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Abstract 

Solid oxide cells (SOCs) are highly efficient and environmentally benign devices that can be used to store renewable electri-
cal energy in the form of fuels such as hydrogen in the solid oxide electrolysis cell mode and regenerate electrical power 
using stored fuels in the solid oxide fuel cell mode. Despite this, insufficient long-term durability over 5–10 years in terms 
of lifespan remains a critical issue in the development of reliable SOC technologies in which the surface segregation of 
cations, particularly strontium (Sr) on oxygen electrodes, plays a critical role in the surface chemistry of oxygen electrodes 
and is integral to the overall performance and durability of SOCs. Due to this, this review will provide a critical overview 
of the surface segregation phenomenon, including influential factors, driving forces, reactivity with volatile impurities such 
as chromium, boron, sulphur and carbon dioxide, interactions at electrode/electrolyte interfaces and influences on the elec-
trochemical performance and stability of SOCs with an emphasis on Sr segregation in widely investigated (La,Sr)MnO3 and 
(La,Sr)(Co,Fe)O3−δ. In addition, this review will present strategies for the mitigation of Sr surface segregation.

Keywords Solid oxide cells · Strontium surface segregation · Driving force · Electrochemical polarization · Oxygen 
nonstoichiometry modulation · Mitigation

1 Introduction

Solid oxide cells (SOCs) are electrochemical devices capa-
ble of both energy storage and regeneration in an intermedi-
ate temperature range of 600–800 °C with remarkably high 
efficiencies and low greenhouse emissions. Of different 
operating modes of SOCs, solid oxide fuel cells (SOFCs) 
can directly convert the chemical energy of fuels such as 
hydrogen, natural gas, ammonia, fossil fuel and biomass 
fuel into electrical power with high-quality heat being pro-
duced as a by-product of the overall power generation pro-
cess [1–5]. Here, the overall efficiency of SOFCs in terms of 
combined heat and power (CHP) can reach 65%–85%, which 
is the highest among the fuel cell family. Alternatively, solid 
oxide electrolysis cells (SOECs) operate reversibly from 

SOFCs and are able to store surplus renewable electrical 
power from solar and wind in the form of useful fuels such 
as hydrogen, syngas and methane [6–10]. And because the 
electrical energy demand of electrolysis at high temperatures 
can partially be compensated by low-cost thermal energy, 
the electricity to fuel conversion efficiency of SOECs can 
exceed 100%.

Overall, SOCs consist of a dense electrolyte, a porous 
hydrogen electrode and a porous oxygen electrode in which 
the electrolyte is an ionic or protonic conductor that can 
transport oxygen ions or protons and prevent the inter-
mixing of reactants at both sides of the electrodes. Com-
mon electrolyte materials include 8 mol% yttria-stabilized 
zirconia (YSZ) [11, 12], Gd- or Sm-doped ceria (GDC 
or SDC) [11, 12],  La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) [13], 
 BaCe0.7Zr0.1Y0.1Yb0.1O3−δ (BCZYYb) [14, 15], etc. And 
among these materials, YSZ is a state-of-the-art electro-
lyte material that can balance the electrical, thermal and 
mechanical properties of SOCs. As for hydrogen elec-
trodes, these are generally exposed to reducing environ-
ments during operation and can provide active sites for 
the electrochemical oxidation of fuels or the reduction of 
steam and/or carbon dioxide. Examples of state-of-the-art 
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hydrogen electrodes include nickel and ionically conduct-
ing YSZ phase-based Ni–YSZ cermet electrodes [16–18]. 
In addition, oxide materials such as  La0.75Sr0.25Cr0.5Mn0.5O3 
(LSCrM)  [19, 20],  Sr2XMoO5 (X = Mg, Fe) [21–23], 
 La0.3Sr0.7TiO3 (LST) [24, 25] and  PrBaMn2O5+δ (PBM) 
[26] have also been actively explored as potential hydro-
gen electrode materials. In terms of oxygen electrodes, 
these operate in air and allow for the electrochemical 
reduction of gaseous oxygen in the SOFC mode and the 
oxidation of oxygen ions in the SOEC mode. Currently, 
a variety of oxygen electrode materials have been investi-
gated, including perovskite oxides such as  La1−xSrxMnO3 
(LSM) [27–31],  La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) [32, 33], 
 La0.6Sr0.4CoO3−δ (LSC) [34],  Ba0.5Sr0.5Co0.8Fe0.2O3−δ 
(BSCF) [35] and  SrTi1−xFexO3−δ (STF) [36, 37], double-
perovskite oxides such as  PrBa0.8Ca0.2Co2O5+δ (PBCC) 
[38, 39] and  Ba1−xGd0.8La0.2+xCo2O6−δ [40] as well as Rud-
dlesden–Popper (RP) layered oxides such as (La,Sr)2CoO4 
(LSC214) [41, 42] and  La2NiO4+δ (LNO) [43, 44]. Figure 1 
shows the operational principles of SOCs in both SOFC and 
SOEC operation modes.

One critical issue in the development of reliable SOC 
technologies involves poor long-term durability over 
5–10 years as required for commercialization. Although 
SOC performance degradation can be caused by structural, 
thermal, chemical and mechanical sources from various cell 
components, one major contributor to performance degrada-
tion comes from the oxygen electrode. Here, oxygen elec-
trode degradation can be divided into several categories, 
including microstructural coarsening, thermal mismatch-
ing, cation surface segregation, interfacial reactions as well 
as deposition and poisoning by volatile impurities such as 
 CrO3,  SO2,  BO2,  CO2 and  H2O in SOC stacks [45–49]. 
Among these, surface segregation plays a key role in the 

chemical instability of oxide surfaces and the performance 
degradation of SOC electrodes and is a phenomenon gener-
ally associated with the redistribution and accumulation of 
specific cations at oxide surfaces due to a loss of symmetry 
at the surface relative to the bulk. A typical example involves 
A-site cation segregation, particularly Sr, which is frequently 
observed in Sr-containing perovskite-based electrodes such 
as LSM and LSCF annealed under oxidizing atmospheres 
and/or at SOC operating conditions and can occupy active 
surface sites and degrade electrochemical activities for oxy-
gen reactions [33, 50–54]. Surface-segregated SrO is also 
highly mobile and can migrate across GDC barrier layers to 
form  SrZrO3 insulating layers on YSZ electrolytes [55, 56]. 
In addition, segregated SrO can interact with volatile impuri-
ties to form inert and nonreactive reaction products such as 
 SrCrO4,  SrSO4 and  SrCO3, causing the drastic poisoning of 
the electrocatalytic activities of oxygen electrodes [48, 49, 
57, 58]. Based on all of this, the fundamental understanding 
of cation surface segregation is vital in the development of 
reliable and durable SOC technologies.

Because numerous comprehensive reviews on cation 
segregation and its origin in perovskite oxide-based elec-
trodes have been published [50–52, 59, 60], this review will 
focus on the segregation phenomenon, including influential 
factors, driving forces, reactivity with volatile impurities, 
mobility and interaction at the electrode/electrolyte inter-
face and the influence of electrochemical polarization on 
Sr-doped perovskite oxide electrode materials. In particular, 
the latest developments in the understanding of the intrin-
sic relationship between surface segregation, interfaces and 
the activity of common and widely investigated electronic 
conducting LSM and mixed ionic and electronic conducting 
(MIEC) LSCF electrodes will be reviewed in detail. The 
latest developments in the mitigation of SrO surface segrega-
tion will also be discussed.

2  Phenomenon of Surface Segregation

2.1  Lanthanum Strontium Manganite (LSM)

SrO surface segregation has been extensively reported on 
LSM-based electrodes [53, 61–65]. For example, Dulli 
et al. [61] annealed  La0.65Sr0.35MnO3 film at 900 °C in 
oxygen for 10 h and probed appreciable SrO segregation 
on the film surface using surface sensitive angle resolved 
X-ray photoelectron spectroscopy (XPS). In another study, 
de Jong et al. [62] deposited an LSM film at 750–800 °C 
in low vacuum followed by annealing at 450 °C in high 
vacuum and used XPS and ultraviolet photoelectron spec-
troscopy (UPS) analyses to reveal the presence of SrO and 
 SrCO3 a few angstroms in thickness on the film surface. 
Jiang et al. [53] used inductive coupled plasma optical 

Fig. 1  Operational principles of SOCs in the SOEC mode to store 
renewable energy in fuels such as  H2 and SOFC mode to generate 
electricity using stored  H2
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emission spectroscopy (ICP-OES) analysis to show that 
the concentrations of Sr and Mn in the solution collected 
after the acid treatment of freshly prepared LSM elec-
trodes after annealing at 1150 °C in air were one order 
of magnitude higher than that of La. Furthermore, Huber 
et al. [66] reported that a high Sr content was an indication 
of Sr enrichment or segregation on LSM surfaces based 
on observations of Sr segregation on LSM thin-film elec-
trodes using in situ XPS and quasi-static secondary ion 
mass spectroscopy (ToF-SIMS).

In addition to Sr segregation, the surface segregation 
of B-site Mn cations in LSM and subsequent migration 
to YSZ electrolyte surfaces have also been observed 
under low oxygen partial pressures and cathodic polari-
zation conditions [67–71]. For example, de Jong et al. 
[71] annealed an LSM film in varied oxygen partial pres-
sures and reported based on X-ray adsorption spectros-
copy (XAS) that annealing in ultra-high vacuum condi-
tions can result in strong increases in the peak assigned to 
 Mn2+ and that this peak intensity decreased in oxygen-rich 
environments due to the increased valence state of Mn 
cations. Davis et al. [72] deposited an LSM film onto lat-
tice matched  LaAlO3 and  NdGaO3 substrates and reported 
that total reflection X-ray fluorescence (TXRF) measure-
ments showed the surface segregation of Mn cations dur-
ing annealing at 800 °C in air accompanied by the increase 
in the Mn valence state to +4 at the surface as revealed 
using X-ray absorption near edge spectroscopy (XANES). 
In further examples, Backhaus-Ricoult et al. [67] observed 
the rapid migration of  Mn2+ from an LSM film to a YSZ 
electrolyte surface using in situ photoelectron micros-
copy under polarization conditions and Jiang et al. [49] 

confirmed the segregation and subsequent diffusion of Mn 
cations at LSM surfaces through the systematic study of 
Cr deposition on LSM electrode systems (this will be dis-
cussed in following sections).

2.2  Lanthanum Strontium Cobalt (LSC)-Based 
Electrodes

Sr segregation is also well known in LSC-based electrodes 
[33, 73–76]. For example, Niania et al. [76] in situ investi-
gated the microstructural and elemental evolution of LSCF 
pellets using high-temperature environmental scanning elec-
tron microscopy (HT-ESEM) and reported that the extent of 
SrO surface segregation increased with increasing annealing 
temperatures in the range of 750–1000 °C (Fig. 2). Here, 
the evolution of surface-segregated SrO can be divided into 
three distinct stages: (1) the rapid growth of segregated par-
ticles on grain boundaries, defect points and at the centre of 
grains; (2) the agglomeration of segregated particles; and 
(3) the continuous coarsening of segregated particles dur-
ing annealing.

Detailed elemental information concerning LSC-based 
electrode surfaces can further be obtained using high sur-
face sensitive techniques such as low-energy ion scattering 
(LEIS). For example, Druce et al. [77, 78] used LEIS to 
probe the surface chemistry of LSCF pellets after annealing 
at 400, 600 and 800 °C in air for 8 h as well as at 1000 °C in 
oxygen for 12 h and found that the onset temperature of SrO 
surface segregation occurred at as low as 400 °C and that the 
extent of segregation increased with increasing temperatures 
(Fig. 3a). Alternatively, these researchers also found that 
transition metals in B-sites disappeared on the surface at 

Fig. 2  HT-ESEM micrographs of SrO segregation on a polished LSCF surface in  situ observed at high temperatures under 300  Pa of water 
vapour. Reproduced with permission from Ref. [76]. Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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temperatures above 600 °C (Fig. 3b). Similar to segregated 
Sr species on LSM surfaces [53], segregated SrO can also be 
removed from LSC and LSCF electrode surfaces and films 
using acid etching [79–82]. For example, Kubicek et al. [79] 
etched the LSC film in 0.12 mol L−1 HCl solution for 5 s and 
reported a significantly reduced Sr surface content. Despite 
this, Sr tends to re-segregate on etched surfaces quickly at 
elevated temperatures [81, 82].

SrO surface segregation can occur on porous LSCF elec-
trodes after long-term operation. For example, Simner et al. 
[55] observed the significant performance degradation of 
an anode-supported YSZ film|GDC barrier layer LSCF 
cell after operation at 750 °C for 500 h and XPS analysis 
revealed that Sr segregated on both the outer and inner sur-
faces of the LSCF electrode and that the thickness of the Sr-
segregated layer was 35–75 nm. In addition, these research-
ers reported the formation of a  SrZrO3 reaction layer at the 
YSZ/GDC interface. In the case of the annealing of LSCF 
electrodes in the GDC electrolyte at 800 °C in air for 800 h, 
Wang et al. [83] found evidence of SrO surface segregation 
by detecting Sr species in the etched LSCF.

SrO surface segregation is usually accompanied by vari-
ations in electrode lattice parameters. For example, Hardy 

et al. [84] measured the X-ray diffraction (XRD) patterns 
of a cell with an anode-supported YSZ film|GDC barrier 
layer|LSCF electrode operating under constant current con-
ditions at 750 °C and found that the diffraction patterns of 
LSCF continually changed during operation under load for 
more than 60 h in air in which the cubic lattice parameter of 
their LSCF was 3.92502 Å in the initial stage of operation 
and increased to 3.92650 Å after 60 h. This lattice expansion 
was also observed by Chang et al. [85] on an LSCF thin-
film electrode under cathodic polarization using synchrotron 
X-ray techniques.

