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Sr Segregation in Perovskite Oxides:
Why It Happens and How It Exists
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Among the phenomena related to the surface rearrangement of cations in
perovskite-based oxides, A-site cation enrichment, Sr in particular, near the surface has been frequently observed. Upon annealing in an oxidizing atmosphere,
Sr is often enriched on the surface as compared with the bulk composition of the
material, which eventually forms Sr-rich phases or rearranges the crystal structure of the surface. This Sr segregation changes the structure and composition
of the perovskite surfaces and thus affects the stability of the materials and the
reactivity with gas phases. In this regard, many studies have been carried out in
the field of solid oxide electrochemical cells (SOCs). In this review, we summarize the latest research efforts on Sr segregation in perovskite-based SOC O2
electrodes, with a focus on how excess Sr is present. We then discuss the origins
of Sr segregation and suggest strategies for suppressing it to realize high-performance perovskite-based O2 electrodes.
Introduction
Complex oxides composed of many different cations typically accommodate a
range of stoichiometries and crystal structures, and thus exhibit a wide spectrum
of properties according to changes in ionic radii, oxidation states, and coordination
configurations of the constituent or dopant cations. Perovskite oxides with a chemical formula of ABO3 are a representative example of this type of complex system. In
the ABO3 structure, ‘‘A’’ and ‘‘B’’ sites are occupied by two types of cations that are
considerably different in size. The larger A-site cation, on the corners of the lattice, is
usually an alkaline earth or rare-earth element, and the smaller B-site cation at the
center of the lattice could be a 3d, 4d, or 5d transition metal element. A large number of metallic elements can thus be embedded in the perovskite structure. In addition, the ideal cubic crystal can be readily transformed to tetragonal, orthorhombic,
and rhombohedral by slight distortion or buckling. Therefore, perovskite oxides are
an important class of functional materials that can realize a variety of attractive properties, including ferroelectricity, piezoelectricity, dielectricity, ferromagnetism,
magnetoresistance, multiferroics, superconductivity, and even catalysis, and are
the basis for many existing electronic, electro-optical, electromechanical, and catalytic applications.1–10
Normally, in these complex oxides a loss of symmetry at the surface relative to the
bulk induces a redistribution of cations, and therefore a specific cation accumulates
selectively at oxide surfaces. This phenomenon, commonly referred to as cation
segregation, notably alters the composition and structure of the oxide surface (or
area near the surface), and this can have important (and often deleterious) effects
on the overall surface properties of the materials. In particular, it has been frequently
reported that the performance of electrodes or catalysts composed of perovskite
oxides operating at high temperatures is strongly dependent on the cation
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Context & Scale
Solid oxide electrochemical cells
(SOCs) are a promising energy
storage/conversion device that
can store energy in the form of
chemical fuels (electrolysis mode)
or convert fuel to electricity (fuelcell mode) with a remarkably high
efficiency. A challenge to SOC
development is the degradation
of perovskite-based O2
electrodes, primarily due to Sr
segregation on the electrode
surfaces at high operating
temperatures. Despite many
efforts, practical solutions have
not yet been proposed to inhibit
Sr segregation.
In this review, we classify recent
discoveries of formations and
structures of Sr segregation on
perovskite surfaces, which allow
us to clarify what Sr segregation is.
We then reinterpret the research
findings reported thus far to
elucidate microscopic and
macroscopic aspects of the
segregation driving forces. The
insights from this discussion
present strategies to control Sr
segregation and suggest new
directions to be taken in the future
to design the ideal O2 electrode.

segregation.11–32 A typical example is the surface chemical evolution of perovskitebased electrodes used in solid oxide electrochemical cells (SOCs), a next-generation
energy conversion device. When perovskite oxides have been annealed in an
oxidizing atmosphere, A-site cation segregation, Sr in particular, has frequently
been observed on the surface, and Sr segregation has been suggested as a major
reason behind the chemical instability of perovskite oxide surfaces and the corresponding performance degradation of SOC electrodes.11–26 In recent years, to
further improve device performance, research to identify the origins of this segregation phenomenon and to control the degree of cation enrichment has greatly
advanced, and these tasks are among the central themes in current SOC electrode
research.33–38
In this review, we summarize the latest research efforts to understand Sr segregation
of perovskite-based electrode materials. Instead of presenting a comprehensive discussion of cation segregation at the perovskite oxide surface, which has already
been summarized in earlier reviews,39–41 we limit the topic to surface Sr excess in
perovskite-based O2-electrode materials for SOCs, and provide an in-depth discussion of the atomic level origins of this phenomenon. For this purpose, surface Sr
segregation will clearly be defined, and its specific formations and structures
observed so far will be clarified. We will also reinterpret the reported computational
and experimental results, including our own findings, and extract the key driving
forces that are common to them. Finally, based on this discussion and the insight
it provides, we will present strategies to control the degree of Sr segregation and
suggest new research directions that should be considered to achieve further ideal
SOC O2 electrodes.
Surface Cation Segregation in Perovskite Oxide
Since the surface of solid crystals is created by cleaving the bulk structure along a
certain direction, surface atoms have lower coordination numbers than the bulk
atoms. The exposed surface breaks the structural symmetry, which allows surface
atoms generally to have different atomic arrangements compared with bulk atoms.
This results in different levels of stability (e.g., free energy) between the surface and
the bulk, and thus there exists a driving force to redistribute the surface atoms. With
regard to perovskite oxides, because they contain many cations with different ionic
characteristics, the surface redistribution typically involves some degree of enrichment or depletion of certain cations compared with the bulk composition. This
segregation of constituent or dopant cations of the perovskite surface has been
observed frequently and is known to have a strong influence on the surface composition and microstructure of the materials.
Let us consider briefly the processes of cation segregation (Figure 1A). First, the
enrichment of particular cations will occur at the outermost surface while the original
perovskite structure is maintained. In this case, atomic rearrangement may occur at
the outermost surface by competition between different cations within the same site,
or by competition between the A-site cation and the B-site cation: this latter situation
is also described as surface termination. Then, when the cations accumulate to a
level over the solubility limit, phase separation will take place. If the driving force
of the segregation is large enough or the kinetic barrier of the phase separation is
small enough, large clusters of the secondary phase can be created. Indeed, the
extent of the segregation depends on the material composition and on the external
conditions (i.e., temperature, oxygen partial pressure, electric field, etc.); typically,
however, the segregation occurs more dynamically at higher temperatures, at which
cations are more mobile in the crystal lattice and the rates of cation diffusion and
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Figure 1. Surface Microstructure of Cation Segregation
(A) Schematic images of the surface cation segregation processes.
(B) The morphological and chemical evolution of the NH 4 F buffered HF solution treated single-crystal (001)-SrTiO 3 substrate surface after annealing at
1,300  C for 2 hr, 12 hr, and 72 hr in air, respectively, by atomic force microscopy (AFM). Reprinted from Bachelet et al., 42 with permission. Copyright
2009, American Institute of Physics Publishing.
(C) The surface topological images by AFM of annealed (001)-La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O3d (LSCF) thin films at 800  C for 10 hr in air on single-crystal (110)NdGaO 3 (NGO), (001)-SrTiO3 (STO), and (110)-GdScO 3 (GSO) substrate, respectively. The surfaces of each sample are covered by secondary-phase
precipitates. Reprinted from Yu et al.,36 with permission. Copyright 2016, American Chemical Society.

