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Abstract

Acceleration of the oxygen reduction reaction at the cathode is paramount in the development of low-temperature solid
oxide fuel cells. At low operating temperatures between 450 and 600 °C, the interactions between the surface and the bulk
of the cathode materials greatly impact the electrode kinetics and consequently determine the overall efficacy and long-term
stability of the fuel cells. This review will provide an overview of the recent progress in the understanding of surface-bulk
interactions in perovskite oxides as well as their impact on cathode reactivity and stability. This review will also summarize
current strategies in the development of cathode materials through bulk doping and surface functionalization. In addition,
this review will highlight the roles of surface segregation in the mediation of surface and bulk interactions, which have
profound impacts on the properties of cathode surfaces and the bulk and therefore overall cathode performance. Although
trade-offs between reactivity and stability commonly exist in terms of catalyst design, opportunities also exist in attaining
optimal cathode performance through the modulation of both cathode surfaces and bulk using combined strategies. This
review will conclude with future research directions involving investigations into the role of oxygen vacancy and mobility
in catalysis, the rational modulation of surface-bulk interactions and the use of advanced fabrication techniques, all of which
can lead to optimized cathode performance.
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1 Introduction

Solid oxide fuel cells (SOFCs) are emerging energy conver-
sion devices that can transform chemical energy from vari-
ous fuels such as hydrogen, ammonia [1] or hydrocarbons
[2, 3] into electricity with high efficiency (i.e.,~60% alone
and over 85% if combined with heat and power) [4, 5]. Cor-
responding high operating temperatures (450-1000 °C) also
allow for the feasibility of internal fuel reforming inside fuel
cells, thus providing SOFC technologies with unparalleled
fuel flexibility as compared with other fuel cell technologies
such as proton-exchange membrane fuel cells that normally
demand strict fuel requirements [6].

Typical solid oxide fuel cells (Fig. 1) consist of three
major components, including a cathode, an anode and an
electrolyte. Here, the function of the cathode is to electro-
chemically reduce oxygen molecules into oxygen anions that
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are subsequently transported through a dense electrolyte to
oxidize fuels at the anode, resulting in the transfer of elec-
trons from the anode to the cathode through an external cir-
cuit and do the electrical work along its way.

One significant challenge faced by SOFC technologies
involves high operating temperatures that are generally
above 800 °C. High operating temperatures lead to sig-
nificant issues including (1) thermal expansion mismatch
between cell components, (2) accelerated degradation of
electrode and electrolyte materials and (3) limited mate-
rial selection [7, 8], all of which degrade the overall cost-
effectiveness of high-temperature fuel cell technologies.
Thermal expansion mismatch can slow down start-up/shut-
down procedures and lower fuel cell thermal-cycling stabil-
ity. The accelerated material degradation is detrimental to
long-term stability, which is a key prerequisite for mature
electrochemical application. The limitation of the materials
that can tolerate corresponding high temperatures directly
translates to higher costs.

To address these challenges, reducing operating tem-
peratures to between 450-600 °C hold promise while main-
taining merits such as fuel flexibility and sufficient ion
transport kinetics. However, low operating temperatures
can also significantly decrease oxygen reduction reaction
(ORR) kinetics and render conventional cathodes such as
(La, Sr)MnO; (LSM) infeasible to catalyze ORR at accept-
able rates. Conventional electrode materials for operating
temperature above 800 °C are generally pure electronic
conductors, which limit catalytically active sites for ORR
to three-phase interfaces between the electronic conducting
phase (e.g., LSM phase), the ionic conducting phase (e.g.,
electrolyte such as yttria-doped zirconia) and gaseous oxy-
gen molecules. Therefore, the ORR catalysts at reduced tem-
perature should possess both (1) high surface electrochemi-
cal activity toward ORR and (2) rapid oxygen-ion diffusion
in the bulk, both of which will help extend the density of
ORR active sites from the limited cathode/electrolyte inter-
faces throughout the cathode surface. Optimal cathodes at
reduced temperatures should also possess high porosity and
well-matched thermal expansion coefficients as well as good
chemical compatibility with contacting components such as
current collectors and electrolytes.