B-site Co cation surface segregation can also occur on 
LSC and LSCF electrodes. For example, Zhao et al. [86, 87] 
annealed LSCF pellets at 800 °C in air for 96 h and observed 
the segregation of both Sr and Co on the LSCF surface to 
form separated SrO and  CoOx oxide particles (Fig. 4). As 
shown in Fig. 4, the surface of the freshly prepared LSCF 
sample before testing was dense, smooth and clean with-
out pinholes, whereas the surface morphology of the LSCF 
sample after annealing changed significantly. Here, the for-
mation of submicron-sized particles (less than 1 µm) and 
dark coloured particles (as large as ~ 5 µm) on the surface of 
the LSCF sample was detected and EDS element mapping 
identified the fine particles as SrO and the large particles 
as  CoOx. In addition, Ni et al. [75] observed the generation 
of a  CoFeO3.5 phase after annealing an LSCF electrode at 

Fig. 3  a LEIS spectra of LSCF pellets annealed at various tempera-
tures, b schematic of the compositional variations in the near-surface 
region of LSCF after annealing at 1000 °C. Reproduced with permis-
sion from Ref. [77, 78]. Copyright 2014, Elsevier; Copyright 2014, 
Royal Society of Chemistry

Fig. 4  SEM micrographs of a freshly prepared LSCF and b LSCF 
after heat treatment at 800 °C in air for 96 h; c, d enlarged images of 
the segregated micron-sized particles and e EDS element mapping of 
Sr and Co. Arrows indicate segregated and isolated submicron-sized 
particles and large particles, modified based on Ref. [86]. Reproduced 
with permission from Ref. [86]. Copyright 2014, Royal Society of 
Chemistry
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900 °C in air for 5 h. Co segregation has also been observed 
on LSC and LSCF electrodes after electrochemical polari-
zation. As examples, Mutoro et al. [88] observed the seg-
regation of Co on the LSC film after anodic polarization 
and Chang et al. [89] reported that Co segregated uniformly 
on LSCF film surfaces based on in situ synchrotron-based 
TXRF analysis and that this segregation responded sensi-
tively and reversibly to electrochemical polarization. Bau-
mann et al. [90] further observed the surface segregation 
of both Sr and Co on LSCF films as induced by cathodic 
polarization. And in the case of the reversible operation of a 
 La0.57Sr0.38Co0.18Fe0.72Nb0.1O3−δ (LSCFN) electrode directly 
assembled on the YSZ electrolyte, He et al. [91] found 
that Co-rich particles were generated in the vicinity of the 
LSCFN/YSZ interface at 750 °C under 0.5 A  cm−2 for 240 h 
and that the number of particles increased in proportion to 
the degree of Sr accumulation at the interface, indicating the 
close correlation between Sr and Co segregation.

2.3  Other oxygen Electrode Materials

In addition to LSM and LSC-based electrodes, cation surface 
segregation also occurs on various perovskite oxides, layered 
perovskite oxides and RP oxides. For example, Norman and 
Leach [92] carried out the in situ and quasi in situ high-
temperature XPS analysis of BSCF pellets in vacuum and 
found that although Co (and Fe) ions were predominant on 
the surface at intermediate temperatures (300 and 500 °C), 
Ba and Sr segregated to the surface at a higher temperature 
of 800 °C. Jung and Tuller [36] also detected an appreci-
able degree of Sr-excess at the surface of as-deposited 
STF films using XPS. In addition, Chen et al. [41] analysed 
the surface chemistry of (001) and (100) faceted RP oxide 
 (La1–xSrx)2CoO4(LSC214, x = 0.25 and 0.50) films using 
LEIS and XPS and reported that in the as-prepared films, 
the top surface was Sr-rich, whereas the subsurface was 
Co-rich. These researchers also reported that after anneal-
ing at elevated temperatures, the extent of SrO segregation 
increased and that the segregated SrO clustered into Sr-rich 
secondary phase particles. Burriel et al. [93] also character-
ized the surface of a  La1.67Sr0.33NiO4+δ (LSN) film using 
surface sensitive techniques including the crystal truncation 
rod, LEIS and angle-resolved XPS (ARXPS) and reported 
that both La and Sr can segregate onto the outer surface of 
LSN, whereas Ni was located in the subsurface region. Fur-
thermore, researchers reported dominant La surface segrega-
tion in Sr-free LNO [78] and  LaCoO3−δ [94]. Moreover, Kil-
ner’s group [78, 95, 96] investigated the surface chemistry of 
double-perovskite  GdBaCo2O5+δ (GBC) and  PrBaCo2O5+δ 
(PBC) pellets annealed at 400–800  °C using LEIS and 
reported that Ba cations can rapidly segregate to the surface 
and that segregation started from 400 °C. Wei et al. [97] also 
observed that the extent of Ba surface segregation on PBC 

was affected by electrochemical polarization in which the 
level of Ba segregation increased through anodic polariza-
tion and decreased through cathodic polarization.

3  In�uential Factors of Cation Surface 
Segregation

The extent of cation surface segregation, particularly Sr, is 
affected by various factors, including stoichiometric com-
position, strain, temperature, oxygen partial pressure, the 
nature of oxide samples, the type of cations in B-sites and 
electrochemical polarization condition.

3.1  Stoichiometric Composition

Sr surface segregation greatly depends on stoichiometric 
composition, in particular the amount of Sr dopant [41, 98, 
99]. For example, Decorse et al. [98] prepared  La1−xSrxMnO3 
pellets with various Sr dopant concentrations (x = 0, 0.2, 0.5 
and 1) and reported that the level of SrO surface segregation 
at high temperatures depended on Sr concentration. Chen 
et al. [41] prepared LSC214 RP oxide films with Sr dopants 
of 25% and 50% and reported that the as-deposited film with 
a higher Sr dopant level led to a higher coverage of Sr on 
the surface and a thicker Co-rich layer in the subsurface. In 
addition, Yu et al. [99] deposited LSCF films onto a  NdGaO3 
(NGO) substrate with a varying Sr content (x = 0.2, 0.3 and 
0.4) and found that the lowering of the Sr content from 40% 
to 30% decreased SrO surface segregation, but that further 
lowering of the Sr content to 20% increased SrO segrega-
tion. Here, these researchers attributed the increase in sur-
face segregation at 20% Sr to the high tensile strain among 
the samples in which a model correlating SrO segregation 
with strain showed that at a fixed strain, SrO surface segre-
gation increased linearly with an increased Sr content. Fur-
thermore, Wang et al. [100] deposited LSCF electrodes with 
40% and 20% Sr on dense GDC barrier layer/YSZ pellets 
and sintered the samples at 1100 °C and 1200 °C for 168 h. 
Here, these researchers observed the formation of  SrZrO3 at 
the GDC/YSZ and LSCF/GDC interfaces and reported that 
the amount of  SrZrO3 increased with increasing Sr concen-
tration in the LSCF.

The extent of SrO surface segregation also depends on the 
type of B-site cations in which thermodynamic calculations 
indicate that SrO activity in (La,Sr)MO3 (M = Fe, Co, Mn) is 
in the order of Co > Fe > Mn [101]. In STF films, Chen et al. 
[102] reported that SrO segregation increased with increas-
ing the Fe content and first principle calculations conducted 
by Ding et al. [103] suggested that the substitution of Fe 
with Co in LSCF can increase SrO segregation. Kwon et al. 
[104] also compared the effects of B-site cations on SrO sur-
face segregation in Sr-doped  LaBO3 (001) (B = Cr0.50Mn0.50, 
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Mn, Fe,  Co0.25Fe0.75, Co and Ni) using DFT calculations 
and suggested that the minimization of elastic energy was 
the main driving force of SrO segregation in which these 
researchers predicted that larger B-site cations can lead to 
greater compressive strain on dopant cations and thereby 
increased SrO surface segregation.

3.2  Strain

In terms of the effects of strain on Sr surface segregation, 
Lussier et al. [105] deposited a  La1/2Sr1/2MnO3 film with a 
lattice constant of 0.3866 nm and a  La2/3Ca1/3MnO3(LCM) 
film with a lattice constant of 0.3867 nm onto (100) faceted 
 SrRuO3 (SRO),  SrTiO3 (STO),  NdGaO3 (NGO) and  LaAlO3 
(LAO) substrates with lattice constants of 0.3940  nm, 
0.3905 nm, 0.3864 nm and 0.3793 nm, respectively, in which 
these substrates can provide a broad range of in-plane biaxial 
stress ranging from tensile (+ 1.91% for SRO and + 1.01% 
for STO) to relaxed (for NGO) and to compressive stress 
(− 1.89% for LAO). The results showed that compressive or 
tensile interfacial strain can modify the relative concentra-
tions of La and Sr in the interfacial region to achieve better 
lattice matching. Estrade et al. [106, 107] also deposited a 
20-nm-thick LCM film onto STO (001) and (110) substrates 
to generate relaxed and tensile strained surfaces, respec-
tively, and their electron energy loss spectroscopy (EELS) 
results showed that tensile strain can lead to La depletion at 
the free film surface and La enrichment at the LCM/STO 
interface, whereas relaxed films were chemically homogene-
ous. In addition, Jalili et al. [108] grew a 10-nm-thick LSM 
film onto (001) STO and (001) LAO substrates using PLD 
to generate in-plane tensile strain and in-plane compression 
strain, respectively, and observed a higher tendency for SrO 
segregation and higher concentrations of surface oxygen 
vacancies on the tensile strained LSM surface due to the 
larger spacing available for Sr cation accommodation and 
the reduced elastic energy on the surface as compared with 
the bulk. This positive effect of tensile strain on increasing 
oxygen diffusivity has also been reported on Au dispersed 
 Pr1.9Ni0.71Cu0.41Ga0.05O4+δ [109] and  La0.8Ce0.1Ni0.4Ti0.6O3 
with embedded metal nanoparticles [110], demonstrating 
that high concentrations of surface oxygen vacancies can 
play a key role in accelerating SrO segregation.

The accelerating effects of tensile strain on SrO surface 
segregation have also been observed on LSC and LSCF 
samples. For example, Cai et al. [111] deposited an LSC 
film onto STO and LAO substrates to generate tensile and 
compressive strain and found that although both tensile 
and compressive strain can induce Sr-rich surfaces, SrO 
segregation was slightly more pronounced in the case of 

tensile strain. In the case of LSCF films, Yu et al. [99] 
deposited LSCF films onto NGO, STO and  GdScO3 
(GSO) substrates and found that SrO surface segregation 
increased with tensile strain and decreased with compres-
sive strain. To gain a better understanding of the effects 
of strain on surface segregation, Liu et al. [112] further 
conducted experimental and DFT studies and found that 
tensile strain tended to create greater oxygen deficiencies 
on LSC surfaces than compressive strain due to the smaller 
oxygen vacancy formation energy associated with tensile 
strain.

3.3  Temperature

Sr surface segregation is also sensitive to temperature 
[113–115]. For example, Katsiev et al. [114] in situ probed 
the surface chemistry of polycrystalline LSM films as a 
function of temperature using Auger electron spectroscopy 
(AES) and observed Sr segregation on LSM surfaces at 
temperatures above of 400 °C and that the extent of seg-
regation increased with increasing temperature. The onset 
temperature of surface segregation is further dependent on 
the dopant type. For example, Lee et al. [116] annealed 
20 mol% Ba-, Sr- and Ca-doped  LaMnO3 films and probed 
the corresponding surfaces using atomic force microscopy 
(AFM) and ARXPS. Here, these researchers reported that 
surface-segregated Ba and Sr dopant particles appeared 
at 430 and 630 °C, respectively, and grew larger upon 
annealing at higher temperatures but that no structural 
changes were found on the film surfaces with Ca dopant 
up to 830 °C (Fig. 5).

In another study, Oh et al. [113] annealed LSCF pel-
lets in temperatures ranging from 600 to 900 °C in air for 
50–100 h and found that the amount of surface-segregated 
SrO increased with increasing temperature. Mutoro et al. 
[88] in situ investigated the surface composition of LSC 
films at varying temperatures of 25–650 °C at a low oxy-
gen partial pressure of 1 × 10−6 mbar and observed that 
Sr-containing secondary components on film surfaces 
increased with increasing temperature. Chen et al. [41] 
further reported that the surface roughness of an LSC214 
film and its coverage by SrO particles increased with 
increasing annealing temperature at 400 and 500 °C.

The stability of segregated SrO appears to be also 
related to treatment temperature. For example, Caillol 
et al. [65] reported that an as-prepared LSM electrode sin-
tered at 1200 °C was characterized by a SrO-segregated 
surface but that the SrO segregation disappeared after 
annealing at 800 °C for 1 week with no microstructural 
change. Chang et al. [117] also showed that Sr-rich nano-
particles can slowly be reincorporated into LSM films if 
annealed at 700 °C.
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3.4  Oxygen Partial Pressure

The amount of SrO surface segregation on LSM is further 
dependent on oxygen partial pressure (P

O
2
) . For example, 

Fister et al. [118] probed the surface composition of LSM 
films using in situ synchrotron-based TXRF and observed 
that the concentration of surface Sr decreased with increas-
ing P

O
2
 . Caillol et al. [65] observed a similar trend by expos-

ing LSM powder to different P
O

2
 at 900 °C in which the 

Sr/La ratio on the LSM surface probed by XPS was 0.38 
in 1%  O2 and decreased to 0.24 in 20%  O2. Alternatively, 
Rohnke et al. [119] reported that the annealing of LSCrM 
in a P

O
2
 of  10−9 mbar at 550 °C led to the gradual deletion 

of surface Sr and that as P
O

2
 increased to  10−6 mbar, more 

Sr diffused from the LSCrM film to the YSZ surface. Lee 
et al. [116] also observed increased Sr segregation on LSM 
films at higher oxygen partial pressures. Similar increases 
in Sr segregation in  O2 rich atmospheres were reported by 
Oh et al. [113] on LSCF pellets annealed in pure  N2, 0.1% 
 O2 and 21%  O2 at 800 and 890 °C for 50 h.

3.5  Microstructure or Morphology of Perovskite 
Oxides

The microstructure or morphology of perovskite oxides 
such as single-crystal films, polycrystalline pellets, pow-
ders and porous electrodes plays a vital role in determin-
ing SrO surface segregation [17, 74, 115]. For example, 
Plonczak et al. [120]. reported that the columnar grain 
boundaries of LSCF can increase surface areas by approxi-
mately 25 times as compared with dense flat films. Alter-
natively, la O’ et al. [121] reported that LSC films can 
exhibit enhanced surface oxygen exchange kinetics and 

 O2 reduction reaction (ORR) activities as compared with 
bulk samples. Decorse et al. [98] further compared the 
surface composition of fine LSM powders and pellets and 
concluded that grain boundaries had a vital effect on sur-
face composition.