precipitate nucleation/growth are faster.24–26,33–38,42–46 Good examples are found
in reports on the surface evolution according to heat treatment of an SrTiO3 single
crystal with atomically flat surfaces. Bachelet et al. annealed a fully TiO2-terminated
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(001) SrTiO3 single-crystal sample obtained via sophisticated chemical treatment at
1,300 C in air. As the annealing time increased from 2 hr to 12 hr and 72 hr, the ratio
of SrO in the termination layer also increased from 0% to 50% and 100%, respectively
(Figure 1B). They explained that this selective SrO termination was the result of thermally induced exdiffusion of Sr from the bulk.42 On the other hand, SrO clusters on
the surface of a single-crystal SrTiO3 began to be observed when annealing proceeded at higher temperatures or when surface termination was not perfectly
controlled with many defects.43 Likewise, cation segregation phenomena have
frequently been observed in materials used for devices operating at high temperatures. For the perovskite-based electrodes used for high-temperature fuel cells,
electrolyzers for hydrogen production, and O2 permeation membranes, specific
A-site cations such as Sr2+, Ba2+, Pb2+, and La3+ tend to segregate to the surface
upon annealing.11–38,44,46,47 Yu et al. investigated Sr-related precipitates on the surface of strain-controlled La0.6Sr0.4Co0.2Fe0.8O3d epitaxial thin films after annealing
at 800 C for 10 hr in air, as shown in Figure 1C.36 Szot et al. observed Ba excess on
the outermost surface of BaTiO3 samples after these were annealed at 950 C for 5 hr
in air.47 Borca et al. also reported that precipitates of a Pb-rich phase formed on the
surface of La0.65Pb0.35MnO3d thin films after heat treatment at 520 C for several
days.31 This phenomenon, whereby the surface is enriched with a certain type of
A-site cation, has been observed not only in a simple perovskite structure but also
in derivatives of such a structure (e.g., double perovskite [GdBaCo2O5+d], Ruddlesden-Popper [La2NiO4+d], Aurivillius [Bi2MoO6 and Bi2O2 (An1BnO3n+1)], among
others).30,48,49
In addition to A-site cations, surface enrichment of B-site transition metals and subsequent phase separation have been reported. Upon high-temperature reduction,
some transition metals dissolved in the lattice in an oxidizing atmosphere can be
partially reduced and decomposed into nanosized metallic particles on the oxide surface. This in situ synthesis process of metal nanoparticles supported on an oxide host
can be considered as one type of partial reduction/oxidation phenomenon of typical
complex oxides50 and is referred to as redox ex-solution. Compared with traditional
nanoparticle synthesis and dispersion techniques, this process is faster and more
cost-effective and allows finer and better particle distribution. More importantly,
its reversibility indicates that the agglomeration of particles can be avoided through
reoxidation, significantly enhancing the lifetime of the supported nanoparticles when
they are used as a catalyst. Therefore, this process has attracted a great deal of attention recently in the fields of catalysis and renewable energy.27,39–41 In summary, it is
obvious that a variety of cations can be segregated on the surface of the perovskite
oxide. Among them, however, the most widely known is surface Sr excess upon hightemperature oxidation, which is the subject of this review.
Effect of Sr Segregation on Perovskite Oxide Electrode for Solid Oxide
Electrochemical Cells
As an environment-friendly future energy technology, SOCs have attracted considerable attention. SOCs are a general class of electrochemical devices using a solid
oxide electrolyte, in which energy can be either stored in the form of a chemical
fuel (electrolysis mode) or converted into electricity (fuel-cell mode). Typically,
both modes of SOC operation exhibit remarkably higher efficiency compared with
other related electrochemical devices. Moreover, they use an electrolyte that is an
oxygen-ion conductor, providing much greater fuel flexibility than low-temperature
devices based on proton-conducting electrolytes.51–59 Thus, SOCs can operate
in separate modes and also actively respond to dynamically changing energy demand and supply, especially in combination with renewable energy. However, a
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long-standing bottleneck with regard to the commercialization of SOC technology is
the high costs associated with cell fabrication and operation, largely attributed to
the high operation temperature, which is typically in the range of 800 C–900 C.
Over the past decade, considerable progress has been achieved in lowering this
temperature (%700 C), allowing us to reduce cost by using metallic interconnects
and compressive nonglass/ceramic seals and to extend the lifespan by weakening
chemical and mechanical degradation.55 Nonetheless, the electrochemical resistance of an O2 electrode increases rapidly at a lower temperature due to the high
activation energy of the oxygen reduction/evolution reaction (ORR/OER). Thus,
the development of high-performance O2 electrodes has remained a tremendous
challenge. For a comprehensive review of SOCs, please refer to other works in the
literature.39–41,51,53–59
The key requirements for excellent O2-electrode materials are as follows: they need
to have high electronic and ionic conductivity, as well as favorable electrochemical
reactivity toward ORR/OER. They also need to be stable for long duration in a
high-temperature oxidizing atmosphere. In this respect, perovskite-based oxides
can be good candidate electrodes, and many of the following compositions are
actively used as SOC electrode materials: (La,Sr)(Co,Fe)O3d,60–63 (La,Sr)(Mn,Fe)
O3d,13,64–66 (Ba,Sr)(Co,Fe)O3d,5 Pr(Ba,Sr)(Co,Fe)2O5+d,14 and Sr(Ti,Fe,Ni)
O3d.21,67 However, the chemical instability of their surfaces, particularly at elevated
temperatures (>600 C), leads to severe degradation of the electrode performance
over time. Surface cation segregation has recently been suggested as the key reason
for the instability of perovskite-based electrode surfaces. Upon annealing in an
oxidizing atmosphere, A-site cation segregation near the electrode surface has
been widely reported. In particular, most electrode materials showing excellent
initial performance contain Sr at the A site, and there are many reports that surface
Sr segregation is closely related to the deterioration of SOC electrode performance.11–26 For example, Cai et al. reported that the polarization resistance of the
La0.6Sr0.4CoO3d electrode increases by up to two orders of magnitude at 600 C
within 72 hr, and correlated this with Sr segregation as shown in Figure 2A.11 Pan
et al. investigated the correlation between surface Sr segregation and performance
in terms of time and temperature under open-circuit voltage conditions, suggesting
that Sr segregation causes degradation of the La0.6Sr0.4Co0.2Fe0.8O3d electrode.15
Rupp et al. observed the deactivation of the La0.6Sr0.4CoO3d thin-film electrode
during the deposition of SrO in real time (Figure 2B).18 Huber et al. reported that
the deterioration of the surface activity of the La0.8Sr0.2MnO3d electrode was due
to changes in the surface composition caused by Sr segregation.16 Jung and Tuller
also observed a significant reduction in the polarization resistance of the
SrTi1xFexO3d (x = 0.5 and 1.0) thin-film electrodes by chemically etching the Sr-enriched layer, and therefore confirmed that the segregated SrOx serves as a passivation barrier for oxygen exchange (Figure 2C).21 Most Sr-rich precipitates (e.g.,
SrO, SrCO3, or Sr(OH)2) produced as a result of severe Sr segregation are dielectrics.
Thus, if they cover the perovskite surface, it is expected that electrochemically active
sites will be passivated. However, in many cases the deterioration of the oxygen exchange rate and/or electrode polarization resistance of the Sr-segregated electrodes is much more severe (even sometimes more than a few orders of magnitude)
than the surface coverage of the apparently observed Sr-excess clusters. Therefore,
it should be emphasized that we cannot simply accept the direct correlation between the degree of surface Sr enrichment and the reactivity of the perovskite oxide
surface. Despite some reports of surface Sr enrichment acting as a tunneling barrier
for electron transfer or altering the electronic structure of the perovskite surface,17,68
no consensus has yet been reached. Therefore, identifying the exact effect of Sr
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Figure 2. Correlation between Cation Segregation and Solid Oxide Electrochemical Cells Electrode Performance
(A) Surface polarization resistance, R s , of La 0.6 Sr 0.4 CoO 3d films deposited by pulsed laser deposition (PLD) at 450  C (LSC_450  C) and 650  C
(LSC_650  C). R s was measured by impedance spectroscopy at 600  C in air before and after HCl etching. After etching, LSC_650  C degrades much faster
than LSC_450  C, qualitatively similar to the case in the first 72 hr of annealing before etching. Reprinted from Cai et al., 11 with permission. Copyright
2012, American Chemical Society.
(B) Evolution of the impedance spectra of the La 0.6 Sr 0.4 CoO 3d (LSC) thin-film electrode during the deposition of Sr. The impedance spectra were
measured in situ at 450  C and pO 2 = 5 3 10 1 mbar. The legend shows the total number of laser pulses after which the impedance spectra were
recorded (left). The authors assumed a process of decreasing surface activity by SrO coverage (right). Reprinted from Rupp et al., 18 with permission.
Copyright 2017, Springer Nature.
(C) Temperature-dependent surface polarization resistance, R STF , of SrTi1x Fe x O3d (STF100x, x = 0.5 and 1.0) thin-film electrodes before (black square)
and after (red triangle) etching, and after subsequent annealing at 650 C for 5 hr (brown star). Reprinted from Jung and Tuller, 21 with permission.
Copyright 2012, Royal Society of Chemistry.