Based on these requirements, perovskite oxides
(ABOj;) such as BajsSrysCo,sFe;,05_5 [9],
PrBa, 55t sCo, sFeg sOs,.5 [10], SrSeq 175Nbg 025C00 5055
[11] and SrCo gNb, ; Ta, ;O;_s [12] are considered in recent
decades to be promising cathode candidates for operation
at reduced temperatures. This is because as compared with
various simple metal oxides, perovskite oxides typically
show much higher mixed ionic and electronic conductivities
(MIECs) that can extend active sites throughout electrode
surfaces. In addition, perovskite oxides can be combined
with ionic conducting materials such as samarium-doped
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Fig. 1 Microstructural schematic of a typical solid oxide fuel cell
with corresponding physical-chemical processes

ceria to further improve structural stability and long-term
stability [13]. Despite this, highly active perovskite oxides
also present new challenges, including (1) the instability
of corresponding crystal structures, (2) surface enrichment
and (3) susceptibility to contaminants such as CO,, SO, and
Cr, all of which are predetermined by the interplay between
the cathode bulk and surface [14-16]. The interactions
between cathode bulk and surface become more significant
at elevated temperatures, which are different from catalysis
at room temperature in which cathode surfaces dominate
ORR. Because of this, tremendous efforts have been devoted
to investigate the interactions between cathode surfaces and
bulk, their role in ORR catalysis, and modulation of bulk and
surface properties to enhance cathode performance.

This review attempts to summarize recent advancements
in the understanding of mechanisms for surface-bulk inter-
actions and ORR kinetics as well as strategies to modulate
cathode bulk and surface to optimize cathode efficiency
and stability. This review consists of two major sections.
In Sect. 2—4, the review discusses the mechanisms under-
lying perovskite surface segregation, ORR kinetics and
cathode susceptibility to contaminants. The strategies and
approaches to tailor bulk and surface properties are summa-
rized in Sect. 5. This review concludes with a brief summary
of recent findings and provide perspective in the develop-
ment of next-generation cathode materials for LT-SOFCs.

2 Surface and Bulk of Perovskite Oxides

The surface and bulk of perovskites are significantly dif-
ferent in composition in which the formation of perovskite
surfaces can be considered to be a result of the cleavage of
perovskite bulk at a specific direction. In addition, perovskite
surface atoms usually possess lower coordination numbers
(i.e., higher surface free energies) than bulk atoms, which
will lead to the rearrangement of surface atoms and the
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Fig.2 Proposed mechanisms
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segregation of certain cations from the bulk to the surface
[17]. These excess cations as a result of segregation from
the bulk will subsequently precipitate onto perovskite sur-
faces in the form of oxide islands or cation-rich phases. As
aresult, these surface composition re-distribution and cation
segregation processes can dynamically alter the composition
and property of corresponding perovskite oxides, including
surface and bulk composition [18, 19], surface microstruc-
tures [20], crystal structures [21], electrocatalysis-related
properties (e.g., oxygen surface exchange kinetics [22, 23]),
bulk diffusivities [24] as well as fuel reforming and oxida-
tion [25-27].

Interactions between perovskite bulk and surface as facili-
tated by cation segregation are prominent at elevated tem-
peratures. The ABO; perovskite oxides usually contain more
than two cations (i.e., relatively large A cations and smaller
B cations), and cation segregation can be categorized into
A-site cation (e.g., Sr) segregation and B-site cation (e.g.,
Co, Ni, Fe) segregation (so-called exsolution). A-site cation
segregation is a common phenomenon observed in perovs-
kite oxide cathodes [17], whereas B-site cation exsolution
is usually intentionally induced to form nanoparticles at the
perovskite anode surface [14]. The former process occurs
with relative ease at the top surface of materials and leave
sub-surfaces enriched with B-site cations [28] but may not
significantly affect the structural integrity and compositions
of the bulk [29].

Figure 2a illustrates the mechanism of A-site cation
(Sr) surface segregation from La, ¢St ,Co, ,Fe, sO5_s per-
ovskite oxide, as proposed by Niania et al. [30] based on
results from in situ surface characterization. The exsolution
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normally occurs within the bulk, driven by reducing condi-
tions, and has profound impacts on bulk crystal structure
and composition [31]. Figure 2b provides an illustration of
the exsolution of Ni from perovskite as proposed by Neagu
et al. [32] based on their in situ observation of the Ni exsolu-
tion from La,, 4;Ca,) 57Ti 94Ni 1,05 being annealed at 900 °C
under high vacuum. Based on these proposed mechanisms,
it can be seen that both segregation processes are strongly
correlated with (1) perovskite composition and structure, (2)
external conditions such as temperature, gas composition
and partial pressure, and electrical polarization [33]. The
following subsections briefly summarize the various factors
governing perovskite bulk-surface interactions.