As-deposited LSC and LSCF thin films that are epitaxi-
ally grown using pulsed laser deposition (PLD) initially 
show Sr-rich and Co-poor termination surface layers [41, 
80, 81, 122, 123] in which the extent of surface segregation 
on these films is dependent on deposition temperature. For 
example, Cai et al. [80] used PLD to grow 200-nm-thick 
LSC films on YSZ (100) electrolytes at 450 and 650 °C 
and created poor and well crystalline films. The LSC film 
grown at 650 °C underwent surface structural change from 
a Sr-rich state to a SrO/Sr(OH)2-rich phase-separated state, 
whereas the LSC film grown at 450 °C showed no surface 
segregation or phase separation. A recent study on LSCF 
thin-film electrodes prepared using PLD on GDC-buffered 
YSZ single-crystal substrates indicated significant differ-
ences between as-grown LSCF thin films in terms of the 
apparent surface exchange coefficient and surface segrega-
tion, indicating the dependence of oxygen exchange prop-
erties and surface segregation on the surface chemistry and 
nanostructure of film electrodes [124].

Crumlin et al. [125] also compared the temperature-
dependent surface chemistry and behaviour of LSC pellets 
and LSC (001) films and reported that during annealing at 
elevated temperatures, the coverage of surface secondary 
phases on LSC films became smaller and Sr surface seg-
regation increased with increasing temperature, whereas 
LSC pellets underwent no detectable change, suggesting 
that careful consideration is required in the comparison of 
findings published by different groups.

Fig. 5  AFM amplitude images 
of Ba-, Sr- and Ca-doped 
 LaMnO3 film surfaces as a 
function of annealing tempera-
ture. Reproduced with permis-
sion from Ref. [116]. Copyright 
2013, American Chemical 
Society
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3.6  Electrochemical Polarization

3.6.1  LSM

Early studies on LSM electrodes show that the electrocata-
lytic performance of LSM for ORR is highly sensitive to 
electrochemical polarization in which the electrocatalytic 
performance of freshly prepared LSM electrodes can be sig-
nificantly enhanced by cathodic polarization but reduced by 
anodic polarization [53, 126–128]. Here, oxygen vacancies 
are generated at the LSM electrode/YSZ electrolyte inter-
face under cathodic polarization and the subsequent positive 
charge of the oxygen vacancies can be compensated by the 
reduction of B-site Mn ions. This can be represented as fol-
lows in Kröger–Vink notation [129, 130]:

in which V⋅⋅

O,LSM
 and V⋅⋅

O,YSZ
 are oxygen vacancies at LSM 

and YSZ and Mn
⋅

Mn
 , Mn

x

Mn
 and Mn

′

Mn
 are  Mn4+,  Mn3+ and 

 Mn2+ ions, respectively. The effective ionic radii for Mn 
ions in octahedral coordination (CN = 6) are:  Mn2+ = 0.67 
(LS) and 0.83 (HS);  Mn3+ = 0.58 (LS) and 0.645 (HS); 
 Mn4+ = 0.53 Å (LS) in which LS and HS refer to low and 
high spin [131]. Thus, the charge compensation through the 
reduction of B-site cations (and/or) will cause the increase 
in average cation size, e.g. the increase is 15.5% and 28.7% 
for  Mn3+ to  Mn2+ in LS and HS, respectively, and 9.4% for 
 Mn4+ to  Mn3+ in LS. Cation size increase leads to lattice 
expansion and would in turn increase the internal stress, 
which would drive the substituted Sr cations and/or B-site 
Mn cations to the surface, similar to the elastic interaction 
due to the size mismatch between the Sr dopant and the La 
host. Experimentally, B-site Mn cation segregation to the 
LSM surface under cathodic polarization has been observed 
by Backhaus-Ricoult et al. [67] using photoelectron micros-
copy techniques. The segregation and subsequent migration 
of Mn species to the TPB region of the LSM/YSZ interface 
have been well documented by deposition and poisoning of 
Cr studies and formation of (Cr,Mn)3O4 spinels [49, 132, 
133]. On the other hand, A-site Sr segregation to the LSM 
surface under cathodic polarization is inconsistent with 
the significant reduction of segregated SrO on LSM sur-
face as shown by in situ studies on the surface chemistry 
of LSM using XPS and time-of-flight secondary ion mass 
spectrometry (ToF-SIMS) [66] and with significant enhance-
ment of the electrochemical activity of LSM under cathodic 
polarization [53, 126–128]. This indicates that the charge 
compensation mechanism for the oxygen vacancy forma-
tion under cathodic polarization conditions through valence 

(1)
O

x

O,LSM
+ 2Mn

x

Mn
+ V

⋅⋅

O,YSZ
+ 2e → V

⋅⋅

O,LSM
+ 2Mn

�

Mn
+ O

x

O,YSZ

(2)
O

x

O,LSM
+ 2Mn

⋅

Mn
+ V

⋅⋅

O,YSZ
+ 2e → V

⋅⋅

O,LSM
+ 2Mn

x

Mn
+ O

x

O,YSZ

change of B-site Mn ions cannot explain the removal and 
disappearance of segregated Sr under cathodic polarization 
conditions.

Another viable charge compensation mechanism is 
through incorporating SrO into La lattice sites, forming neg-
atively charged defect, Sr

′

La
 . This is possible as the positively 

charged oxygen vacancies induced by cathodic polarization 
are essentially on the surface of LSM in the TPB regions. In 
this case, the incorporation of segregated SrO is driven by 
the electrostatic interaction and we will discuss this in more 
details later. Under anodic polarization, LSM experiences 
oxidation conditions with oxygen excess nonstoichiometry, 
similar to that at high oxygen partial pressure [134]. The 
negatively charged oxygen excess could push the already 
exited negatively charged defect, Sr

′

La
 , to the surface through 

the electrostatic repulsive force. The segregated SrO species 
occupy the active sites and deteriorate the electrochemical 
activity of LSM for ORR, consistent with the deactivation 
effect of LSM under anodic polarization conditions [128].

The phenomena of Sr incorporation and segregation in 
LSM under cathodic and anodic polarization have been vali-
dated by numerous in situ characterization techniques. For 
example, Chang et al. [117] used grazing incidence XRD 
(GIXRD) to in situ probe the cation concentration of LSM 
films during annealing and under applied cathodic potential 
at 800 °C and observed that after annealing, SrO segrega-
tion was found to occur uniformly over the LSM surface, 
whereas after applying a cathodic potential, Sr amounts 
were reduced on ~ 70% of the LSM surface. Huber et al. [66, 
135] also in situ studied the surface chemistry of LSM and 
LSCrM films under polarization using XPS and ToF-SIMS 
and observed that cathodic polarization led to the depletion 
(or incorporation) of Sr on surfaces, whereas anodic polari-
zation led to Sr surface segregation (Fig. 6). The Sr incor-
poration on the LSCrM is relatively a faster process under 
cathodic polarization as compared to the Sr segregation 
under anodic polarization conditions. A similar phenomenon 
was also reported on LSCrM films by Rohnke et al. [119]. 
Sr surface segregation driven by anodic polarization under 
SOEC mode was also confirmed through observations of 
 SrCrO4 formation under Cr poisoning conditions [136] in 
contrast to the formation of a (Cr,Mn)3O4 spinel phase by 
cathodic polarization under the SOFC mode on LSM elec-
trodes [132]. The effects of polarization current on the per-
formance and surface chemistry of LSM electrodes reported 
in the literature are listed in Table 1. 

3.6.2  LSC‑Based Electrodes

Electrochemical polarization also has a remarkable impact 
on cation segregation on the surface of LSC-based elec-
trodes. Different from that observed on LSM electrodes, 
however, cathodic polarization generally increases cations, 
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particularly Sr segregation. For example, Vovk et al. [137] 
studied the surface chemistry of LSC film surfaces under 
polarization using in  situ XPS and found that under 
cathodic polarization, the Sr/(La + Co) ratio at the LSC 
surface increased irreversibly by 5%, whereas the La/Co 
ratio remained constant. Baumann et al. [90] also observed 
that cathodic polarization led to increases in surface Sr and 
Co on LSCF films but that surface compositions remained 
unchanged by anodic polarization. Mutoro et al. [88] fur-
ther probed the surface composition of LSC films using 
synchrotron XPS and observed SrO surface segregation by 
applying cathodic polarization as well as Sr incorporation 
and Co segregation by applying anodic polarization. A simi-
lar reversible change in surface Sr content was reported on 
LSC/LSC214 bi-layer films as well [88]. Alternatively, Choi 
et al. [138] tested LSCF films on GDC at 600 °C for 540 h 
and observed decreased RP after cathodic polarization and 
increased RP after anodic polarization.

The redistribution of cations induced by polarization may 
have a correlation with the change in cell volume or surface 
oxygen vacancy concentration. For example, Kivi et al. [139] 
in situ investigated the lattice parameters of porous LSC and 
LSCF electrodes under different atmospheres and polariza-
tion conditions using high-temperature XRD and reported 
that under open-circuit conditions, cell volumes increased 
slightly with decreasing oxygen partial pressures, but that 
the effects of oxygen partial pressure on cell volume became 
more significant if a cathodic potential was applied, in which 
cell volumes increased with increasing cathodic potential 
and the degree of volume expansion was more significant 
at lower oxygen partial pressures. These researchers also 

Fig. 6  Scanning X-ray photoelectron microscopy (SPEM) images 
of the Sr 3d component monitored on LSCrM surfaces at different 
applied voltages. Bright colours denote high Sr concentration, and 
dark colours denote low Sr concentration. Reproduced with permis-
sion from Ref. [135]. Copyright 2012, Royal Society of Chemistry

Table 1  Effects of polarization current on the performance and surface chemistry of LSM and LSCrM electrodes

Cathode materials Operating conditions Performance variation Extent of Sr surface 
segregation

Probing method Reference

LSM film T: 800 °C; t: 72 h; E: 
− 280 mV

– Decreased by cathodic GIXRD [117]

LSM film PO2:  10−6 mbar; T: 500 
and 600 °C; E: − 2.5 
to 2 V

Activation by cathodic; 
deactivation by anodic

Cathodic < anodic In situ XPS/SPEM and 
ToF-SIMS

[66]

LSCrM film PO2:  10−6 mbar; T: 500 
and 600 °C; E: − 2.5 
to 2 V

Activation by cathodic Cathodic < anodic In situ XPS/SPEM; 
quasi in situ ToF-
SIMS

[135]

LSCrM film PO2: 1 × 10−9 and 
1 × 10−6 mbar; T: 
550 °C; E: − 3.5 to 
2.8 V

– Either cathodic or 
anodic potential, 
enrichment or deple-
tion of different 
cations

Quasi in situ ToF-SIMS [119]

LSM film – Activation by cathodic – – [127]
LSM film (a quenched 

LSM surface enriched 
with La)

– – La segregation: 
cathodic < anodic

Quasi in situ AES and 
XPS

[174]

LSM electrode PO2: in air; T: 800 °C; 
In  CrO3

Accelerated degradation 
by anodic

Increased by anodic Ex situ SEM-EDS [136]
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showed that the effects of cathodic potential on the change in 
lattice parameters were reversible by switching the potential 
between 0 and − 0.9 V [140]. Here, the increase in cell vol-
ume by applying a cathodic potential is possibly due to the 
increase in oxygen vacancies or the decrease in the effective 
oxidation state of Co ions.

Table 2 lists the effects of polarization current on the per-
formance and surface chemistry of selected LSC and LSCF 
electrodes reported in the literature.

3.6.3  Reversible Polarization

Surface segregation, particularly Sr species in YSZ electro-
lyte-based SOCs, is a complex issue due to the high activity 
of segregated Sr species with YSZ electrolyte and its signifi-
cant dependence on the direction of polarization current. In 
the case of LSCF electrodes, although a GDC barrier layer is 
generally applied on YSZ electrolytes to function as a barrier 
layer, segregated Sr cations can readily diffuse through the 
pores or grain boundaries of the GDC layer to form a resis-
tive  SrZrO3 phase at the GDC/YSZ interface region, in which 
the amount of formed  SrZrO3 is a good indication of the 

extent of Sr surface segregation. For example, Matsui et al. 
[141] reported that after an LSCF electrode was polarized 
in the cathodic mode at 0.3 A  cm−2 and 1000 °C for 400 h, 
the volume of  SrZrO3 at the YSZ/GDC interface increased 
by 6 times as compared with that before polarization. Khan 
et al. [142] also prepared half cells with LSCF–GDC elec-
trodes sintered on  (Sc2O3)0.10(CeO2)0.01(ZrO2)0.89 (ScCeSZ) 
electrolytes at 1150 °C without a GDC barrier layer and 
reported that electrode activities decreased as polarization 
current densities increased in the range of 0–1.5 A  cm−2 at 
900 °C for 1000 h and that the Sr content at the LSCF–GDC 
/ScCeSZ interface increased with increasing current den-
sity. In the case of flat tubular single cells with co-sintered 
YSZ film/GDC barrier layers, Khan et al. [143] reported that 
performance degradation greatly increased with increasing 
current densities at 800 °C for 1000 h.