segregation on the inherent reactivity of the perovskite oxide surface is considered a
key research topic in related fields. This requires techniques to precisely control and/
or analyze the composition and structure of the outermost surface while evaluating
the catalytic response of the oxide surface. A detailed analysis of the secondaryphase species on the surface and of the interface between the secondary phase
and the host oxide is also required.
Surface Sr Segregation Phenomena
As mentioned above, this review focuses on the Sr segregation occurring on the surface of perovskite-based electrode materials at elevated temperatures. To establish
a basis for understanding the origins of this segregation, we will first summarize the
results observed so far in studies related to Sr segregation. In particular, we will
discuss exactly what surface Sr segregation means and how a Sr-segregated layer
is present.
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Figure 3. Depth Profile of Sr Segregation
(A) Depth-dependent chemical composition obtained for SrTi 0.5 Fe 0.5 O3d (STF50) film on Y 2 O 3 -stabilized ZrO2 (YSZ) by X-ray photoelectron
spectroscopy (XPS). The amount of Sr with respect to the other component cations (Ti and Fe) decreases as a function of depth and nearly reaches the
stoichiometry composition of perovskite. Reprinted from Jung and Tuller, 21 with permission. Copyright 2012, Royal Society of Chemistry.
(B) Depth-dependent chemical composition obtained for (La 0.5 Sr 0.5 ) 2 CoO4+d (LSC50) films with (001) orientation (top) and (100) orientation (bottom) by
low-energy ion scattering. The depth profiles demonstrate the surface and near-surface restructuring by Sr segregation of as-prepared and heattreated samples. The heat treatment was done at 400  C and 500  C, respectively for 10.25 hr. Reprinted from Chen et al.,24 with permission. Copyright
2015, American Chemical Society.

Terminology Definition
Before looking at it in detail, we need to clearly define the term ‘‘segregation.’’ In
fact, ‘‘segregation’’ is a word that refers to the enrichment of atoms, ions, or molecules at a microscopic region in a materials system and is often assigned slightly
different meanings in various fields. However, ‘‘equilibrium segregation,’’ depicted
in earlier classical theories (i.e., Gibbs Adsorption Isotherm or Langmuir-McLean
Isotherm), refers only to the partitioning of a solute or defect to a surface or grain
boundary in a single phase.69 In this case, if the addition of a solute or defect to a
system lowers the surface energy of the oxide/gas interface, the species will segregate preferentially toward the surface. Thus, the surface we referred to here is a
Gibbs’ ideal model interface, and in this case the segregation represents a solute
excess only at the outermost surface.
On the other hand, the expression ‘‘Sr segregation,’’ which is mainly referred to in
high-temperature electrochemical applications, often involves an appreciable degree of Sr excess and the resulting formation of secondary phases near the perovskite-related oxide surface.11–26,33–38,42–45,70–84 For example, Jung and Tuller reported that the depth of a heavily Sr-enriched region in SrTi1xFexO3d (x = 0.5
and 1.0) thin-film samples extends to about 10 nm from the surface, as shown in Figure 3A.21 Szot et al. also observed that the outermost surface of SrTiO3 was reconstructed to form SrO-rich phases.70,71 Lee et al. observed SrO islands appearing on
the surface when Sr-doped LaMnO3 thin film was heat treated.35 Niania et al. reported that Sr-containing compounds precipitated as a result of decomposition at
the La0.6Sr0.4Co0.2Fe0.8O3d surface.44 Similarly, Chen et al. verified by low-energy
ion scattering (LEIS) analysis that the area showing the inhomogeneity of the composition of a (La0.5Sr0.5)2CoO4+d thin film has a depth of about 5 nm from the surface
(Figure 3B).24 These observations extend beyond the selective segregation of a solute on the outermost surface defined in the classical theories. Therefore, the term
‘‘Sr segregation’’ used in this review broadly refers to the phenomenon of considerable Sr accumulation near the surface, and the term will be used synonymously with
terms such as ‘‘Sr excess’’ and ‘‘Sr enrichment.’’
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Figure 4. Various Formations and Structures of the Sr-Segregated Layer
(A) High-resolution transmission electron microscopy (HRTEM) image of the interface between (100)-oriented Sr 0.95 La 0.05 TiO 3 single crystal and a SrO
precipitation. Reprinted from Meyer et al., 74 with permission. Copyright 2002, Springer Nature.
(B) Comparison of the band gap (left) and band edges (right) at the surface measured by scanning tunneling spectroscopy (STS) for SrTi 1x Fe x O 3d
(x = 0.35 and 1.0) thin films as a function of Fe content. STS analysis confirms that the segregated Sr phase exists in the form of SrO x . The STS was
measured at 345  C and pO2 = 1 3 10 3 mbar. Reprinted from Chen et al., 17 with permission. Copyright 2012, Royal Society of Chemistry.
(C) HRTEM images of the interface between the perovskite matrix and a Ruddlesden-Popper (RP) region in SrO-doped SrTiO 3 . GB, grain boundary. The

arrows indicate RP region. Reprinted from Sturm
et al., 88 with permission. Copyright 2000, Materials Research Society.
(D) X-ray photoelectron spectroscopy (XPS) results of base La 0.8 Sr 0.2 CoO 3d film, after Sr decoration with 1,000 laser pulses by pulsed laser deposition,
and after heat treatment at 510  C for 4 hr at pO 2 = 1 atm. Reprinted from Mutoro et al., 23 with permission. Copyright 2011, Royal Society of Chemistry.

Moreover, we will consider not only the surface rearrangement of the Sr cation
as an aliovalent dopant with an effectively negative (or positive) charge (i.e.,
La1xSrxCoO3d and La1xSrxMnO3d), but also the case in which Sr is the neutral
constituent in the perovskite structure (i.e., SrTiO3). The dopant segregation and
the surface enrichment of the host cation are not precisely the same phenomenon.
However, the perovskite materials used in most high-temperature electrochemical
applications, especially materials with high Sr segregation, already contain significant amounts of Sr at the A site within the lattice. In fact, these are in the form of
Sr-included solid solutions, where Sr is one of the main constituents determining
the structural and chemical properties and electronic structures of the material
and thus cannot be regarded as a dilute dopant in a strict sense. Therefore, we
will discuss the phenomenon of Sr excess on the perovskite surface at high temperatures, regardless of whether Sr is the dopant or the main constituent.
Formation and Structure of the Segregated Sr Layer
To understand the nature of the Sr excess at the surface, we need to clarify its form. In
principle, Sr can segregate as oxides (SrOx), reconstructed Sr-excess phases
(SrO$n(ABO3)), and/or reaction products formed with chemisorbed gases (SrCO3
or Sr(OH)2$H2O) (Figure 4). Many surface analyses such as photoelectron spectroscopy, ion scattering, electron diffraction, and microscopy have revealed the detailed
formation of segregated Sr layers in perovskite oxides, including SrTiO3, Sr(Ti,Fe)
O3d, (Sm,Sr)CoO3d, (La,Sr)MnO3d, (La,Sr)CoO3d, (La,Sr)(Co,Fe)O3d, and so
on.11–26,33–38,42–45,70–84
Excess Sr in the form of an oxide has commonly been observed on the surface
of perovskite materials, and three different species have been reported in this
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case: SrO island precipitation, a reconstructed Sr-excess phase (SrO$n(ABO3)),
and SrO excess in a cubic perovskite phase (ABO3). The formation of SrO precipitates is the most widely reported instance of Sr segregation in perovskite oxides.11–13,15–25,28,35,37,42,43,70,71,73–75,82 Szot et al. combined secondary ion mass
spectroscopy (SIMS), atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) to reveal that when a single-crystal SrTiO3 is annealed at high temperatures for a long period of time, SrOx accumulates in the form of a liquid phase on the
surface and then recrystallizes to SrO.43,70,71 Meyer et al. observed the formation of
SrO clusters on the surface of La-doped SrTiO3 by high-resolution transmission electron microscopy (HRTEM) (Figure 4A).74 By analyzing depth and take-off angledependent XPS spectra, in combination with chemical and thermal treatments,
Jung and Tuller suggested that surface Sr excess in SrTi1xFexO3d (x = 0.5 and
1.0) is largely accommodated by the formation of an Sr-excess phase (SrO$n(ABO3))
or SrO island precipitate.21 In a subsequent study using SrTi1xFexO3d (x = 0.05,
0.35, and 1.0), Chen et al. analyzed the change of the surface band structure according to Fe concentration by in situ scanning tunneling microscopy/spectroscopy
(STM/STS), and clarified that the Sr segregation layer is more likely to be in the
form of SrOx, as shown in Figure 4B.17
Except for island formation, other structures of excess Sr require a certain solubility of
SrO in the perovskite lattice. Both experimental and theoretical analyses demonstrate that the cubic perovskite structure can accommodate only limited amounts
of excess SrO in the form of solid solution, i.e., less than 0.2 mol% SrO in SrTiO3.85
Thus, a considerable amount of Sr accumulation cannot be explained simply by
the change in Sr non-stoichiometry or SrO surface termination in a perovskite lattice,
but always involves surface phase separation. Likewise, many researchers suggested
that the incorporation of planar defects in the form of rock salt structured layers is the
likely mechanism for the accommodation of SrO excess.71,72,86–88 These planar defects are the additional SrO interlayers in a bulk lattice, which form a structurally reconstructed Sr-excess phase (SrO$n(ABO3)), often referred to as the RuddlesdenPopper (RP) phase.86–88 Indeed, RP phases have been found not only in SrO-excess
ABO3 systems, but also in stoichiometric ABO3, where the A sites are partially or fully