2.1 Perovskite Composition and Crystal Structure
2.1.1 Cation Size

Perovskite oxides are known for high flexibility with various
cation dopants at A- or B-sites. The size mismatch between
hosts (e.g., La®>* with a Shannon ionic radius of 1.36 A)
[34] and dopants (e.g., Sr* with an ionic radius of 1.44 A)
can increase the elastic energy of lattices and constitutes
the thermodynamic driving force of dopant migration from
the bulk to the surface to minimize this elastic energy. Typi-
cal examples include alkaline-earth element (i.e., Sr** and
Ba®") enrichment at the surface of many perovskite oxides
such as LSM [35, 36], (La, Sr)CoO;_s (LSC) [20, 37] or
(Sm, Sr)CoO;_; [38]. For example, Lee et al. [29] reported
a strong correlation between cation surface segregation and
the ionic size of alkaline-earth dopants such as Sr and Ba.
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Fig.3 a Atomic force microscopy images of Ca-, Sr- and Ba-doped
LaMnO; (denoted as LCM, LSM and LBM, respectively) thin films
at various temperatures in air for 1 h. b Normalized dopant/Mn and
¢ dopant/La ratios obtained from angle-resolved X-ray photoelectron
spectroscopy as a function of temperature. Reproduced with permis-

At elevated temperatures above 430 °C, as shown in Fig. 3a,
the LaMnO; films doped with relatively larger dopants Ba
(ionic radius=1.61 A) and Sr (ionic radius = 1.44 A) than
the host La (ionic radius=1.36 A) were roughened by the
formation of small particles on the surface (Fig. 3a). These
researchers also found that based on angle-resolved X-ray
photoelectron spectroscopy dopant surface enrichment the
extent of dopant segregation increased with dopant/host size

of Ni

Fig.4 a Time-resolved observations particle nuclea-
tion and growth under vacuum based on TEM at the surface of
Lag 43Cay 37Ti o4Nij 0603 powder at 900 °C. b Plot of Ni particle
width and height shown in (a) as a function of time and ¢ plot of

(b
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Surface segregation energy as a function of size mismatch between
dopant/host at the A-site and f size mismatch between A-site dopants
and B-site metals. Reproduced with permission from Ref. [39]. Copy-
right 2016, Royal Society of Chemistry

mismatch level in the order of Ba> Sr> Ca (ionic size=1.34
A) (Fig. 3b, ¢). In another example, Kwon et al. [39] applied
density functional theory (DFT) calculations to compare the
dopant segregation energy of alkaline-earth element-doped
LaBOj; perovskite oxides with various B-site metals includ-
ing CrysMn, 5, Mn, Fe and Co, ,sFe ;5. These research-
ers confirmed the essential role of A-site host/dopant size
mismatching in driving dopant segregation (Fig. 3d, e), and
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height versus width of the corresponding Ni particles. Reproduced
with permission from Ref. [32]. Copyright 2019, American Chemical
Society
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also highlighted the role of the B-site cations in the dopant
segregation process. They found that increasing B-site cation
size can induce extra compressive strain in host lattices and
therefore promote dopant segregation (Fig. 3e). Aside from
alkaline-earth dopant segregation, our group also observed
the more significant surface segregation of Li (0.92 A) and
K (1.64 A) over SrFe, ¢Nb, Ta, ,0;_s perovskite oxide
as compared with Na (1.39 A) as partially contributed by
size mismatch between the Sr host (1.44 A) and the alkali
dopants [18].

Kinetically, large-sized dopants such as Sr, Ba or K can
slow down diffusion rates from bulk to surface. For example,
Lee et al. [29] performed nudged elastic band calculations
for the migration of alkaline-earth metals in doped LaMnO;
and SmMnO; models and reported increased energy barriers
for dopant diffusion with dopant size. A high energy bar-
rier for cation diffusion indicates slow segregation kinetics.
This effect is particularly prominent for alkali metal dopants
if annealing durations were short. Although the extent of
the K/Sr size mismatch is more significant than Li/Sr size
mismatch [18], (Sr, Li/K) Fe( gNby ;Ta, ;O5_s surfaces were
much more easily enriched with Li species (Li/Fe ratio= ~7)
than with K species (K/Fe ratio < 1).

2.1.2 Stoichiometry
The stoichiometry of cations and anions in perovskite

oxides is another critical factor that can affect the interac-
tions between perovskite bulk and surface. By lowering

the stoichiometry of relatively large A-site cations, the
elastic energy of lattices can be relieved and thus weaken
the driving force for A-site cation segregation from bulk
to surface. This has commonly been observed in A-site-
deficient (La, Sr),_,MnO; oxides [40-42]. For example,
Pang et al. [43] very recently developed an A-site-deficient
LajsBay 5s_,CoO;_s (x=0 and 0.025) and reported that Ba
deficiency can significantly suppress A-site metal surface
segregation, which these researchers attributed to relaxed
lattice strain due to the absence of large-sized Ba. On the
other hand, materials with excess A-site dopants such as
Ruddlesden—Popper (RP) structured A, B,05,,; can
result in A-site metal-rich surfaces after annealing in oxi-
dizing environments and can commonly be observed in RP
metal oxides such as Sr,,Ti,03,,, [44], (La, Sr),,(Co,
Fe),05,,:[45] and La, , Ni, 05, [46].