Recently developed direct assembly techniques provide 
an effective approach to study the intrinsic relationship 
between Sr segregation, interfacial formation and reaction 
of LSC-based electrodes on YSZ electrolytes [144, 145]. 
With the directly assembled electrodes, it has been found 
that cathodic polarization can not only in situ induce the 

Table 2  Effects of polarization current on the performance and surface chemistry of LSC and LSCF electrodes

Cathode materials Operating conditions Performance degrada-
tion

Extent of Sr surface 
segregation

Probing method References

YSZ|LSC film PO2: ultra-high vac-
uum; T: 350–370 °C; 
I: several μA

– Increased by cathodic In situ XPS [137]

YSZ|LSC film; 
YSZ|LSC/(La,Sr)2CoO4 
bi-layer film

PO2: 1 × 10−6 mbar; T: 
650 °C; E: 0.5–1.5 V

Cathodic versus anodic Cathodic > anodic; 
Segregated Sr by 
cathodic reduced by 
anodic

In situ synchrotron 
XPS

[88]

YSZ|LSCF film T: 600–750 °C; E: − 2 
to 2.5 V

Cathodic versus anodic Cathodic > anodic Ex situ XPS [90]

GDC|LSCF film T: 600 °C; j: 
2 mA cm−2; t: 540 h

Anodic > cathodic Cathodic > anodic co 
segregation

Ex situ TEM, EDS 
mapping

[138]

YSZ film|GDC|LSCF–
GDC

T: 850 °C; j: 0.5 A 
 cm−2; t: 1000–2400 h

Anodic > cathodic Anodic > cathodic Ex situ 2D/3D synchro-
tron XRD and XRF, 
FIB-SEM, STEM-
EDS

[154]

LSCF–SDC 
|SDC|YSZ|SDC|LSCF–
SDC

T: 900 °C; j: 0.5 A 
 cm−2; t: 5500 h

Cathodic > anodic Cathodic > anodic Ex situ SEM-EDS [152]

LSCF|GDC|LSCF T: 800 °C; E: 100–
600 mV; t: 48 h

Cathodic > anodic Cathodic > anodic Ex situ XAS [153]

YSZ film|LSCF, without 
sintering

T: 750 °C; j: 0.5 A 
 cm−2; t: 100 h

Cathodic > anodic Cathodic > anodic Ex situ ToF-SIMS, 
FIB-SEM, STEM-
EDS

[146, 155, 156]

YSZ film|LSCFN 
electrodes, without 
sintering

T: 750 °C; j: 0.5 A 
 cm−2; t: 100 h

Cathodic > anodic; 
degradation by 
cathodic is recovered 
by anodic

Cathodic > anodic Ex situ FIB-SEM, 
STEM-EDS

[91]

YSZ pellet|LSCF, sin-
tered at 900 °C for 2 h

T: 800 °C; j: 1 A  cm−2; 
t: 158 h

Enhanced stability by 
anodic

Decreased surface Sr 
by anodic

Ex situ XPS [157, 158]
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formation of electrode (LSM and LSCF)/electrolyte (YSZ 
and GDC) interfaces, but also lead to Sr segregation and 
diffusion, forming a Sr-rich layer and eventually a  SrZrO3 
secondary phase at the YSZ surface in the case of LSC-
based electrode/YSZ electrolyte interfaces [146–148]. In 
addition, further polarization can accelerate Sr segregation 
and  SrZrO3 reaction layer formation, which will lead to the 
disintegration of LSCF structures at the electrode/electrolyte 
interface (Fig. 7) [146]. These findings indicate that cathodic 
polarization can accelerate SrO surface segregation and 
kinetically promote the chemical reaction between LSCF 
and YSZ at 750 °C under polarization conditions. Alterna-
tively, The et al. [149] studied LSCF electrodes in the anodic 
mode at 1 A  cm−2 and 780 °C for 9000 h and detected the 
growth of a  SrZrO3 layer at the YSZ/GDC interface and the 
partial de-mixing of LSCF [149–151]. Choi et al. [138] fur-
ther observed the significant degradation of an LSCF–GDC 
electrode after anodic polarization at a high current density 
of 2 A  cm−2 under 700 °C for 1300 h, in which the elec-
trode/electrolyte interface partly delaminated and Co and 
Sr accumulated at the electrode/electrolyte interface near 
the delaminated region.

To clarify the effects of polarization current direction 
on the activity of LSC-based electrodes, Shimura et al. 
[152] studied symmetric LSCF–SDC composite electrodes 
on YSZ electrolytes with dense SDC barrier layers under 
polarization at 900 °C and 0.5 A  cm−2 for 5500 h. Here, 
these researchers reported that the overpotentials under 
anodic and cathodic modes remained constant over the 
operational duration in which the cell ohmic resistance 
increased from 0.5 to 0.8 Ω  cm2 after cathodic polariza-
tion, whereas the increase after anodic polarization was 
very small. Elemental analysis further showed signifi-
cant Sr accumulation at the YSZ/SDC interlayer interface 
after cathodic polarization, which was consistent with cell 

ohmic resistance increases under cathodic polarization. 
Finsterbusch et al. [153] also prepared symmetric LSCF 
electrodes on GDC electrolytes and applied a constant DC 
voltage at 800 °C for 48 h in which gaseous Cr was fed 
as a tracer to catch segregated Sr cations at the surface 
through the formation of  SrCrO4. Here, these researchers 
reported that Sr surface segregation can be inhibited by 
anodic polarization but that the inhibition effect became 
less evident as anodic overpotentials increased. Sr surface 
segregation increased at lower cathodic overpotentials, 
but decreased at higher cathodic overpotentials. Different 
results were reported on typical Ni–YSZ/YSZ/LSCF–GDC 
cells with high degradation rates in the electrolysis mode 
than in fuel cell mode [154].

Our group also investigated the effects of polarization 
current direction on Sr segregation in LSCF oxygen elec-
trodes directly assembled on Ni–YSZ hydrogen electrode-
supported YSZ electrolytes [146, 155, 156]. The LSCF/YSZ 
interfaces were in situ formed in the early stage of polariza-
tion at 750 °C as evidenced by decreased cell ohmic resist-
ance and formation of contact marks on the YSZ electrolyte. 
And with two identical cells operating at 0.5 A  cm−2 and 
750 °C for 100 h, it was found that the operating stability 
of the cell under cathodic polarization deteriorated drasti-
cally, whereas significant performance enhancements were 
observed for the cell under anodic polarization (Fig. 8) 
[156]. And although a Sr-rich layer formed on both YSZ 
surfaces, the Sr-rich layer was ~ 30 nm after cathodic polari-
zation and was much thicker than the 10-nm layer observed 
after anodic polarization. Similarly, Pan et al. [157, 158] 
directly sintered LSCF electrodes onto a barrier layer-free 
YSZ electrolyte at 900 °C and observed enhanced electrode 
operating stability under anodic polarization at 1 A  cm−2 and 
800 °C for 158 h as compared with the performance decay 
under open-circuit conditions.

Fig. 7  Scheme of the effect 
of polarization time at 1 A 
 cm−2 and 750 °C on electrode/
electrolyte interface formation, 
Sr segregation and diffusion 
and Sr-rich and (Fe,La,Y)-
containing  SrZrO3 reaction 
layer formation at the LSCF/
YSZ interface region. Repro-
duced with permission from 
Ref. [146]. Copyright 2018. The 
Electrochemical Society, Inc.
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He et al. [91] further investigated the effects of cyclic 
cathodic and anodic polarization on Sr segregation using a 
10% Nb-doped LSCF (LSCFN) electrode assembled on a 
YSZ electrolyte and reported that although electrode per-
formances severely degraded through cathodic polarization 
at 0.5 A  cm−2 and 750 °C, it can largely be recovered by 
subsequently switching to the anodic polarization mode. 
This suggests that Sr surface segregation and accumulation 
at electrode/electrolyte interfaces as induced by cathodic 
polarization can be significantly mitigated through subse-
quent operation in the anodic polarization mode. However, 
the degree of performance reversibility and Sr segregation 
was dependent on the time duration of cycles. LSCFN elec-
trode performances were largely reversible in the case of 
12-h cathodic polarization/12-h anodic polarization cycles, 
whereas performance degradation occurred in the case of 
cyclic polarization with a shorter time period of 4-h cathodic 
polarization/4-h anodic polarization. Here, FIB-SEM and 
elemental mapping results indicated that for cyclic polari-
zation using 4-h cathodic polarization/4-h anodic polariza-
tion cycles, significant Sr segregation and deposition at the 
electrode/electrolyte interface occurred after 224 h, whereas 
for cyclic polarization using 12-h cathodic polarization/12-h 
anodic polarization cycles, Sr accumulation at the interface 
was negligible (Fig. 9) [91].

In another study, Barnett et al. [82, 159] investigated 
the effects of current switching on surface segregation and 
performance stability in symmetrical LSCF electrodes 
on GDC electrolytes. Here, these researchers performed 
current switching at 700 °C for 1000 h under varied cur-
rent densities (0.7, 1.0 and 1.5 A  cm−2) and observed that 
performance degradation was proportional to the level of 
current density [159]. To estimate the level of SrO surface 

segregation, these researchers also stirred the tested LSCF 
electrodes in ultrapure water for 10 min to seize the water-
soluble Sr cations and used ICP-OES to analyse the solu-
tion. The results indicate that after current switching, the 
amount of surface-segregated Sr was higher than that of 
the as-prepared electrode and the electrode annealed under 
identical conditions without polarization. It has also been 
found that the effects of current density were dependent 
on operating temperature [82] in which at lower tempera-
tures (650–700 °C), the performance degradation of LSCF 
electrodes increased with increasing current densities, 
whereas at a higher temperature of 750 °C, operating sta-
bility improved with increasing current densities.

Overall, the discrepancies in the effects of influential 
factors on Sr segregation as reported by different groups 
may be related to the fact that because Sr segregation is 
critically influenced by a variety of factors, the differences 
in sample preparation processes, surface chemistry, sur-
face strains, surface morphology, atmospheres, impurities 
and polarizations can have a critical effect on observed 
Sr surface segregation. Therefore, it is important to con-
duct surface segregation studies under carefully controlled 
conditions.

Fig. 8  Stability plots of single cells with LSCF oxygen electrodes 
assembled on YSZ electrolyte films under fuel cell and electroly-
sis modes. Reproduced with permission from Ref. [156]. Copyright 
2018, Elsevier

Fig. 9  HAADF images and elemental maps of LSCFN electrodes 
after cyclic polarization at 0.5 A  cm−2 and 750 °C with varied time 
periods and durations: a 12-h cathodic polarization/12-h anodic 
polarization for 48 h, b 12-h cathodic polarization/12-h anodic polari-
zation for 240 h and c 4-h cathodic polarization/4-h anodic polariza-
tion for 224 h. Reproduced with permission from Ref. [91]. Copy-
right 2018, Elsevier
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4  Driving Forces of Surface Segregation

4.1  Open-Circuit and Annealing Conditions

Although numerous theories exist regarding the mecha-
nism or the driving force of Sr surface segregation in per-
ovskite oxides under open-circuit and/or annealing con-
ditions, the most accepted ones involve electrostatic and 
elastic interactions [52, 103, 116, 160]. In this review, only 
the main points are briefly summarized.

Because  Sr2+ dopant possesses a 5.9% larger ionic 
radius than the host cation  La3+,  Sr2+ cations experience 
compressive strain in LSM lattices that can be relaxed 
through surface migration. As a result, elastic interactions 
have been proposed as a driving force for SrO surface seg-
regation in LSM [31, 53, 126, 128] and have proved useful 
in the explanation of many segregation related phenomena. 
For example, Jalili et al. [108] reported a higher tendency 
of Sr segregation on tensile strained LSM surfaces due to 
the larger spacing available for the accommodation of Sr 
cations with reduced elastic energy on the surface than 
in the bulk. Lee et al. [116] also reported that the extent 
of dopant segregation was proportionally dependent on 
the size of dopants. Observed increases in Sr surface seg-
regation at higher oxygen partial pressures can also be 
explained by elastic interaction, in which higher oxygen 
pressures can incorporate oxygen into lattices and con-
tract lattices, whereas lower oxygen pressures can expand 
lattices upon oxygen loss. Because of this, the shrinkage 
of LSM lattices under high oxygen partial pressures can 
lead to increased dopant strain energy and accelerated Sr 
surface segregation. This was further confirmed by calcu-
lations using first-principles thermodynamics [161].

Surface oxygen vacancy concentrations tend to increase 
with decreasing oxygen partial pressures [162, 163]. Because 
of this, Fister [118] proposed that electrostatic interactions 
are the driving force for SrO segregation in LSM and are 
related to the interactions between positively charged oxygen 
vacancies and net negative charges due to the substitution 
of  Sr2+ for  La3+ in LSM lattices. Large concentrations of 
positively charged surface oxygen vacancies (+2) can drive 
substituted Sr cations from the bulk to the surface through 
electrostatic interaction to maintain local electroneutrality. 
Electrostatic interactions between surface oxygen vacancies 
and Sr cations can also be used to explain the Sr surface 
segregation phenomenon of LSC and LSCF [125, 164, 165]. 
For example, Kuyyalil et al. [164] applied the electrostatic 
interaction mechanism to explain the formation of SrO lay-
ers on LSCF (100) film surfaces at a very low annealing 
temperature of 150 °C in which prior to annealing, surface 
oxygen vacancies were created by sputtering the LSCF film 
with low-energy  Ar+ ions.

Lee et al. [116] further identified both elastic and elec-
trostatic interactions as driving forces for surface segrega-
tion, using (La,D)MnO3 (D = Ca, Sr and Ba) as a model 
system (Fig. 10). The tendency to segregate to the surface 
increases with increased dopant sizes (the radii of  Ca2+, 
 Sr2+,  Ba2+ and  La3+ with CN = 12 are 1.34, 1.44, 1.61 
and 1.36 Å, respectively [131]). Here, a smaller size mis-
match between the host and dopant cations can suppress 
dopant segregation due to reduced elastic interactions. 
 D2+ substitution of A-site  La3+ in perovskites produces 
negatively charged D′

La
 defects, which can be compensated 

by the formation of positively charged oxygen vacancies, 
V

⋅⋅

O
 on the surface. The electrostatic interaction between 

D
′

La
 and V⋅⋅

O
 can then drive the substitutional  D2+ cations 

towards the surface. In another study, Ding et al. [103] 
took into account both strain relaxation and surface charge 
minimization as driving forces for Sr surface segregation 
on LSCF, in which DFT calculations indicated that the 
net effect of surface oxygen vacancies enhanced Sr sur-
face segregation because the increase in surface charge 
overrode the induction of compressive strain. Sr surface 
segregation also depends on the type of B-site cations. 
For example, the substitution of Fe with Co can induce 
tensile strain and increase surface charge, thus increasing 
Sr surface segregation. Because of this, the application 
of compressive strain and the reduction in surface charge 
are effective strategies to suppress Sr surface segregation. 
This also indicates that electrostatic interactions play a 
dominant role in Sr segregation in LSCF [125, 164, 165].

Fig. 10  Driving forces for A-site segregation in a perovskite  LaMnO3 
system as a case study. Reproduced with permission from Ref. [116]. 
Copyright 2013, American Chemical Society
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4.2  Polarization Conditions

Sr surface segregation behaves differently under cathodic 
and anodic polarization conditions. In the case of LSM 
electrodes, cathodic polarization inhibits Sr segregation, 
whereas anodic polarization promotes Sr segregation in 
which incorporation and segregation of Sr species on LSM 
surfaces are supported by the activation/deactivation of LSM 
electrodes for ORR under the influence of cathodic/anodic 
polarization [53, 126, 127]. Here, the significant redistribu-
tion of segregated Sr species on LSM and LSCrM electrode 
surfaces can be studied by using in situ probing techniques 
[66, 135, 166].