occupied by Sr atoms, including (La,Sr)MnO3d and SrTiO3. For example, Sturm
et al.
observed RP phase penetrating grain boundary between SrTiO3 grains in SrO-excess
SrTiO3 sintered in air at 1,450 C for 10 hr, as shown in Figure 4C.88 Dulli et al. found
that the Sr segregation in La0.65Sr0.35MnO3d caused a major restructuring of the surface region to form an RP phase (La,Sr)n+1MnnO3n+1 with n = 1.72 Szot et al. found the
growth of steps perpendicular to the surface with a height larger than the unit cell of
the perovskite structure on the surface of oxygen-annealed SrTiO3. In particular, crystals prepared above 900 C exhibited a step height of 11.8 Å, which is attributed to
the formation of an RP phase (SrO∙n(SrTiO3)) with n = 1 on the surface.71
Lastly, there are also cases in which Sr compounds are observed on the surface as
reactants with CO2 or H2O in air.11,22–25 Mutoro et al. reported through XPS analysis
that most of the particles formed on the surface of La0.8Sr0.2CoO3d thin film consisted of SrCO3, which decomposed upon annealing at 510 C for 4 hr at pO2 = 1
atm (Figure 4D).23 Cai et al. suggested that most of the Sr-related compounds on
the surface of La0.6Sr0.4CoO3d thin film originate in the formation of Sr(OH)2 from
separated SrO phase.11
Based on the discussion thus far, the phenomenon we call ‘‘Sr segregation’’ can have
different formations and structures depending on the compositions of the perovskite
oxide, the synthesis processes, and the measurement conditions. It can also be seen

1484 Joule 2, 1476–1499, August 15, 2018

that the degree of Sr excess and the depth of the Sr-enriched region vary greatly depending on the given situation. Therefore, for the study of Sr segregation in-depth
analysis of Sr-rich regions (and also nearby Sr-depleted regions) should first be carried out with a high level of precision.
Driving Forces of Sr Segregation
Selective accumulation of impurities or alloying elements at grain boundaries (GBs)
of metallic alloys leads to the fracture of the grain boundary as a result of temper brittleness, creep embrittlement, or GB corrosion. Thus, GB segregation has been studied for a long time in the field of metallurgy. The driving force of the atomic movement in GB is very similar to that of surface segregation, which can be interpreted in
terms of atomic arrangements different from the bulk, and the analytical equation
can be derived in a similar form. Therefore, we will first briefly review the development of theoretical analysis of segregation phenomena near the GB. We will then
expand this review to an analysis of the surface segregation behavior.
For the theoretical interpretation of GB segregation phenomena, McLean proposed
the relationship between the mole fractions at GB and in the bulk and the free energy
of segregation (DGseg), as
 
Xg
Xb
=
exp  DGseg kT ;
Xgo  Xg 1  Xb
where Xg and Xb are the solute mole fractions at the GB and in the bulk, respectively,
Xgo is the saturation value for Xg, DGseg is the free energy of segregation, k is Boltzmann’s constant, and T is absolute temperature.69 To treat DGseg, Tran et al. introduced the elastic strain energy of DEela, developed by Friedel:89,90
2

Eela =

24pKGr1 r2 ðr1  r2 Þ
;
4Gr1 + 3Kr2

where K is the bulk modulus of the solute, G is the shear modulus of the solvent, and
rl and r2 are the effective radius of the solvent and the solute atoms, respectively.
However, significant disagreement was observed at S5(310) Mo GBs between the
density functional theory (DFT)-calculated and the McLean model-based dopant
segregation energies.90 Since the McLean model did not consider the electronic
structure of metal alloy, it might have a limitation at predicting the segregation tendency of the dopant elements in metal alloys. In this regard, Mukherjee and MoránLópez predicted the segregation tendency of 702 transition metal alloys through
their internal electronic energies calculated from the bandwidth, band center, and
fractional band filling of transition metals.91 Despite the lack of consideration of
elastic contribution, most of the predicted results showed reasonably good agreement with the experimental results, implying that electronic interaction is more critical than elastic contribution in predicting dopant segregation in metal alloy
systems.
Considering both the elastic (Friedel model) and electronic (chemical bond strength)
contributions, Wynblatt and Ku92 and Desu and Payne93 extensively described the
free energy of segregation in alloy metals (DGseg_metal) using three important factors:
(1) interfacial energy, DGint, (2) binary interaction between host and dopant metals,
DGbin, and (3) strain energy, DGs (Eela), i.e.,
DGseg

metal

= DGint + DGbin + DGs :

