysis, the exsolved metal nanoparticles are plasmonically active under visible light illumination,
enhancing photocatalytic activity and the visible light absorption [92-94]. Excited free electrons within
metal nanoparticles can be directly injected into the conduction band of perovskite oxide because of intimate
contact between the metal and oxide, which participates in water reduction reactions to produce

hydrogen [94].

5. Conclusion and outlook

Transition metal exsolution is a promising technique for designing catalysts in electrocatalysis and renewable
energy. In the exsolution process, the metal cations exsolve from the parent oxide lattice to the oxide surface
under a reducing atmosphere. Exsolved metal nanoparticles have high durability because of their unique
feature of being socketed into the parent oxide surface. To understand the exsolution phenomena, parent
oxide characteristics should be considered because the degree of exsolution is closely related to the oxide
structure. Perovskite oxides (ABO3) based materials have been mainly researched as the parent oxides for
exsolution because of their excellent compositional structural flexibility. There are various structures in the
perovskite oxides, each of which has a different main driving force for exsolution. In a single perovskite,
harder-to-reduce cations can be exsolved by A-site deficiency of the perovskite, whereas in double and RP
perovskites, phase transition under a reducing atmosphere spontaneously leads to exsolution without
additional control. Those phenomena are demonstrated by advanced characterization techniques such as
LEIS spectroscopy, AES, XPS, SEM, AFM, and TEM.

Until now, the exsolution phenomena in perovskite oxides have been widely studied, but there are still
some fundamental open questions, such as how to maintain stable structure while the composition of the
perovskite oxide changes from the stoichiometric to non-stoichiometric in the exsolution; what is the depth
at which the exsolution occurs; how to achieve real time observation of the exsolution under operando
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conditions (e.g. the SOC operating atmosphere). Therefore, in-depth understanding of exsolution and
well-controlled experimental conditions with the advanced characterization techniques are required to
unravel the scientific questions. These studies may provide significant insights into fundamental
understanding of exsolution as well as the exploration of perovskite-based catalysts at various operating
conditions of energy devices.
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