The effects of polarization on Sr segregation/incorpo-
ration induced by cathodic/anodic polarization are com-
plicated, as indicated by the activation and deactivation 
process of oxygen reduction reaction on LSM [126, 128]. 
LSM-based materials are predominantly electronic conduc-
tors with negligible oxygen ion conductivities [167]. In fact, 
in the case of Sr-doped  LaMnO3, Sr substitution of A-site 
La leads to the formation of electron holes, and at SOFC 
operating temperatures, the electron holes are localized 
onto specific Mn ions, forming  Mn4+ ions, Mn

⋅

Mn
 or electron 

holes, h⋅ [168]. This is consistent with the p-type electronic 
conductivity of LSM-based materials [169]. The neutrality 
condition can be simply described as:

Under cathodic polarization conditions, the generation 
of positively charged oxygen vacancies, V⋅⋅

O,LSM,surface
 , is a 

dominant process in LSM electrodes for ORR. The subscript 
surface indicates that the positively charged oxygen vacan-
cies generated under cathodic polarization are primarily on 
the LSM surface in the vicinities of the three-phase bound-
ary (TPB). Cathodic polarization substantially reduced the 
formation energy of oxygen vacancies, and thus, the formed 
oxygen vacancies significantly enhance the ORR [130, 170]. 
Considering the high concentration of positively charged 
oxygen vacancies on the LSM surface, the electroneutral-
ity can also be established by incorporating the segregated 
SrO into the La lattice, forming negatively charged Sr

′

La
 . 

Such incorporation of SrO through the electrostatic attrac-
tive interaction can be expressed as:

In this case, oxygen vacancies are formed under the influ-
ence of cathodic polarization and not due to the Sr substitu-
tion. As discussed above, the charge compensation through 
the oxidation of B-site Mn ions (Eqs. 1 and 2) would mainly 
drive the B-site Mn cations to the surface via the elastic 
interaction, while incorporation of segregated SrO into La 

(3)SrO
LaMnO

3

⟶ Sr
�

La
+ Mn

⋅

Mn
+ O

x

O

(4)
2SrOsurface

Cathodic polarization,LaMnO3

⟶ 2Sr�
La,surface

+ V⋅⋅

O,LSM,surface
+ 2Ox

O

lattice sites would be the alternative charge compensation 
mechanism for the oxygen vacancy formed under cathodic 
polarization conditions. The incorporation of segregated SrO 
species can be a fast process due to the strong electrostatic 
attractive force between the positively charged V⋅⋅

O,LSM,surface
 

and negatively charged Sr
′

La
 . Fast incorporation reaction 

of segregated Sr into LSM lattices is consistent with the 
observed activation effect and reduced Sr species at LSM 
electrode surfaces [53, 66, 117, 135].

Under anodic polarization conditions, oxygen excess 
occurs, similar to the oxygen excess of LSM materials at 
high oxygen partial pressures [130, 169]. The presence of 
oxygen excess in the form of negatively charged O′′

excess
 ions 

(note: the oxygen excess could exist as negatively charged 
cation vacancies such as V′′′

La
 due to the compact nature 

of LSM perovskite structure. Nevertheless, electronically 
O

′′

excess
 and V′′′

La
 would function similarly due to the fact that 

both are negatively charged point defects) would push the 
negatively charged Sr

′

La
 out of the lattice to the surface by the 

repulsive electrostatic interaction. The Sr segregation due to 
the excess oxygen in LSM under anodic polarization can be 
expressed as follows:

This anodic polarization-induced electrostatic inter-
action can subsequently drive Sr segregation to the LSM 
surface. Therefore, the driving force for Sr segregation at 
LSM electrode surfaces under polarization is most likely the 
result of oxygen nonstoichiometry modulated electrostatic 
interaction on the LSM surface induced by cathodic/anodic 
polarization. The observed Sr incorporation rather than Sr 
segregation under cathodic polarization implies that elastic 
interactions due to the size mismatch between the substitute 
Sr and host La cations are compensated by the electrostatic 
interactions of the generated oxygen vacancies and are not 
key factors dominating Sr surface segregation/incorporation 
in LSM under polarization conditions. The Sr segregation/
incorporation processes on LSM under polarization condi-
tions are schematically shown in Fig. 11.

The effects of polarization on Sr segregation in LSC-
based electrodes are the opposite of those observed in LSM 
electrodes. Cathodic polarization promotes Sr segregation, 
whereas anodic polarization inhibits Sr segregation [91, 146, 
147]. These polarization effects can be explained based on 
the nature of LSC-based electrodes such as LSCF. LSCF 
electrode materials are well-known MIECs with high oxy-
gen ion conductivity [171, 172], which results in signifi-
cant differences in electrode behaviours between LSCF and 
LSM. Cathodic polarization will cause the excess in oxygen 
vacancies on the electrode surface of LSCF. As a result, the 
increased accumulation of positively charged oxygen vacan-
cies at the electrode surface would enhance electrostatic 

(5)Sr′
La

Anodic polarization,O′′

excess
or V′′′

La

⟶ SrOsurface
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interactions. This combined with intrinsic elastic interac-
tions subsequently drives Sr segregation. The observed Sr 
segregation rather than Sr incorporation under cathodic 
polarization is an indication of much stronger elastic inter-
action in the case of LSCF as compared to that in LSM. 
Under anodic polarization, oxygen vacancy concentrations 
at the electrode surface are significantly reduced and the 
substituted Sr at the La site would be held by the attrac-
tive force between negatively charged Sr

′

La
 and positively 

charged V⋅⋅

O
 in the bulk, which will overcome the elastic 

interaction and result in decreased driving force for Sr seg-
regation, thus inhibiting Sr segregation. This in turn suggests 
the diminished role of elastic interactions on Sr segregation 
in LSC-based electrodes under polarization conditions. As 
a result, the driving force for Sr segregation in LSC-based 
electrodes under polarization is primarily related to the sig-
nificant change in electrode surface properties, particularly 
positively charged oxygen vacancy concentration at surfaces 
under cathodic and anodic polarization conditions. This is 
schematically shown in Fig. 12.

5  Relationship Between Surface 
Segregation and Electrochemical Activity

5.1  Surface Segregation and Activation

Sr segregation in LSM is closely related to the activation 
phenomenon of LSM-based electrodes for  O2 reduction 

reactions in SOFCs under the influence of cathodic polari-
zation [53, 68, 173]. This activation effect can be classi-
fied as a performance enhancement under the influence 
of polarization in which Jiang et al. [53] demonstrated 
the first direct evidence of the intrinsic relationship 
between the activation phenomenon and surface segrega-
tion through the polarization behaviour of a weakly acid-
etched freshly prepared LSM electrode in 2001. In this 
experiment, an as-prepared  La0.72Sr0.18MnO3 electrode 
was washed with 1 M HCl acid solution prior to cathodic 
polarization, and the ICP-AES analysis of the solution 
collected after HCl etching of the LSM electrode coating 
showed an atomic ratio of La/Sr/Mn based on La concen-
tration as 0.74/8.4/15.8, which was significantly different 
from the measured ratio of 0.74/0.15/1 for the LSM coat-
ing. Here, the results suggested that the high content of Sr 
on the LSM surface was an indication of Sr segregation 
and enrichment on the LSM surface. The electrochemical 
activity of freshly prepared LSM electrodes for  O2 reduc-
tion can be enhanced significantly through cathodic polari-
zation (i.e. activation), and such activation phenomenon 
is much less pronounced after the acid treatment of the 
electrode (Fig. 13) [53]. The electrode polarization resist-
ance for the reaction on the acid-treated LSM in 1 M HCl 
solution was 0.84 Ω  cm2, which was much smaller than 
6.2 Ω cm2 for the reaction on LSM without acid treatment. 
In addition, the reduction in polarization resistance under 
cathodic polarization treatment was also much smaller.

Fig. 11  Segregation and 
incorporation of Sr and Mn 
cations on LSM electrodes 
under polarization conditions. 
Locations and sizes of ions are 
not to scale

Fig. 12  Segregation and inhibi-
tion of Sr species on LSCF 
under polarization conditions. 
Locations and sizes of ions are 
not to scale
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La O’ et al. [174] also observed significantly enriched La 
on annealed and quenched LSM and reported that cathodic 
polarization considerably decreased electrode impedance as 
associated with the reduction of surface La and increase in 
surface Sr and Mn species on LSM adjacent to the three-
phase boundary. Because segregated dopant cations such 
as SrO and BaO are electrically insulated as revealed by 
scanning tunnelling microscopy and spectroscopy (STM/
STS) [114, 116], their occupation on electrode surfaces can 
have detrimental effects on electrocatalytic activity. For 
example, Wang et al. [83] reported that the surface segrega-
tion of SrO on annealed LSCF electrodes led to decreased 
surface exchange rates (k) by ∼ 50% and oxygen diffusion 
coefficients (D*) by 50%. Yokokawa et al. [175] recently 
also reported that Sr deficiencies in the LSCF bulk can 
lead to decreased k and D* due to positively charge oxy-
gen vacancy can also be compensated by incorporating the 
surface-segregated SrO into the La lattice, forming nega-
tively charged Sr

′

La
 and decrease in oxygen vacancy con-

centrations. Chen et al. [102] further proposed deterioration 
mechanisms of SrO segregation on the ORR kinetics of STF 
electrodes involving: (1) the inhibition of electron transfer 
from the bulk of STF to the oxygen species adsorbed on 
the surface and (2) the decrease in surface oxygen vacancy 

concentrations for the incorporation of oxygen into STF lat-
tices. Lu et al. [82] suggested that the removal of surface-
segregated SrO through etching in diluted acid or water can 
significantly enhance the electrocatalytic activity of LSCF 
electrodes for ORR.

The initial state of LSM lattices can be examined to 
explain the activation phenomenon. The segregated SrO 
species on LSM surface occupies the active sites and sig-
nificantly inhibits the dissociation and diffusion of oxygen, 
leading to the very high electrode polarization resistance. 
Here, the removal of SrO species can be achieved through 
chemical processes such as weak acid etching as well as 
with the application of cathodic polarization/current pas-
sage through the incorporation of segregated SrO species 
into LSM perovskite lattices due to the charge compensation 
between the positively charged oxygen vacancies formed and 
the incorporated negatively charged Sr

′

La
 defects (Fig. 11). 

The incorporation of SrO under cathodic polarization condi-
tions is kinetically favourable and a fast process due to the 
strong oxygen vacancy modulated electrostatic interactions.

To clearly elucidate the effects of segregated cations on 
the electrocatalytic activity of LSC films, Rupp et al. [176] 
developed a combined PLD and electrochemical measure-
ment approach to monitor electrochemical performance 
changes during surface decoration in a PLD chamber. Here, 
these researchers intentionally deposited a 4% Sr monolayer 
onto an LSC surface using PLD to achieve severe perfor-
mance deactivation and found that this result was in good 
agreement with the aforementioned performance degrada-
tion as induced by in situ SrO surface segregation at ele-
vated temperatures. The deposition of Co using PLD caused 
performance activation in LSC films. The dominant role of 
B-site cations as active sites for ORR has also been reported 
in the case of LSM [114, 177].

Researchers have also reported the promotional effects 
of SrO decoration on electrode activity [34, 178, 179]. For 
example, Mutoro et al. [178] deposited 50%–80% of an 
LSC film surface with SrO nanoparticles using PLD and 
found that the surface exchange coefficient was remarkably 
enhanced by an order of magnitude. Here, these researchers 
attributed the enhancement of the Sr-decorated surface to 
the generation of a catalytically active LSC214 RP phase at 
the interface between SrO particles and the LSC film [42]. 
The positive effects of SrO and BaO nanoparticle infiltration 
into porous electrodes have also been reported [179–183]. 
For example, Hong et al. [179] infiltrated 1.25–8.75 wt% 
SrO into  La0.8Sr0.2FeO3 (LSF) scaffolds with annealing 
at 800 °C to prepare a (La,Sr)2FeO4 (LSF214) RP phase 
and reported significantly enhanced ORR activities. Chen 
et al. [184] further infiltrated barium nitrate into a PBCC 
electrode and observed that the PPD of the single cell at 
750 °C increased from 0.85 to 1.15 W cm−2 following the 
surface modification and detailed analyses demonstrated 

Fig. 13  Impedance plots of a  La0.72Sr0.18MnO3 electrode a before and 
b after acid treatment with 1 M HCl solution for ORR as a function 
of cathodic polarization at 200 mA cm−2 and 900 °C in air. Imped-
ance was measured under an open circuit and frequency numbers are 
shown in Hz. Reproduced with permission from Ref. [53]. Copyright 
2001, Elsevier Inc.
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that the in situ formation of a highly active nanostructured 
barium cobaltite was critical to ORR activity and durabil-
ity. Recently, Li et al. [34] also investigated SrO decora-
tion on LSC film surfaces through infiltration and obtained 
polarization resistances ~ 30 times lower than that of pristine 
LSC films in which after annealing at 600 °C, the infiltrated 
SrO phase evolved into isolated islands and possessed a Sr-
rich perovskite structure. Here, these researchers combined 
their experimental observations with DFT calculations and 
hypothesized that the surface infiltrated  Sr2+ cations had a 
high tendency to seize surface defective sites and inhibit 
intrinsic Sr flux, thereby suppressing SrO segregation. 
Despite this, excessive SrO infiltration can still lead to sur-
face passivation. Therefore, the promotional effects of SrO 
surface decoration [34, 178, 179] may be related to interac-
tions at the interface between SrO and perovskite oxides, 
forming a highly active Sr-containing perovskite phase. 
Nevertheless, the use of infiltration to study the effects of 
decorated SrO needs to be cautioned because infiltration can 
not only introduce nanoparticles but also clean the surface 
of infiltrated electrodes, meaning that the careful control of 
infiltrated electrodes/systems is required [185, 186].

5.2  Reactivity of Segregated Cation Species 
with Volatile Impurities

Various volatile impurities exist in SOC stacks, such as 
gaseous  CrO3 from chromia-forming metallic interconnects 
and high-temperature alloys used in Balance-of-Plant (BoP) 
components,  SO2,  CO2 and  H2O from airstream and boron 
species from borosilicate glass sealants. Surface-segregated 
cations tend to interact actively with these volatile impuri-
ties, leading to the deposition of impurities, microstructural 
changes and operating instability [39, 48, 49, 57, 187–203].