Significantly, this equation showed good agreement with the experimental results.94
Løvvik showed linear relationships of DFT-calculated segregation energy of
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Pb-based alloy metals, with the metal radius of the substituted atoms and the experimental surface energy as the indicators of elastic and electronic effects on the metal
segregation, respectively.95 Han et al. also predicted the segregation energies of all
combinations of 3d, 4d, and 5d metals on flat, stepped, and kink surfaces in terms of
coordination number, bond strength, and d-band center.96
However, such an analysis cannot directly be extended to the oxide materials. One
major difference between metals and metal oxides is in the charge states; these do
not exist in the metal alloys, which are uncharged mixed metals. For example, oxides
contain negatively charged oxygen ions, which easily transform to the gas phase according to the working environments and change the oxidation state of cations
accordingly. In addition, in oxides the formation of various types of defects (Schottky
or Frenkel defects) and the transport of oxide ions or cations also often occur. In
particular, the co-existence of cations and anions creates electrostatic interactions.
These unique characteristics of oxide materials, including perovskites, do not exist in
metals.
Elastic Contribution to Sr Segregation
In perovskite structures, A-site cations have a coordination number of 12 in the
defect-free state. Once other kinds of cations are doped at the A site, the size
mismatch between dopant and host cations causes elastic energy. To minimize
this elastic energy within the materials, cation rearrangement might occur, which results in cation segregation. This leads to some degree of enrichment and depletion
of cations at the surface and in the bulk, respectively. Thus, the segregation behavior
is first associated with the elastic energy contribution. This elastic energy is
commonly generated by the size mismatch at the A site between the host (La) and
dopant (Sr), which can be controlled by doping of the A-site and B-site cations,
and/or the lattice strain in (La,Sr)BO3-type perovskites.33–36,38,97 To identify the
contribution of elastic energy induced by cation size mismatch at the A site, Lee
et al. compared the DFT-calculated segregation energies and the elastic energies
analytically calculated from the Friedel model in A-site doped LaMnO3 and
SmMnO3.35 They used Ca, Sr, and Ba, with charges of +2, as dopant cations in order
to systematically cause elastic energies, and showed that a larger dopant tends to
segregate more strongly toward the surface due to the greater amount of elastic energy generated in the system. This result indicates that the elastic energy induced by
size mismatch between Sr and other cations present at the A site can significantly
drive Sr segregation as shown in Figure 5A. Likewise, the thermodynamic tendency
of Sr segregation toward the surfaces was also observed in La0.7Sr0.3MnO3d and
La0.8Sr0.2CoO3d perovskite oxides in other DFT studies.33,34,38,97,98
Based on this understanding, it was reasonably expected that doping of Ca, which is
smaller than Sr, at the A site of (La,Sr)CoO3 may inhibit surface segregation, and thus
improve electrochemical stability by reducing elastic interactions. To prove this,
Koo et al. first developed a theoretical model based on the fractional free
volume, which is defined as the free volume of an A-site doped perovskite oxide
normalized by the unit cell volume. A combination of DFT calculations and corresponding experiments then demonstrated that electrochemical degradation
induced by the segregation can be reduced considerably by Ca doping.38 These
experiments confirmed that the A-site dopant segregation was suppressed by
increasing the fractional free volume in the perovskite oxides. In a similar way,
Yoo et al. were also motivated to enhance the stability of perovskite oxide through
A-site doping. Just by substituting Ca into the A site of NdBaCo2O5+d, they designed a perovskite oxide, NdBa0.75Ca0.25Co2O5+d, with improved electrochemical
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Figure 5. Atomic-Scale Factors Controlling Sr Segregation
(A) Surface morphology images of the Ba-, Sr-, and Ca-doped LaMnO 3 thin films (LBM, LSM, and LCM, respectively) as a function of annealing
temperature (as-deposited, 430  C, 630  C, and 830  C, respectively) by atomic force microscopy (AFM).
(B) Seven models to represent different electrostatic interaction that are induced by controlling the distribution of charged oxygen and cation vacancies
(top). Surface segregation energies of Ca, Sr, and Ba dopant on LaMnO 3 and SmMnO 3 surfaces obtained by density functional theory calculation within
different electrostatic interaction models (bottom).
(C) Surface morphology images of the La 0.8 Sr 0.2 CoO 3d (LSC), 12 at% V-doped LSC (LSC-V12), 19 at% Nb-doped LSC (LSC-Nb19), 15 at% Ti-doped LSC
(LSC-Ti15), 16 at% Hf-doped LSC (LSC-Hf16), and 15 at% Al-doped LSC (LSC-Al15) films after impedance spectroscopy test at 530  C in air by AFM.
Reprinted from Tsvetkov et al., 106 with permission. Copyright 2016, Springer Nature.
(D) Illustration of the mechanisms that drive dopant segregation to the surface of LnMnO 3 (Ln = Lanthanide). The schematic shows the two kinds of
energy; elastic energy and electrostatic energy.
(A), (B), and (D) were reprinted from Lee et al., 35 with permission. Copyright 2013, American Chemical Society.

performance and long-term stability under air and CO2-containing atmosphere.99 In
addition, the effect of B-site cations on Sr segregation was reported based on the
first-principle calculations by Kwon et al.97 They used first-row 3d-transition metals
as B-site cations (Cr0.50Mn0.50, Mn, Fe, Co0.25Fe0.75, Co, and Ni) to systemically
generate the elastic energy in (La,Sr)BO3 perovskites. Their results showed that
choosing a smaller B-site cation, such as Co or Ni, thermodynamically weakens
the elastic energy in the system and thus can suppress the segregation of Sr dopant.
The formation of A-site defects can also control the elastic energy by generating free
space in materials, thereby influencing the cation segregation.100 Jin and Lu found
that as the A-site cation is deficient from a stoichiometric composition, the surface
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Sr and La enrichment decreased after annealing at 500 C for 5 hr for
(La0.8Sr0.2)xMnO3d (x = 0.95–1.05).101 Lee et al. also reported that A-site deficient
(La0.8Sr0.2)1xMnO3d (x > 0) films show higher chemical stability against Sr segregation upon thermal annealing, whereas over-stoichiometry (x < 0) facilitates segregation. Since an A-site deficient film can accommodate more Sr cations in the lattice
than can the ideal La0.8Sr0.2MnO3d film, Sr dopant in the A-site deficient film can
be stabilized despite compressive microstrain applied to the neighboring atoms
by the Sr dopant, which is larger than the La host. The larger amount of space available in the lattice for rearranged cations upon annealing results in the higher stability
of the A-site deficient La0.8Sr0.2MnO3d films against the formation of secondary
phase at the surface.26 Since the cation defects can also change the free space in
the perovskite structure, the fractional free volume suggested above might be effectively used as a descriptor to predict the degree of electrochemical stability.
Interestingly, the elastic contribution to Sr segregation discussed so far can also be
applied to other perovskite systems, in which Sr is a main constituent, like SrBO3.
Since the stability of SrBO3 is an outcome of the combined stabilities of the Sr-O
and B-O bonds within the lattice, the perovskite structure reaches the most stable
state when the two bonds are ‘‘properly’’ balanced. This, in turn, means that Sr
atoms may not always be at the most stable state but are intrinsically unstable,
even though the overall SrBO3 perovskite structure is stable. Very recently, Koo
et al. demonstrated that the degree of Sr enrichment at the surface of
SrTi0.5Fe0.5O3d epitaxial thin films can be controlled through lattice strain.37 The
tensile strain in the in-plane direction considerably inhibits Sr enrichment and
also facilitates the surface O2 exchange rate. This observation cannot be interpreted simply by the fractional free volume because the unit cell volume of
SrTi0.5Fe0.5O3d also increased as a function of tensile strain with the increase of
the free volume. Instead, DFT calculations revealed that in unstrained SrTiO3 perovskite, the large Sr atom is under a local compressive state, whereas the small Ti
atom is under a local tensile state. Thus, although neither the Sr-O nor the Ti-O
bonds may be in the most stable state individually, they are in an optimal balance
at zero strain, thereby stabilizing the overall perovskite. Based on these observations, Koo et al. proposed that the extent of deviation from the optimal A-O
bond strength in the most stable state of the A-site cation can be a driving force
for surface segregation in ABO3-type perovskite oxides. To confirm this hypothesis,
they also attempted to expand the bond length (to fortify the bond strength) of
Sr-O by doping with Hf or Zr, which is larger than Ti at the B site; this isovalent
doping successfully suppressed the surface Sr excess in SrTi0.5Fe0.5O3d.37 Similarly, Jung and Tuller reported that a greater extent of Fe in Ti increases the degree
of Sr segregation because the ionic radius of Fe is lower than that of Ti.21
For (La,Sr)BO3-type perovskites, lattice strain can also be an effective way to control elastic interactions. Based on a combined theoretical and experimental analysis, Yildiz’s group showed that Sr segregation increases as the in-plane lattice
strain increases from compressive to tensile state in La0.7Sr0.3MnO3d and
La0.8Sr0.2CoO3d perovskites.33,34 Based on the DFT calculations, Ding et al. also
reported that external tensile strain reinforces the thermodynamic tendency of Sr
surface segregation in La1xSrxCo1yFeyO3d perovskite.102 Unlike SrTiO3-like materials, however, in this type of material, the strain response to Sr segregation
seems to be the opposite: lattice strain enhances Sr segregation. This may be
attributed to the different response of the Sr-O bond strength to the applied strain
between the two types of materials. This idea should be more intensively investigated in the future.
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Electrostatic Contribution to Sr Segregation
The surfaces of solids are inherently charged, at minimum due to the preferential
adsorption of selected gas-phase species. In an ionic solid, the loss of symmetry
at the surface relative to the bulk additionally induces a redistribution of anions
and cations, which becomes another source of surface charge. This surface charge
can be the electrostatic driving force for Sr segregation. Typically, the perovskite oxides used in SOC O2 electrodes readily form oxygen vacancies, which may accumulate more on the surface that has lower coordination compared with the bulk. These
excessive oxygen vacancies have been suggested to make the oxide surface to be
positively charged, and thus induce the cation segregation.103–105 For example, Sr
0
substituted with La3+ in LaBO3 perovskite (SrLa
in Kröger-Vink notation) has an effective charge of 1 relative to the original crystal lattice. This implies that the negatively charged Sr can be attracted according to Coulomb’s law by the positively
charged surface oxygen vacancies.35 The DFT results from Lee et al. showed that
O vacancy of +2 charge at the surface and La vacancy of 3 charge in the bulk
strengthen the thermodynamic tendency of Sr atoms to segregate toward the surface by both electrostatic attraction toward the surface and repulsion from the
bulk, as shown in Figure 5B.35 Ding et al. theoretically demonstrated that the surface
charge can be tuned by doping with different valence elements at A or B sites in
La1xSrxCo1yFeyO3d, where increasing the surface charge enhances the Sr segregation.102 In this sense, Tsvetkov et al. showed surface modification of
La0.8Sr0.2CoO3d perovskite with less-reducible B-site cations than Co, such as
Hf4+, Ti4+, Zr4+, Nb5+, or Al3+, to decrease the oxygen vacancy concentration at
the surface. Their experimental results proved that Sr enrichment decreases with
the addition of more reducible cations, especially Hf4+ or Zr4+, due to the reduction
of electrostatic attraction to Sr atom from the surface (Figure 5C).106
The quantity of surface oxygen defects is affected by the chemical potential of oxygen gas at equilibrium with the oxide. Thus, investigating the segregation tendency
with regard to the oxygen partial pressure may be a way to explore the relationship
between surface oxygen vacancy and cation segregation. Fister et al. used experimental measurements to calculate the enthalpy of Sr as a function of the oxygen partial pressure in the range of pO2 = 1.5–150 Torr in La0.7Sr0.3MnO3d. They showed
that Sr segregation toward the surface is thermodynamically preferred over all
pO2 conditions. It was also found that segregation is enhanced with decreasing
pO2 due to the electrostatic interaction between the charged point defects of oxygen vacancies and Sr dopants.107
It is noteworthy that the nature of polar surfaces in perovskites needs to be considered to understand the segregation behavior in the aspect of electrostatic interaction. The typical perovskites of ABO3 commonly consist of AO and BO2 planes
with -(AO-BO2)n-stacking sequences. The A and B cations in a perovskite such as
SrTiO3 have charges of 2+ and 4+, respectively, which makes both A2+O2[0] and
B4+O22[0] planes formally neutral. In this case, the contribution of elastic interaction
may be significant. On the other hand, if A and B cations both have charges of 3+
such as LaMnO3, the AO and BO2 planes have formally positive and negative
charges (A3+O2[+1] and B3+O22[1]), respectively, giving the perovskites an alternatively charged stack and causing the surfaces to be polar. For perovskites in which
the A and B cations have charges of +1 and +5, respectively such as KTaO3, this is
similar, but with oppositely charged sequences (A1+O2[1] and B5+O22[+1]). In
this sense, replacing the surface with differently charged cations can be a way to
neutralize the charged surface and thus suppress cation segregation. Ding et al. suggested that the lower surface charge of the SrO-terminated surface (+0.52e) relative
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to that of the LaO-terminated surface (+1.35e) may drive Sr segregation toward the
surface of La1xSrxCo1yFeyO3 d.102 In other words, if the surface charge can be
reduced by forming a SrO-terminated surface with segregated Sr, the surface would
be stabilized due to the lowered surface energy. Druce et al. also reported that
because typical perovskites used as SOFC cathodes often have a charge of 3+ for
both the A and B cations, the Sr2+ dopant would segregate to the outer surface to
decrease the surface energy by neutralizing the charged surface.30 Harrison theoretically discussed how the neutralization of the surface charge, which may be one of
the reasons for Sr segregation at (La,Sr)MnO3, can be obtained by either changing
the Mn charge states or readjusting the molar ratio of La/Sr on the surface plane,
both of which modify the elastic and electrostatic energies simultaneously.111
Until now, most research has analyzed the elastic and electrostatic contributions to
Sr segregation separately, as introduced earlier in this section. Strictly speaking,
however, it is difficult to completely decouple the two contributions from each other.
For example, doping of a B-site cation has a considerable effect on the elastic interaction by changing the unit cell volume. Simultaneously, it can also change the concentration of oxygen vacancies due to the change of reducibility, thereby affecting
the electrostatic interaction. As mentioned above, Kwon et al. demonstrated that
the addition of a smaller B-site cation (Co or Ni) among the first-row 3d-transition
metals would effectively decrease the elastic energy of Sr dopant in (La,Sr)BO3 perovskites.97 However, doping of the suggested transition metals at the B site also facilitates the formation of oxygen vacancies at the surface, which can cause the electrostatic attraction of Sr atoms toward the surface. This indicates that elastic and
electrostatic interactions can often have opposite effects on Sr segregation for partial or total replacement of B-site cations.34,108 On the other hand, B-site doping may
in some cases play a role in reducing both elastic and electrostatic forces. As
mentioned above, Koo et al. and Tsvetkov et al. demonstrated that Hf or Zr doping
at the B site reduces the extent of Sr enrichment at the surface.37,106 Although these
papers mainly focused on only one aspect of the driving forces of Sr segregation, Hf
or Zr doping might affect both elastic and electrostatic interactions in their respective experimental results. Moreover, although above we only discussed the effect of
oxygen vacancy on the electrostatic interaction, the formation of oxygen vacancy
can also contribute to the elastic interaction via chemical expansion or contraction.35
Upon oxygen vacancy formation in oxide materials, the superposition of lattice
contraction around an oxygen vacancy and lattice expansion caused by ionic radius
change can lead to chemical expansion or contraction, generating mechanical
stresses.109,110 Experimental evidence of chemical expansion or of a contraction effect on Sr segregation was observed by changes in the lattice parameter as a function of oxygen pressure. Lee et al. showed that the large lattice expansion under low
oxygen pressure decreased the elastic interaction and accordingly reduced the Sr
segregation in Sr-doped LaMnO3. This result implies that the change in oxygen vacancy concentration can control the elastic interaction as well as the electrostatic
interaction.35 Lastly, in addition to the effect of A-site defects on the elastic interaction, they can also play a crucial role in decreasing the surface charges because the
AO surfaces of (La,Sr)BO3-type perovskites are positively charged as mentioned
above. Thus, A-site defects can also change the electrostatic interaction to suppress
the Sr segregation.102
To sum up, from a microscopic standpoint, elastic and electrostatic interactions are
the major driving forces of Sr segregation (Figure 5D). Previous papers have demonstrated that each effect can be tuned by doping or lattice strain. However, to effectively inhibit Sr segregation it is necessary to find ways to simultaneously control or
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optimize both the elastic and electrostatic interactions, because the two effects are
difficult to completely decouple from each other. Apart from this, the atomic arrangements at the surface can be influenced by various factors such as atmosphere,
temperature, polarization, lattice structure, composition, defects, and so on. In any
case, they may partly contribute to the driving forces that rearrange the surface or
bulk atoms for cation segregation. As reviewed so far, many theories have been proposed or developed to understand segregation phenomena. Although multiple
studies have suggested certain descriptors to predict the cation segregation under
certain limited conditions, no universal driving force that can be generally applied to
all perovskite-based materials has yet been identified due to the complexity of
segregation phenomena. Therefore, more fundamental studies of the origin of
cation segregation and the effect of external environment on the segregation are
required. It should be noted that A-site segregation phenomena have also
been observed for double perovskite (GdBaCo2O5+d), RP (La2NiO4+d), and Aurivillius (Bi2MoO6, Bi2O2 [An1BnO3n+1]).30,48,49 These phases of oxides related to the
perovskites would also experience the electrostatic interaction due to the surface
charges as well as the elastic interaction caused by the size mismatch between the
host and dopant cations. We therefore believe that the two interactions constitute
the key contributions to the cation segregation for the related oxides, and a similar
argument with regard to the perovskites can be made. However, because there may
be other specific contributions to the cation segregation for these types of materials,
more systematic and detailed studies are necessary in the future.
Other Contributions to Sr Segregation
So far, we have discussed two key factors that segregate dopant or constituent Sr
atoms to the surface. Advances in computational material science have made it
possible to incorporate classic theories (i.e., Langmuir-McLean isotherm) into the
interpretation of phenomena related to perovskite oxides, which are a complicated
multicomponent system of ionic bonds.98 The discussion above is, however, limited
to the driving forces that cause the atomic rearrangement at the outermost surface
based on energetics at finite temperatures. On the other hand, Sr segregation,
which is mainly observed in SOC electrodes, involves the separation of the composition on a macroscopic scale (i.e., at distances greater than 10 nm), not only on the
Sr coverage change of the outermost surface.11–26 Therefore, it is obvious that a
description from a macroscopic standpoint is also needed to elucidate the Sr segregation, especially at high temperatures. Here, we discuss two other factors that have
been reported in the literature as governing the surface Sr excess. The first is kinetic
demixing caused by the thermodynamic potential gradient; the second is the formation of Sr vacancies according to temperature and oxygen partial pressure, which
would act as a source of Sr.
In oxides containing multiple cations, differences in the transport rates of charged
ions can allow more of one ion to build up at the sink (or source) than another,
thus leading to compositional separation during ambipolar diffusion. Kinetic demixing is defined as the compositional separation of an initially homogeneous material
due to differential atomic transport rates under a common driving force.112 This
driving force may be a gradient in oxygen potential, electrical potential, stress, temperature, or other factors. Indeed, the kinetic demixing of perovskite oxides under
an oxygen potential gradient has been observed by many researchers.21,113–119
When the material is exposed to an oxygen potential gradient, the chemical
affinity for oxygen causes the cations to migrate toward the higher pO2 side, and
the faster cations are enriched on the high-oxygen surfaces. For example, Lein
et al. observed rapid compositional changes and decomposition on the surface of
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Figure 6. Other Factors Controlling Sr Segregation
(A) The effect of polarization on defect chemistry and surface activity of La 0.75 Sr 0.25 Cr 0.5 Mn 0.5 O 3Gd (LSCrM)/Y2 O 3 -stabilized ZrO2 (YSZ) electrode. In the
case of cathodic polarization, the segregated surface Sr is dissolved in the parent perovskite matrix and the passivating SrO secondary phases are
removed. Reprinted from Huber et al.,124 with permission. Copyright 2012, Royal Society of Chemistry.
(B) Optical micrograph images of the reoxidized surface of polycrystalline SrTi0.95 Nb0.05 O 3 at 1,200  C for 30 hr in air. Depending on the orientation of
the grains, islands of different shapes, sizes, area, density, and lateral direction are formed. Reprinted from Rahmati et al., 45 with permission. Copyright
2005, Elsevier.