5.2.1  Cr

Although there are no clear indications of Cr deposition on 
electrodes in the case of LSM electrode exposure to gase-
ous  CrO3 under open-circuit conditions [204], Cr prefer-
entially deposits to LSM electrode/electrolyte interfaces 
under cathodic polarization conditions due to the chemical 
reaction between low valence  Mn2+ and  CrO3 according to 
the proposed nucleation theory [49, 132, 205]. Here, low 
valence  Mn2+ cations can readily segregate under cathodic 
polarization conditions and their high mobility enables their 
distribution at the electrode/electrolyte interface [67, 68, 71]. 
These  Mn2+ cations can subsequently act as a nucleating 
agent to combine with  CrO3 to form the Mn–Cr–O nuclei 
and initiate the deposition of  CrO3 and the (Mn,Cr)3O4 spi-
nel phase onto YSZ surfaces and LSM/YSZ interfaces. In 
terms of anodic polarization conditions, LSM electrodes are 
exposed to oxygen-rich environments and Mn cations tend to 

adopt higher valences (+ 3 and + 4), which lead to LSM lat-
tice contraction. The formation of negatively charged excess 
oxygen can also cause Sr segregation on LSM surfaces, lead-
ing to the formation of  SrCrO4 at the electrode/electrolyte 
interface under the anodic polarization conditions [136].

Surface-segregated Sr cations on LSCF also play a key 
role in determining Cr deposition because segregated SrO 
cations tend to form the Sr–Cr–O nuclei to initiate  SrCrO4 
and  Cr2O3 deposition [49, 132, 206]. For example, Zhao 
et al. [86] annealed LSCF pellets at 800 °C for 96 h in the 
presence of  Cr2O3 powder in dry air and observed the sig-
nificant growth of surface-segregated SrO particles. LSCF 
pellets were also annealed in the presence of  Cr2O3 in wet 
air, which led to greatly accelerated Sr segregation with 
roughened LSCF grain surfaces and the formation of nano-
pores or pinholes. Here, this was attributed to the com-
bined effects of the high volatility of  CrO2(OH)2 formed in 
humid air [207] and the acceleration effect of moisture on 
Sr surface segregation [195–197]. Wang et al. [208] also 
reported that the amount of  SrCrO4 generated on LSCF pel-
let surfaces decreased with decreasing temperature in the 
range of 700–900 °C and that decreases in temperature can 
significantly reduce the amount of surface-segregated SrO 
and partial pressure of  CrO3, leading to significant reduc-
tions in Cr deposition. Wei et al. [209] further studied cation 
segregation and Cr deposition on double-perovskite oxide 
 PrBaCo2O5+δ (PBCO) and observed that after high-temper-
ature annealing in  O2 atmosphere, both Ba and Co diffused 
out of the lattice to form BaO and  Co3O4 precipitates on 
the surface. It was found that in the presence of volatile Cr 
species,  BaCrO4, but not  CoCr2O4, was observed on PBCO 
electrode surfaces, indicating that Cr deposition preferen-
tially occurred on segregated BaO rather than on  Co3O4 
precipitates. The interactions between segregated species 
and Cr at cathodes under the SOFC operation mode can be 
described with a generalized nucleation deposition theory 
in which Cr deposition is essentially a chemical process in 
nature that is initiated by the nucleation reaction between 
high valence Cr species and a nucleation agent as follows 
[49]:

in which  N(s) represents a nucleation agent. Here, nucleation 
agents include Mn,Sr and Ba species generated under high-
temperature annealing and/or polarization conditions on 
perovskite-based electrode surfaces and can be on electrode 
and electrolyte surfaces or at electrode/electrolyte interfaces. 
Further reactions between the Cr–N–O nuclei, gaseous Cr 

(6)CrO3(g) + N(s) → Cr−N−O(nuclei,s) + O2(g)

(7)Cr−N−O(nuclei,s) + CrO3(g) → Cr2O3(s)

(8)Cr−N−O(nuclei,s) + CrO3(g) + N(s) → solid compounds
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species and nucleation agents can also lead to the deposi-
tion and formation of  Cr2O3 and solid compounds such as 
(Cr,Mn)3O4,  SrCrO4 and  BaCrO4.

For LSCF electrodes exposed to  CrO3 environments, Cr 
preferentially deposits onto outermost electrode surfaces 
to form dense  SrCrO4 layers [188, 206, 210–212] and to 
a lesser extent at the interface between LSCF electrodes 
and GDC barrier layers [213, 214]. This is evidenced by Cr 
distribution in LSCF electrodes after operation for 10000 h 
(Fig. 14) [211]. Here, the preferential formation of  SrCrO4 
on electrode surface layers can drive the diffusion of segre-
gated SrO from electrode/electrolyte interfaces to electrode 
surfaces and therefore cause Sr deficiency in LSCF elec-
trodes in interfacial regions [188, 206, 210–212].

5.2.2  SO2

Sulphur in air streams can significantly affect the perfor-
mance and durability of SOFCs [191, 215, 216]. For exam-
ple, Wang et al. [217] studied the mechanism and kinetics of 
sulphur deposition on LSM electrodes at 700 °C and 800 °C 
in 1 ppm and 10 ppm  SO2 and reported that the deposition of 
 SO2 was likely controlled by the nucleation reaction between 
surface-segregated SrO and  SO2 to form  SrSO4 on LSM 
electrode surfaces. Here, segregated SrO species act as both 
the nucleation agent and the reactant and the formation of 
 SrSO4 in turn can promote Sr segregation, leading to LSM 
Sr deficiency and driving the chemical reaction to the LSM/
YSZ interface. High oxygen activities and SrO segregation 
can also lead to the formation of Sr/La zirconate at elec-
trode/electrolyte interfaces.

(9)SO
2
+ SrO → SrSO

4

Xiong et al. [191] also investigated the sulphur poisoning 
of LSM electrodes in highly concentrated 0.01%  SO2 in air 
and reported that the LSM electrode was relatively stable 
during cathodic polarization at 800 °C for 5 h. On the other 
hand, Liu et al. [190] tested a double-layer oxygen electrode 
with an LSM–ScSZ inner layer and an LSM outer layer in 
20 ppm  SO2 and reported that after cathodic polarization at 
800 °C for 1000 h,  SrSO4 particles were observed around 
the LSM particles in both layers of the electrode. Wang et al. 
[218] further reported that the deposition of sulphur and 
formation of  SrSO4 were at the LSM/YSZ interface in the 
presence of 1 ppm  SO2 at 800 °C under anodic polarization 
conditions and attributed this to the fact that anodic polari-
zation can promote SrO segregation at the LSM close to 
the YSZ electrolyte, promoting the formation of  SrSO4 and 
interfacial delamination.

Compared with LSM, cobaltite oxygen electrodes such 
as LSC,  Sm0.5Sr0.5CoO3 (SSC) and LSCF have much higher 
tendencies to react with  SO2. For example, Schuler et al. [58, 
219] exposed a double-layer oxygen electrode consisting of 
a LSM–YSZ inner layer and an LSC outer layer to ~ 12 ppb 
 SO2 and reported that after operation at 800 °C for 1900 h, 
 SrSO4 preferentially deposited onto the LSC layer, in which 
the formation of more  SrSO4 on the cobaltite electrodes 
as compared with that on LSM electrodes was believed to 
be due to the higher activity of SrO in cobaltite electrodes 
[58, 190, 191]. Here, the reaction between  SO2 and LSC 
is favourable under oxygen-rich atmospheres and can be 
described by:

In another study, Bucher et al. [220] exposed LSC pel-
lets in air with  SO2 concentrations ranging from a few ppb 

(10)

6La
0.5

Sr
0.5

CoO
3
+ 3SO

2
+

1

2
O

2
→ 3SrSO

4
+ Co

3
O

4
+ 3LaCoO

3

Fig. 14  a SEM micrograph of an SOFC cross section showing the 
LSCF collector layer (CL), the LSCF–CGO  (Gd0.1Ce0.9O1.95) func-
tional layer (FL), a CGO buffer layer (BL) and the YSZ electrolyte, b 

LSCF and CGO phase profiles with increasing CGO content towards 
the cathode/electrolyte interface. Reproduced with permission from 
Ref. [211]. Copyright 2012, Elsevier Inc.
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to 2 ppm at 700 °C for 2000 h and observed  SrSO4 crys-
tals on the LSC surface in addition to a 100-300-nm-thick 
nanocrystalline sublayer consisting of  SrSO4,  La2O2SO4 and 
 Co3O4. Similarly, Xiong et al. [191] reported that the testing 
of SSC electrodes under cathodic polarization conditions 
in 0.01%  SO2-concentrated air at 800 °C for 8 h led to the 
formation of  SrSO4 and  Sm2O2SO4 at the electrode surface. 
Wang et al. [215, 221] further exposed LSCF electrodes in 
0.1, 1, 10 and 100 ppm  SO2 at 800 °C and reported that deg-
radation became critical with increasing  SO2 concentrations 
due to the increasing generation of  SrSO4 and  CoFe2O4. In 
addition, sulphur deposition preferentially occurred in the 
vicinity of the LSCF electrode/GDC electrolyte interface in 
0.1 ppm  SO2. The creation of high oxygen vacancy concen-
trations in electrochemically active regions under polariza-
tion conditions is believed to be able to promote  SO2 adsorp-
tion and accelerate  SrSO4 formation at electrode/electrolyte 
interfaces [222]. Alternatively, Kushi [223] reported that 
after exposure in 0.2 ppm  SO2 at 700 °C, sulphur deposi-
tion mainly occurred at the electrolyte/electrode interface 
after anodic polarization, whereas deposited sulphur was 
widely distributed across the entire electrode after cathodic 
polarization.

The formation of  SrSO4 on LSCF is critically dependent 
on operating temperature. For example, Wang et al. [224] 
annealed LSCF pellets in 20 ppm  SO2 at temperatures rang-
ing from 400 to 900 °C and found that  SrSO4 formed on 
LSCF surfaces at high temperatures ⩾ 700 °C, whereas SrS 
formed at low temperatures < 700 °C. In addition, the sur-
face segregation of Sr and/or Co on LSCF decreased sig-
nificantly with temperature, whereas sulphur deposition 
on LSCF surfaces showed a volcano-type dependency on 
temperature, in which the reaction and formation of  SrSO4 
were most kinetically active at 700 °C. Wang et al. [225] also 
reported that LSCF can exhibit severe performance degrada-
tion in 1 ppm  SO2 at low temperatures of 650 °C and 700 °C 
but that degradation was reduced at a high temperature of 
800 °C. The results suggest that the severe performance loss 
at lower temperatures is due to the adsorption of  SO2 on 
the entire LSCF surface without the formation of sulphates, 
whereas the less severe performance loss at higher tempera-
tures was attributed to the formation and accumulation of 
 SrSO4, which left some active surface sites available for 
electrochemical reduction reactions.

The sulphur poisoning behaviour of LSCF electrodes is 
also dependent on composition. For example, De Vero [226] 
compared the sulphur poisoning of LSCF films with an 
A-site excess composition  (La0.75Sr0.42Co0.15Fe0.68O3−δ) and 
a stoichiometric composition  (La0.60Sr0.39Co0.20Fe0.81O3−δ) 
by annealing at 800 °C for 100 h in trace amounts of  SO2 (in 
the ppb level) and reported that the A-site excess LSCF film 
exhibited significant  SrSO4 formation with severe porosity, 
whereas only isolated  SrSO4 formation was observed in the 

stoichiometric LSCF film. Here, the partial poisoning by 
sulphur minimized excessive porosity and enhanced Co-rich 
oxide precipitation.

5.2.3  Boron

The main source of volatile boron species originates from 
the use of boron-containing sealing glass in SOCs, such as 
 BO2 under dry conditions and  B3H3O6 under wet reduc-
ing conditions [227]. To investigate this, Chen et al. [228] 
annealed LSM and LSCF pellets at 800 °C for 7 and 30 days 
using borosilicate glass as a boron source and found that the 
reaction between boron and surface-segregated SrO resulted 
in the formation of a  SrB2O4 layer on the outermost sur-
face of the pellets.  LaBO3 was also observed underneath 
the  SrB2O4 surface layer. Chen et al. [203] further annealed 
BSCF pellets in gaseous boron at 800 °C for 7 days and 
observed a Ba- and Sr-rich layer on the surface.

Polarization can significantly affect the distribution of 
deposited boron. Chen et al. [229, 230] conducted the in situ 
electrochemical study of boron poisoning in LSM electrodes 
under cathodic and anodic polarization at 800 °C in which 
borosilicate glass pellets were placed on top of an LSM elec-
trode as a boron source without direct contact by using a Pt 
mesh buffer layer. Here, it was found that boron deposition 
occurred randomly on the LSM electrode surface under open 
circuit conditions but was driven to the electrode/electrolyte 
interface region under cathodic polarization, resulted in the 
formation of  LaBO3 and  Mn2O3 and the disintegration of 
the LSM perovskite structure (Fig. 15a, b). A  LaBO3 layer 
was also observed at the electrode/electrolyte interface under 
anodic polarization that led to electrode delamination and 
failure (Fig. 15c, d). Here, preferential boron deposition at 
the electrode/electrolyte interface can be attributed to the 
increased activity of highly energetic La at the LSM lattice 
sites of the three-phase boundary region under polarization 
conditions, which can accelerate the reaction rate between 
boron and energetic La. The in situ boron poisoning of LSCF 
electrodes under cathodic polarization was also investigated 
[231]. After cathodic polarization at 700 °C for 20 h, ohmic 
and polarization resistances were found to have increased 
by 4 and 12 times, respectively, and significant microstruc-
ture changes were observed in the vicinity of the electrode/
electrolyte interface (Fig. 15e, f). Here, the thickness of the 
reaction layer was found to be dependent on the overall elec-
trode thickness, which was 6 μm thick for a 28 μm-thick 
electrode and 2.5 μm thick for a 6 μm-thick electrode. These 
microstructural changes can be attributed to the preferential 
deposition of boron and formation of  LaBO3 at the electrode/
electrolyte interface of LSCF electrodes.
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5.2.4  CO2

The effects of  CO2 on the distribution of surface cations are 
generally conducted under accelerated conditions. For exam-
ple, Hu et al. [232] tested LSM electrodes in 0–10%  CO2 
containing air in temperatures ranging from 750 to 850 °C 
and reported the formation of  SrCO3 on LSM surfaces based 

on AES and attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR). Ponce et al. [233] also 
observed the tendency of  CO2 reacting with SrO at LSM sur-
faces to form  SrCO3. In addition, researchers have reported 
the minor poisoning effect of  CO2 on the operating stabil-
ity of LSM electrodes [232, 234]. On the other hand, the 
poisoning effect of the reaction between  CO2 and SrO on 