a La0.5Sr0.5Co0.5Fe0.5O3d membrane when it was used for a long time for oxygen
permeation. The difference in cation mobility was demonstrated by the accumulation of Sr/La- or Co/Fe-rich phase on the surface of La0.5Sr0.5Co0.5Fe0.5O3d exposed
to various oxygen partial pressures.113 Similarly, Oh et al. reported that many particles containing Sr and Co were formed by compositional changes when the surface
of La0.6Sr0.4Co0.2Fe0.8O3d was exposed to high oxygen partial pressure.114 It has
also been suggested that other thermodynamic driving forces, besides the
oxygen potential gradient, may lead to compositional separation near the surface
of Sr-containing perovskite oxides. Huber et al. used XPS measurement to investigate the effects of electrochemical activation on the surface composition of
La0.75Sr0.25Cr0.5Mn0.5O3Gd at 600 C. Anodic polarization at +2.0 V led to a further
acceleration of the Sr excess on the surfaces, whereas it was suppressed after
cathodic polarization treatment (Figure 6A).124 Kinetic demixing has also been suggested by reports that excess Sr on the perovskite-based O2 electrode surface increases with the cell current density.120,121 On the other hand, Wang et al. have
shown that the density of dislocations is unusually high near the surface of cut and
unannealed SrTiO3 single crystals. They suggested that these extended defects
not only serve as fast diffusion paths for cations, predominantly Sr, within the
near-surface region, but also they are accompanied by a strained region.122 This
may be sufficient for the local mechanical stress gradients to drive the segregation
of cations. Using AFM and energy-dispersive X-ray spectroscopy measurements,
Szot et al. reported evidence for this on mechanically deformed single-crystal SrTiO3
surfaces at elevated temperatures. They concluded that mechanical stress caused
massive segregation of Sr and subsequent recrystallization at the surface.70,71
These observations suggest that the surface of the perovskite SOC O2 electrode becomes enriched in Sr during the process of kinetic demixing. It is noteworthy, however, that only very few studies have reported on kinetic demixing in SOC electrodes. For example, the complexity of the structure and operating conditions of
SOC electrodes make it difficult to determine what kind of driving force exists
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around the electrodes and how large they are. Certainly, there is a large electrochemical overpotential near the surface of SOC electrodes in operation. In addition,
due to the difference in thermal and chemical expansion between the electrode and
the electrolyte (or the current collector), a large stress may be applied to the electrode. However, the detailed profile of the electric potential or stress around an
actual working electrode is not well known. Moreover, information on the transport
characteristics of the cations constituting perovskite oxides is very limited, and the
cation diffusion mechanism in a given structure and composition still remains an
open question, especially for relatively low temperatures below 1,000 C and for
defective paths, such as those at GBs. Therefore, it is necessary to confirm the thermodynamic potential distribution according to the operating conditions and the
electrode structure, or to analyze the compositional profile near the surface under
a precisely controlled potential gradient. Studies to identify the cation diffusion
mechanism through the grain boundary and observe the nucleation and growth dynamics of the Sr-rich phase on the surface are also required to understand the impact
of demixing on surface Sr segregation.
Next, from the point of view of defect chemistry, Sr enrichment and the resulting formation of SrO at perovskite oxide surfaces can be understood as the result of a partial Schottky defect formation reaction. To form SrO on the surface, Sr and O atoms
in the oxide lattice must be pulled out one by one to the surface, as expressed in the
following equation:
SrSr3 + OO3 #VSr00 + VO + SrOsurf :
In this case, the higher the temperature and hence the more mobile the Sr vacancies,
the more active the partial Schottky reaction. Thus, the formation of Sr vacancies and
the consequent supply of Sr to the surface can also facilitate the Sr segregation. Rahmati et al. observed Sr-rich islands on the surface of initially reduced Nb-doped
SrTiO3 (5 at%) after high-temperature oxidation (1,200  C for 30 hr). They argued
that the islands are formed due to a compensation mechanism in donor-doped
SrTiO3 from electrons to Sr vacancies by oxidizing annealing, as shown in Figure 6B.45 Likewise, Balachandran and Eror reported the formation of RP phase on
the surface of 0.1–0.2 at% La-doped SrTiO3 at a high-oxygen partial pressure.
They suggested that extra Sr due to Sr vacancies, compensated for by the additional
charge of the La, may combine with oxygen to form SrO layers under high-oxygen
partial pressure conditions.46 It is noteworthy that equilibrium constants for various
defect reactions in perovskite oxides have rarely been reported, but these constants
are unlikely to produce sufficient bulk Sr vacancies to cover the surface with Sr at the
relatively low temperatures of SOC operation (<800 C). However, the partial
Schottky reaction can be more active at the surface or interface of an electrode,
which is a relatively defective region, and this type of factor cannot be ignored.
Lastly, although not considered thus far, it is important to note that the sintering process, a key step during the fabrication of SOC electrodes, can have a significant
impact on the Sr segregation phenomenon, as it occurs at a much higher temperature (>1,000 C) than the temperature at which the SOCs operate (<750 C). The sintering process determines the densification and grain growth of the electrode material. It is generally known that the higher the sintering temperature, the higher the
conductivity and mechanical strength of the electrode and the stronger the adhesion
between the electrode and the electrolyte. On the other hand, a high sintering temperature reduces the porosity and thus the density of triple-phase boundaries, which
may have deleterious effects on the electrode performance. This is also the most
common cause of mechanical failures during the cell and stack fabrication process.
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Therefore, there is always a tradeoff between the materials and the manufacturing
process when determining the sintering temperature, and many studies have reported change of the electrode or cell performance outcomes according to the sintering temperature.125,126 Surprisingly, however, none of these prior studies discussed how the sintering temperature affects the degree of Sr segregation and,
thus, deterioration of electrode performance. Sintering takes place only for a short
time within a few hours at higher temperatures while the operating temperature of
the cell is relatively low but lasts for a very long time, possibly under a strong thermodynamic potential gradient. Therefore, it is not easy to separate the contributions
of surface excess Sr from either the sintering process or the operating process, and
related systematic studies are necessary in the future.
Concluding Remarks
For the rational design of highly efficient and durable perovskite-based SOC
O2-electrode materials, a comprehensive understanding of each factor affecting surface Sr enrichment is required over a wide range of operational environments. We
summarize seven key design strategies for long-term stability of Sr-based perovskite
materials by suppressing the Sr segregation.
(1) Applying external strain can be an effective way to control Sr segregation
(Figure 7A). However, depending on the composition of the material, the
influence of the applied strain on the segregation will vary greatly. We
believe that the perovskite composition determines whether the lattice
should be stretched or compressed to suppress Sr segregation. Therefore,
further investigation is required to search for the optimal degree and direction of the applied strain, which would induce different responses for each
material. Note that it is virtually impossible to apply direct pressure (or
strain) to the electrode in operation, which only helps to clarify the cause
of Sr segregation at the atomistic level, allowing us to prepare the strategy
(2) below.
(2) The substitution of isovalent A- or B-site cations with different ionic radii could
be a practical way to apply effective strain for the reduction of the stress near
Sr. This substitution stabilizes elemental Sr within the perovskite lattice and
suppresses its segregation (Figure 7B). In this case, as in (1), the appropriate
ionic radius of the dopant for suppressing Sr segregation will vary depending
on the composition of the perovskite. Moreover, the addition of a dopant may
change the bulk characteristics of the material itself, and thus further investigation is required to comprehensively observe the transport, catalytic, and
defect properties, along with the surface composition.
(3) The modification of surfaces with more and less-reducible cations than those
of the host can reduce Sr segregation by changing the electrostatic interaction between surface oxygen vacancies and cations (Figure 7C). To achieve
high surface kinetics, as well as stability, it is therefore essential to find the
optimal surface reducibility. It is also necessary to investigate the proper
choice of cation and coating method for the surface modification.
(4) Using the nonstoichiometric perovskite with A/B < 1 is also a possible way to
alleviate Sr segregation (Figure 7D). A-site defects can effectively reduce both
elastic and electrostatic interactions that cause the segregation. Although a
small amount of A-site defects could increase the valence states of B-site cations, thereby enhancing the stability of BO6 octahedral, the excess of A-site
defects may significantly decrease the phase stability of perovskite. It is therefore important to optimize the amount of A-site defects to suppress Sr segregation while maintaining the structural stability.
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Figure 7. Optimal Conditions to Suppress Sr Segregation
(A) Strain-dependent energetics of each element in SrTiO 3 (STO). E STO, form and E X,vac (X = Ti, O, and Sr) are the formation energy of STO and the vacancy
formation energy of each element in bulk STO, respectively. Reprinted from Koo et al., 37 with permission. Copyright 2018, Royal Society of Chemistry.
(B) The linear relationship between the ionic radius of transition metal dopant and the DFT-optimized bond length of Sr-O in SrTi0.25 TM 0.25 Fe 0.50 O 3 .
Reprinted from Koo et al., 37 with permission. Copyright 2018, Royal Society of Chemistry.
(C) Volcano-like plot between the enthalpy of oxygen vacancy formation (DH v f ) in the binary oxides (MeO x ) and the oxygen surface exchange kinetics of
La 0.8 Sr 0.2 CoO3d (LSC)-Me. Reprinted from Tsvetkov et al.,106 with permission. Copyright 2016, Springer Nature.
(D) Schematic of the correlation between Sr segregation and phase stability of A-site depleted perovskite oxide.
(E) Schematic of the oxygen stoichiometry of (La 0.8 Sr 0.2 ) 0.92 MnO3d phase and SrO formation as a function of oxygen partial pressure. Reprinted from
Huber et al., 16 with permission. Copyright 2012, Elsevier.
(F) Volume per unit area of the segregated cation particles as a function of annealing temperature for Ca-, Sr-, and Ba-doped LaMnO 3 . Reprinted from
Lee et al., 35 with permission. Copyright 2013, American Chemical Society.
(G) Schematic of ‘‘critical point of phase separation’’ hypothesis for the correlation between Sr segregation and electrode performance in Sr-doped
LaCoO3 . Reprinted from Li et al., 41 with permission. Copyright 2017, Royal Society of Chemistry.
The arrow and star indicate ideal direction and point to suppress Sr segregation in each condition.