Fig. 15  SEM micrograph and Nano-SIMS imaging of the cross sec-
tion (a–c) and the exposed YSZ electrolyte surface (d) of LSM elec-
trodes after polarization in the presence of borosilicate glass; (a, b) 
after cathodic polarization at 0.2 A  cm−2 and 800 °C for 100 h; (c, d) 
after anodic polarization at 0.050 A  cm−2 and 800 °C for 8 h; and (e, 

f) of the LSCF electrode after cathodic polarization at 0.2 A  cm−2 and 
700 °C for 20 h. Reproduced with permission from Ref. [229–231]. 
Copyright 2014, Royal Society of Chemistry; Copyright 2015, The 
Electrochemical Society Inc.; Copyright 2016, Elsevier Inc.
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LSCF is severer. For example, Yu et al. [192] annealed 
LSCF at 800 °C under a  CO2 containing atmosphere for 
9 h and observed the formation of a secondary phase on 
the surface, which consisted of SrO covered with a capping 
layer of  SrCO3 and Co-rich phases. Chen et al. [39] exposed 
LSCF electrodes to 1% and 10%  CO2 in air and reported 
that the impedance of the LSCF electrodes increased sig-
nificantly with time and that the degree of degradation 
increased with increasing  CO2 concentrations (Fig. 16a). To 
gain a deeper understanding of the causes of this degrada-
tion, these researchers further exposed LSCF films to 10% 
 CO2 atmosphere at 500 °C and in situ Raman spectroscopy 
results showed drastic increases in peaks related to stron-
tium carbonate with increasing exposure times (Fig. 16b). 
After exposure to  CO2, the LSCF film surface became much 
rougher (Fig. 16c). DFT calculations also indicated that the 
growth of  SrCO3 resulted from carbonate formation through 
the strong interaction between  CO2 and Sr cations segre-
gated from the LSCF electrode. In another study, Darvish 
et al. [234] carried out thermodynamic predictions regarding 
phase formations in LSCF and suggested the higher ten-
dency of  SrCO3 formation at higher P

CO
2
 , lower P

O
2
 and 

lower temperatures.
Compared with LSCF, BSCF is more vulnerable to attack 

by  CO2 [235–238]. This is due to the higher tendency of  CO2 
adsorption on BSCF surfaces and the formation of Ba-rich 
carbonates, particularly at higher temperatures, higher  CO2 

concentrations and higher Ba doping levels in BSCF [235, 
236]. For example, Arnold et al. [239] showed that BSCF 
bulk samples can be affected down to a depth of 50 μm if 
exposed to pure  CO2 at 875 °C for 72 h in which two dis-
tinctive layers within the reaction zone existed. Here, the 
outer layer was ~ 5 μm thick and consisted mainly of (Ba,Sr)
CO3, whereas the second layer underneath was ~ 40 μm 
thick and exhibited plate-like morphology with a mixture 
of carbonates and Co-/Fe-enriched oxides. Schmale et al. 
[240] exposed BSCF specimens to 99.9%  CO2 atmosphere 
at 900 °C and reported the formation of a (Ba,Sr)CO3 car-
bonate top layer 1.4–3.0 μm in thickness after annealing for 
24 h. The reaction layer increased to 5–7 μm in thickness 
after prolonging the annealing period to 240 h. In both cases, 
the Ba/Sr ratio remained at 1.25–1.50.

5.2.5  H2O

Moisture in air has a detrimental effect on the surface 
exchange rate and electrocatalytic performance of LSM, 
LSC and LSCF oxygen electrodes due to the structural 
damage caused by interactions between surface-segregated 
cations and moisture [193–197]. For example, moisture can 
accelerate SrO segregation on LSM. Sharma et al. [241] 
reported that exposure to 20% moisture enhanced SrO seg-
regation on LSM after annealing at 800 °C for 50 h. Hu 
et al. [242] also observed SrO particle segregation on LSM 

Fig. 16  a Durability of LSCF in 
air containing different amounts 
of  CO2 under OCV conditions, 
b in situ surface enhanced 
Raman spectroscopic study of 
LSCF films at 500 °C in atmos-
pheres of pure  O2 or  O2 with 
10%  CO2 and c SEM of fresh 
films and films after Raman 
testing in  O2 with 10%  CO2. 
Reproduced with permission 
from Ref. [39]. Copyright 2018, 
Royal Society of Chemistry



751Electrochemical Energy Reviews (2020) 3:730–765 

1 3

surfaces at annealing temperatures of 750–850 °C in 50% 
moisture. The results showed that an increased moisture, 
temperature and electric bias as well as decreased oxy-
gen partial pressure can accelerate Sr surface segregation 
on LSM and as well as formation of  La2Zr2O7 and  Mn2O3 
phases at LSM/YSZ interfaces.

Moisture can also induce  La2O3 segregation. For exam-
ple, Kim et al. [243] observed  La2O3 segregation on LSM 
surfaces annealed at 800 °C for 5 h in 20% and 40% humidi-
fied air that was different as compared with annealing in 
dry air. Liu et al. [197] also reported that exposure to 20% 
moisture at 800 °C for 200 h led to the partial decomposi-
tion of LSM into  La2O3 and  MnOx. Here, these researchers 
reported that decomposition was severer at a reduced tem-
perature of 700 °C and was possibly due to the preferential 
combination of La cations from LSM with steam to form 
 La2O3, particularly at reduced temperatures.

Moisture can severely accelerate Sr surface segregation 
in LSC and LSCF. For example, Bucher et al. [195, 196] 
annealed LSC and LSCF pellet samples in humid atmos-
phere in a Si reactor and reported that after annealing at 
600 °C for 5000 h with 30% and 75% relative humidity, LSC 
surface roughness increased by approximately one order of 
magnitude. Silicon poisoning and strong Sr segregation at 
depths of 10–90 nm were also found based on XPS depth 
profiles as compared with Sr segregation at a depth of 2 nm 
in dry conditions. Similarly, significant Sr segregation and 
silicon poisoning were also detected on LSCF after anneal-
ing at 600 and 700 °C in 30% humidity in which the reac-
tion between volatile Si species and surface-segregated SrO 
may be the driving force for Sr surface accumulation. Liu 
et al. [197] also reported that after testing LSCF oxygen 
electrodes at 800 °C for 1000 h in 5% moisture the genera-
tion of a Sr-rich layer on the oxygen electrode surface was 
observed, and at a reduced temperature of 700 °C with 10% 
moisture, more Sr-rich oxides were detected.

5.3  Sr Segregation and Reaction at YSZ/GDC 
Interfaces

LSCF readily reacts with YSZ. Chen et al. [155] reported 
that the solid reaction of LSCF–YSZ mixtures starts at a 
calcining temperature of 800 °C to form a secondary phase 
of  SrZrO3.  SrZrO3 possesses an orthorhombic structure at 
room temperature [244] and is an electrical insulator with 
a poor ionic conductivity of 1.87 × 10−6 S  cm−1 at 800 °C 
[245, 246], which is more than four orders of magnitude 
lower than 8.70 × 10−2 S  cm−1 of GDC and 5.40 × 10−2 
S cm−1 of YSZ [247]. In addition, the generated  SrZrO3 
phase at the electrode/electrolyte interface can block ion 
migration [248] and the diffusion of Sr to YSZ surfaces 
can cause Sr depletion in LSCF, leading to the further for-
mation of Sr-free La(Co,Fe)O3 with significantly reduced 

electrocatalytic activities for ORR [249, 250]. Because of 
this, GDC or SDC barrier layers between LSCF and YSZ 
are essential for conventionally sintered LSCF electrodes 
at high temperatures of 1000–1200 °C to avoid chemical 
reactions at the LSCF/YSZ interface. Despite this, numer-
ous reports have shown that even in the presence of doped 
ceria barrier layers,  SrZrO3 phases can still form at the 
YSZ interface after high-temperature electrode sintering 
[84, 100, 246, 249].

The diffusion of Sr across the GDC layer is mainly 
caused by the high reactivity of segregated Sr species. 
Thermodynamically, surface-segregated Sr species exist 
mainly in the form of Sr(OH)2 in humid air that is volatile 
under SOFC operating conditions [251]. Because of this, 
volatile Sr species can easily diffuse across the pores or 
grain boundaries of GDC barrier layers through gas- or 
solid-phase diffusion to reach the YSZ surface and form 
 SrZrO3 [56, 252]. For example, Lu et al. [56] reported 
that after the sintering of a YSZ electrolyte close to an 
LSCF pellet without physical contact at 1200 °C for 50 h, 
 SrZrO3 was observed at the grain boundary of the YSZ 
electrolyte surface, indicating the volatility of surface-
segregated Sr species. Yin et al. [251] also compared the 
SrO activity of SrO powder with LSCF powder through 
annealing at 1000 °C in air for 200 h in which a YSZ sheet 
was placed on top of the powders without direct contact 
during annealing. It was reported that after annealing with 
SrO powder, Sr deposition was observed on the YSZ sur-
face, whereas after annealing with LSCF powder, no Sr 
deposition was observed on the YSZ surface, indicating 
the higher SrO activity of SrO powder as compared with 
LSCF powder at 1000 °C.

Lu et al. [56] further investigated the effects of sintering 
temperature on LSCF electrodes and observed the formation 
of a  SrZrO3 layer on the SDC/YSZ interface at sintering 
temperatures of 1150 °C and above. At a lower sintering 
temperature of 1050 °C, EDS analysis revealed the pres-
ence of significant amounts of Sr at the SDC/YSZ interface. 
On the other hand, Gao and Barnett [253] did not detect 
Sr diffusion to GDC/YSZ interfacial regions after sintering 
LSCF–GDC composite oxygen electrodes at 1100 °C for 2 h. 
This discrepancy may be due to variable surface chemistry 
of LSCF and the physical states of GDC barrier layers.

Because the pores of doped ceria barrier layers can facili-
tate the diffusion of volatile Sr, the adoption of a dense, 
pore-free doped ceria barrier layer is useful in blocking Sr 
diffusion [56, 254]. For example, Lu et al. [56] reported that 
in contrast to significant Sr diffusion to YSZ and porous 
SDC layer interfaces, the deposition of a dense SDC layer 
through PLD led to undetectable amounts of Srat YSZ elec-
trolyte surfaces after sintering at 1200 °C for 2 h. The sup-
pression of Sr diffusion led to the increase in PPD from 
0.7 W cm−2 for the porous SDC barrier layer to 1.2 W cm−2 
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for the densified SDC layer. Despite this, dense GDC bar-
rier layers cannot completely eliminate Sr diffusion during 
extended sintering and under long-term operating condi-
tions and segregated Sr diffusion can proceed through grain 
boundary or surface diffusion pathways in GDC layers [100, 
254].

6  Strategies to Mitigate Surface 
Segregation

6.1  Composition Manipulation and Doping

One effective strategy to suppress Sr segregation 
and migration is to introduce A-site deficiencies in 
LSCF [56, 103]. For example, Lu et  al. [56] reported 
that a 5% A-site-deficient LSCF oxygen electrode, 
 (La0.6Sr0.4)0.95Co0.2Fe0.8O3, can significantly reduce the 
formation of  SrZrO3 at the SDC/YSZ interface as com-
pared with stoichiometric LSCF. Jung et  al. [36] also 
reported that the degree of surface segregation in STF 
can be successfully controlled by intentionally prepar-
ing Sr deficient films. Celikbilek et al. [255] observed 
the formation of a well-dispersed, nanoscale B-site spi-
nel phase  (CoFeOx) on the surface of an A-site-deficient 
 (La0.7Sr0.3)0.95(Co0.2Fe0.8)O3−δ perovskite film electrode 
that led to enhanced electrochemical performances. 
Researchers have further reported that A-site nonstoichi-
ometry can effectively reduce the reactivity between LSM 
electrodes and YSZ electrolytes [256, 257].

A-site or B-site doping is another effective strat-
egy to suppress Sr segregation. Kim’s group [38, 258] 
reported that Ca doping in the A-sites of double-per-
ovskite structures to form  NdBa1−xCaxCo2O5+δ (NBCC) 
and  PrBa0.5Sr0.5−xCaxCo2O5+δ (PBSCC) can significantly 
enhance the electrochemical performance and operat-
ing stability of electrodes under air and  CO2-containing 
atmospheres. Chen et al. [39] also demonstrated the excel-
lent ORR activity and remarkable  CO2 tolerance of Ca-
doped  PrBa0.8Ca0.2Co2O5+δ (PBCC). When exposed to ~ 1 
vol%  CO2 at 750 °C, the initial RP of the PBCC electrode 
was 0.024 Ω  cm2 and slightly increased to 0.028 Ω  cm2 
after operation for 1000 h, which is ~ 1/24 that of an LSCF 
oxygen electrode under the same conditions. Here, the 
enhanced stability was attributed to both the increased 
electron affinity of mobile oxygen species with Ca as 
determined through DFT calculations and the increased 
redox stability from coulometric titration [38]. Impedance 
spectroscopy and in situ surface-enhanced Raman spec-
troscopy analyses indicated that the surface of PBCC was 
much more active for oxygen exchange and more robust 
against  CO2 poisoning than that of LSCF as confirmed by 
DFT calculations [39].

B-site doping with high valence cations such as 
Nb [259–264], Sb [265, 266], Mo [267], Ta [268], Y 
[269–272], Sc [273] and W [274, 275] has also been 
shown to be effective in enhancing the structural and com-
positional stability of cobalt-containing perovskite oxy-
gen electrode materials such as LSCF, BSCF,  SrCoO3−δ 
and  BaCoO3−δ. For example, Li et al. [268] reported that 
Nb- and Ta-co-doped  SrCoO3−δ  (SrCo0.8Nb0.1Ta0.1O3−δ) 
significantly stabilized the perovskite structure, which led 
to enhanced ORR activities. Duan et al. [271, 276] also 
studied a Zr- and Y-co-doped  BaCo0.4Fe0.4Zr0.1Y0.1O3−δ 
(BCFZY) oxygen electrode for both ion- and proton-
conducting SOFCs and reported that the application of 
BCFZY in GDC-based SOFCs enabled a peak power 
density of 0.97 W cm−2 at 500 °C and that the oxygen 
electrode showed excellent  H2O and  CO2 tolerances in air 
at 350 °C. Chen et al. [261] developed a novel Nb-doped 
 La0.24Sr0.16Ba0.6Co0.5Fe0.44Nb0.06O3−δ (LSBCFN) electrode 
through the novel direct mixing synthesis of LSCF and 
Ba(Co0.7Fe0.2Nb0.1)O3−δ (BSCN). The new LSBCFN elec-
trode showed high electrical conductivities (124 S  cm−1 at 
600 °C) and better electrochemical activities for ORR as 
compared with those of LSCF or BCFN in temperatures 
ranging from 600 to 900 °C. In addition, the surface of 
the prepared LSBCFN was clean after polarization in the 
presence of a Fe–Cr metallic interconnect in contrast to 
the significant deposition of Cr compounds observed on 
LSCF and BCFN electrode surfaces (Fig. 17). Here, Cr 
deposits on BCFN surfaces were mainly composed of Ba 
and Cr (Fig. 17d) and can be attributed to the formation 
of  BaCr2O4 and/or  BaCrO4 [277]. The high resistance of 
LSBCFN electrodes to Cr deposition is due to the signifi-
cantly reduced surface segregation of Sr and Ba (Fig. 17g).

One positive effect of high valence cation doping is the 
control of Co valences as the structural stability of Co-based 
perovskite oxides is mainly affected by the oxidation state 
of Coin perovskites [266, 273, 278]. Based on this, Wang 
et al. [264, 279] systematically studied the chemical stability 
of BSCF in a wide range of oxygen partial pressures from 1 
to  10−22 bar from room temperature to 1000 °C and found 
that the cubic phase of BSCF decomposed if trivalent Co 
ions were oxidized to higher oxidation states in high oxy-
gen partial pressures or if divalent Co ions were reduced 
to lower oxidation states in low oxygen partial pressures 
[279]. Usiskin et al. [278] also reported that both BSCF and 
 SrCo0.9Nb0.1O3−δ (SCN) can experience oxidative partial 
decomposition, which is thermodynamically preferred if 
the average valence of Co is greater than ~ 3.0. The dop-
ing of high valence cations can also effectively tune Co 
valences and therefore tailor the chemical stability of Co-
based electrode materials. For example, Sc doping led to the 
absence of  Co4+ in  SrSc0.2Co0.8O3−δ [273]. Wang et al. [264, 
266] reported that the doping of high valence Nb or Sb into 
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B-sites lowered the average valence of Co and consequently 
improved the chemical stability of BSCF under high oxygen 
partial pressures.

However, there is a balance that exists between structural 
stability and electrocatalytic activity in the doping of high 
valence cations in perovskite oxygen electrode B-sites. For 
example, Fan et al. [280] reported that in the case of Nb-
doped BSCF, Nb doping can enhance the structural stability 
of BSCF but at the expense of reduced oxygen permeation 
activity. The doping of 10% Nb in BSCFB-sites led to a 10% 
lowering in oxygen flux, whereas the doping of 20% Nb 

drastically increased performance losses to 65%. Similarly, 
Chen et al. [189] reported that Nb doping in LSCF B-sites 
significantly reduced SrO surface segregation and enhanced 
the stability of oxygen electrodes but also decreased elec-
trode activity, whereas Pd doping promoted ORR activities 
due to the exsolution of catalytically active Pd/PdO nano-
particles under the influence of cathodic polarization. As a 
result, the synergistic effects of Nb and Pd co-doping can 
lead to increased electrocatalytic activities and operating 
stability for LSCF electrodes.

6.2  Surface Modi�cation

The modification of cobaltite-based perovskite oxides with 
intentionally selected catalysts/materials has been exten-
sively adopted to improve the electrocatalytic activity of 
oxygen electrodes [281–285]. In addition, these modifica-
tions can potentially suppress SrO surface segregation and 
enhance operating stability. For example, Choi et al. [17] 
developed a facile infiltration approach to modify LSCF 
electrodes with a dense and conformal LSM film coating in 
which the LSM film was epitaxially grown on LSCF grains 
after annealing at 800 °C due to their structural similarities. 
This approach took advantage of the fast ionic and elec-
tronic transport of the LSCF backbone and the facile surface 
kinetics of the LSM thin film, and as a result, the LSM film 
coating significantly enhanced the electrocatalytic activity 
and stability of LSCF during operations at 750 °C for 500 h 
(Fig. 18) [286]. It has also been reported that LSM infiltra-
tion can enhance the operational stability of BSCF in  CO2 
[287].

In another study, Chen et  al. [288] reported that the 
infiltration of multi-phase catalyst coatings composed of 
 BaCoO3−x (BCO) and  PrCoO3−x (PCO) nanoparticles and 
conformal PBCC thin films on LSCF led to much better per-
formances with excellent durability as compared with bare 
LSCF cells within 250 h. The coating of BCO on LSCF can 
significantly suppress Sr surface segregation and enhance 
operating stability during exposure to Cr contamination 
[289].

Researchers have also reported that alkaline earth 
metal-free oxides such as LNO,  LaCoO3−δ (LC) and 
 PrNi0.5Mn0.5O3 (PNM) can act as effective surface protec-
tive layers and LNO coatings can not only enhance electrode 
electrocatalytic activities, but also increase the operational 
stability LSCF and  La0.8Sr0.2Co0.8Ni0.2O3−δ [290, 291]. In 
addition, PNM, LNO and LC coatings can enhance the tol-
erance of LSCF, BSCF and PBSCF to  CO2 and  CrO3 [189, 
238, 292–294]. Moreover, Chen et al. [295] studied the 
effects of  PrO2,  CeO2 and  Pr0.2Ce0.8O2 (PDC) coatings on 
LSCF film surfaces and found that  PrO2 coatings can induce 
higher oxygen vacancy concentrations as compared with 
bare LSCF, greatly enhancing the rate of oxygen dissociation 

Fig. 17  SEM micrographs of LSCF, BCFN and LSBCFN electrode 
surfaces before and after testing at 900 °C under a current passage of 
200 mA cm−2 in the presence of metallic interconnects: a, b LSCF, 
c, d BCFN and e, f LSBCFN. Plots of Cr deposition and ratios of 
surface segregation of Sr and Ba of LSCF, BCFN and LSBCFN elec-
trodes are given in g. Reproduced with permission from Ref. [261]. 
Copyright 2013, Royal Society of Chemistry
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and ORR activity. In addition, PDC and  CeO2 coatings can 
suppress SrO surface segregation, thus enhancing durability. 
These results were also in good agreement with the positive 
effects of GDC nanoparticle decoration on the suppression 
of SrO surface segregation in LSCF and SSC electrodes 
[296–298]. Furthermore, Li et al. [290] reported that SDC 
infiltration can significantly enhance the  CO2 tolerance of 
 SrCo0.85Ta0.15O3 electrodes.

In another study, Gong et al. [299] investigated the effects 
of nanoscale  ZrO2 films on the cation stability of nanostruc-
tured LSC electrodes in which LSC was first infiltrated into 
an LSGM scaffold and coated with a conformal layer of the 
nanoscale  ZrO2 film through atomic layer deposition (ALD). 
And as a result of this  ZrO2 coating, reductions in RP and 
degradation rates as compared with the pristine sample by 
factors of 19 and 18 during stability testing at 700 °C for 
4000 h, respectively, were observed. Here, the improved 
ORR activity retention was attributed to the suppression of 
Sr enrichment through the exchange of  ZrM• for Co(III) and 
the creation of space charge layers across the oxygen elec-
trode/ZrO2 interface according to a defect chemistry model. 
Gong et al. [300] also used  ZrO2 coatings to enhance the 
cation stability of LSCF–GDC oxygen electrodes. Yildiz 
et al. [165] modified LSC film surfaces by infiltrating cations 

more and less reducible than Co into LSC B-sites and found 
that the infiltration of less reducible cations can significantly 
suppress Sr segregation and phase separation and reduce 
surface oxygen vacancy concentrations as well as increase 
LSC surface oxidation. Here, the reduction in surface oxy-
gen vacancy concentrations led to decreased electrostatic 
interactions between oxygen vacancies and Sr cations, mean-
ing that the infiltration of less reducible cations can signifi-
cantly improve stability. These researchers further reported 
that the addition of Hf led to up to 30 times faster oxygen 
exchange kinetics after annealing at 530 °C for 54 h in air.

6.3  Phase Migration and In Situ Formation 
of Protective Layers

More recently, Ai et al. [301, 302] developed a decora-
tion method to incorporate doped  Bi2O3 materials such as 
 Er0.4Bi1.6O3 (ESB) into LSM and  Sm0.95Co0.95Pd0.05O3−δ 
(SmCPd) to form composite electrodes without the high-
temperature pre-sintering process and found that ESB-
decorated composite electrodes provided significantly 
enhanced cathode performances for ORR in SOFCs. 
Further studies have shown that ESB decoration can sub-
stantially increase the power performance and stability 

Fig. 18  a Schematic of an LSM-infiltrated LSCF oxygen electrode. b 
Impedance spectra of cells with and without the infiltration of LSM 
into LSCF electrodes. c Time-dependent current density plots of two 

cells under a constant voltage of 0.7  V. d I–V and I–P curves after 
long-term testing. Reproduced with permission from Ref. [286]. Cop-
yright 2011, Royal Society of Chemistry
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of Nb-doped  La0.6Sr0.4Co0.2Fe0.7Nb0.1O3−δ (LSCFNb) 
electrodes directly assembled on barrier layer-free YSZ 
electrolyte cells, achieving a peak power density of 
1.32 W cm−2 and excellent stability at 750 °C and 250 
mA cm−2 for 100 h [303]. Here, these results indicate the 
redistribution and migration of the ESB phase in the ESB-
LSCFNb composite towards the YSZ electrolyte under the 
influence of cathodic polarization and the formation of 
a thin ESB layer at the cathode/YSZ electrolyte interface 
(Fig. 19). And aside from individual and isolated Sr-rich 
areas/particles in the size range of 10–40 nm, La and 
other elements of LSCFNb were uniformly distributed, 
indicating the significant suppression of Sr segregation 
and diffusion in LSCFNb electrodes under polarization 
conditions by ESB decoration. The in situ formed ESB 
layer can not only prevent direct contact and subsequent 
reaction between segregated SrO and the YSZ electro-
lyte, but also significantly promote oxygen migration/
diffusion at the interface for  O2 reduction reactions, 
resulting in remarkable increases in power output and 
decreases in activation energy. And overall, these results 
clearly demonstrate the benefits of the in situ formation 
of highly functional and active ESB protective layers 
on LSC-based cathode and YSZ electrolyte interfaces 
through ESB-decorated composite cathodes under SOFC 

operation conditions. Despite this, more work is required 
to optimize the polarization conditions for these phase 
migrations and distributions for the electrode/electrolyte 
interface of SOCs.

7  Concluding Remarks

Cation surface segregation, particularly Sr, is thermody-
namically favourable under SOC operating conditions. 
Segregated Sr cations are uniformly dispersed on electrode 
surfaces and can gradually agglomerate to form Sr-rich 
secondary phases in the form of SrO,  SrCO3 or Sr(OH)2. 
These Sr-rich secondary phases are electrochemically inert, 
and their occupation on active surface sites can drastically 
deteriorate ORR/OER electrocatalytic activity. The excess 
surface segregation of Sr can also lead to the deficiency of 
Sr cations at the A-site of perovskite oxides, resulting in the 
deterioration in the electronic as well as ionic conductivity 
properties of the oxygen electrodes. And the major driving 
forces of surface segregation include elastic and/or electro-
static interactions. However, under polarization conditions, 
oxygen nonstoichiometry, i.e. the oxygen vacancy formation 
and termination processes on the surface of the perovskite 
electrodes, induced by the cathodic and anodic polarization 

Fig. 19  a STEM-EDS element 
mapping and b HRTEM and 
FFT images of the ESB-
LSCFNb/YSZ interface of 
an anode-supported YSZ 
electrolyte cell with a directly 
assembled ESB-LSCFNb 
electrode after polarization at 
250 mA cm−2 and 750 °C for 
100 h. Red arrows indicate lat-
tice distortion. Reproduced with 
permission from Ref. [303]. 
Copyright 2018, American 
Chemical Society
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could substantially modulate and change nature of the elec-
trostatic interactions, accelerating or incorporating surface-
segregated Sr species. The dominant role of oxygen vacancy 
generation/termination under polarization conditions is evi-
dently illustrated by the opposite effects of polarization on Sr 
surface segregation and incorporation or inhibition on LSM 
and LSCF electrodes. Because of this, the role of polariza-
tion in surface segregation is particularly important for the 
fundamental understanding of the performance and stability 
of SOCs under cyclic polarization or reversible operating 
conditions.

Segregated cations, particularly Sr and Mn species, can 
further interact chemically with volatile impurities such as 
Cr, S and B in SOC stacks, leading to contaminant deposi-
tion and poisoning as well as significant performance degra-
dation. Because of this, inhibition and significant reduction 
of surface cation segregation are critical in the enhancement 
of SOC electrochemical performance and durability. Here, 
the manipulation of operating regimes as well as the modifi-
cation of stoichiometric compositions and oxygen electrode 
surfaces is effective approaches to mitigate the detrimental 
effects of surface segregation on operational stability. In 
addition, recent developments in the phase migration and 
in situ deposition and formation of highly active and protec-
tive layers on electrode/electrolyte interfaces have shown 
particular potential in the mitigation and inhibition of the 
detrimental effects of surface segregation in cobaltite-based 
electrodes of SOCs. Figure 20 summarizes the phenomena, 

electrochemical properties and mitigation strategies of cat-
ion surface segregation of SOC cathodes.

Overall, more insightful and fundamental knowledge 
concerning cation segregation, particularly in Sr-containing 
perovskite oxygen electrodes, is needed to foster the devel-
opment of commercially viable SOC technologies. Here, 
key questions that need to be addressed include surface 
chemistry (e.g. segregation, diffusion, surface termination), 
and changes in surface chemistry with environment such as 
volatile species, microstructural features under static anneal-
ing conditions; oxygen nonstoichiometry and its associated 
surface chemistry under dynamic polarization conditions; 
cation segregation, distribution and phase changes at elec-
trode surfaces and electrode/electrolyte interfaces; and the 
fundamental effects of segregation on electrochemical activ-
ity and long-term durability. And to address these interre-
lated and complex scientific questions, a combination of 
in situ and ex situ surface and microstructural characteri-
zation techniques such as synchrotron XAS, XPS, EELS, 
SIMS, high-temperature scanning probe microscopy and 
FIB-STEM as well as computational and thermodynamic 
modelling need to be applied to obtain model electrodes 
under well-controlled and defined test conditions to provide 
critical insights into the mechanisms of cation segregation 
that can further be used to predict the long-term activity and 
durability of SOC oxygen electrodes.
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