(5) The Sr segregation at the perovskite-based electrode surface can be
controlled to some extent by changing the oxygen partial pressure and the
applied voltage. Applying a cathodic and anodic bias to the electrode at
high temperatures had an effect similar to increasing or decreasing the oxygen partial pressure, respectively, in terms of the effective oxygen vacancy
concentration. In fact, applying cathodic bias (or lowering pO2) appears to
help suppress Sr segregation either by releasing the stresses around Sr or
by inhibiting selective demixing of Sr toward the perovskite surface (Figure 7E). In this regard, the cathodic bias may be applied intermittently to
reverse the Sr segregation to the extent that it is reversible. Studies to
develop a new operating logic to mitigate the Sr segregation under dynamic
electrical loads are necessary.
(6) An increase in temperature typically activates Sr segregation thermodynamically and kinetically. Therefore, lowering the operating temperature of
SOCs will be an effective way to suppress the segregation (Figure 7F). In
fact, the development of lower-temperature operation SOCs is also a
current trend in related fields to reduce cost associated with cell fabrication
and operation. Lowering the sintering temperature is also worth considering
in this regard if the mechanical integrity and adhesion of the electrode can be
maintained.
(7) The formation of a new composition in the near-surface region upon Sr segregation may play an important role in the electrode performance. However, it
is still unclear which phases or hetero-interfaces are formed on the surface at
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the critical point of Sr segregation, and what their role is on the electrode surfaces (Figure 7G). Therefore, the application of surface analytic techniques
with high chemical and spatial resolution will be required.
We believe that these strategies for electrode design will also be applicable to the
suppression of other kinds of cation segregation, such as that of Pb in
La0.65Pb0.35MnO3d and Ba in Ba0.5Sr0.5Co0.8Fe0.2O3d.31,32 In addition to the factors that influence the Sr segregation mentioned thus far there are many other factors to be investigated, such as nucleation/growth kinetics of secondary phases,
interfacial reaction with electrolytes or interconnects, surface impurity contamination, and so on.77,123 More research is therefore necessary to optimize overall cell
efficiency and stability. Fortunately, with the help of recent advanced experimental
and theoretical approaches, it is possible to analyze the origin of cation segregation
and its effects on SOC performance with greater sophistication. For example, it is
now possible to trace the surface reaction or ionic movement in real time via in
situ experiments and look into the phenomena in detail at the atomic scale via
advanced theoretical modeling and simulation techniques. In the near future, based
on the insights provided by this review, these state-of-the-art experiments and/or
theoretical analyses will allow us to design further enhanced electrode materials
for SOCs.
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