The introduction of deficiencies (i.e., non-stoichiometry)
at A-sites can also serve as a driving force to encourage the
exsolution of B-site cations from bulk to surface to revert
“defect-abundant” perovskite oxides to “defect-free” oxides
[31]. These exsolution processes require reducing conditions
however. For example, Neagu et al. [32] recently applied
environmental transmission electron microscope (ETEM)
to in situ observe the exsolution of Ni nanoparticles at the
surface of A-site-deficient La 43Ca 37Tl g4Nig 0cO5 oxide
under vacuum at 900 °C (Fig. 4a) in which further analy-
sis of Ni particle height and width from these snapshots
revealed that exsolved Ni nanoparticles grew in a stepwise
and isotropic manner (Fig. 4b, c).
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doped with alkaline-earth ele-
ments (denoted as blue spheres) _ 3"‘ 3" 2+ 2+
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Surface oxygen vacancies can also cause surface cation
rearrangement as driven by electrostatic interactions [47].
For example, Lee et al. [29] investigated seven scenarios
(Fig. 5a) with varying strength of electrostatic interactions
related to LaMnO; and SmMnO; doped with divalent alka-
line-earth elements at the A-site. Their DFT results revealed
easy divalent dopant segregation (low energy for cation seg-
regation) for models experiencing strong electrostatic inter-
actions [i.e., negatively charged dopants (divalent dopants at
trivalent cations) are attracted by positively charged oxygen
vacancies on surface dopants and pushed from negatively
charged A-site vacancies in the bulk (Fig. 5b)]. Tsvetkov
et al. [23] further reported the effective suppression of Sr
surface segregation through the surface modification of
La, ¢Sr; ,Co0;_; perovskite oxide with less reducible cations
(e.g., Nb°*, Ti**, Hf** and AI’") at the surface. The ambi-
ent pressure X-ray photoelectron spectroscopy and X-ray
adsorption spectroscopy results allowed these researchers

STO (001)

Fig. 7 Atomic force microscopy images of the top surface structures
of Lay ,Sr, ;Tij gNi ;O5_; thin films with a (001), b (110) and ¢ (111)
surface orientations after being reduced in dry H, at 900 °C for 12 h.

STO (110)

to conclude that the observed suppression of surface seg-
regation originated from more oxidized surfaces (i.e., less
oxygen vacancies) as imparted by surface modification,
which can weaken electrostatic interactions between per-
ovskite oxide surfaces and Sr cations. These results further
highlighted the essential role of surface oxygen vacancies in
driving surface segregation in perovskite oxides.

Oxygen vacancies can also affect B-site cation exsolution
[48]. For example, Kwon et al. [25] investigated B-site cat-
ion segregation in layered PaBaMn,Os, s perovskite oxides
doped with various transition metals (e.g., Co, Ni, Mn and
Fe) at B-sites and found that Co and Ni more easily migrated
to the surface than Mn or Fe. These researchers also reported
based on DFT calculations that Co and Ni dopants can facili-
tate more facile co-segregation with oxygen vacancies to
the surface than Mn and Fe (Fig. 6) and that co-segregated
oxygen vacancies can further contribute to the stabilization

STO (1)

Reproduced with permission from Ref. [50]. Copyright 2019, Ameri-
can Chemical Society
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of the metallic dopant phase on the surface, which is also
important for facile B-site cation exsolution.

2.1.3 Crystallinity and Surface Orientation

Perovskite oxide crystallinity and surface orientation both
affect surface segregation. For example, Cai et al. [37]
reported that low Lag St 4C00O;_s thin-film crystallinity
can suppress Sr surface enrichment and suggested that the
disordered structure can weaken both elastic and electro-
static driving forces by (1) allowing lattices to possess extra
spacing (e.g., defects, cation vacancies) to accommodate
relatively large Sr cations in the bulk and (2) increasing
the oxygen vacancy content in the bulk. Surface orienta-
tion also plays a critical role in cation surface segregation.
For example, Piskin et al. [49] reported the strong depend-
ency of SrO, species coverage on La, St ,CoO; dense pel-
let surfaces on surface orientation in which the coverage of
Sr increased in the order: (001) > (101)> (111). The effects
of surface orientation are different for B-site cation segre-
gation however. For example, Kim et al. [50] investigated
Lay ,Sr( 7Ty ¢Nig ;O3_g thin films with three different surface
orientations (001), (110) and (111) after chemical reduction
in dry H, at 900 °C. They observed a strong correlation
between surface orientation and the morphology and surface
coverage of the exsolved Ni nanoparticles in which the size
of Ni particles decreased in the order: (001) > (110)>(111),
whereas the coverage of particles increased in the order:
(001) < (110) < (111) (Fig. 7). These researchers further
highlighted the critical role of interfacial energy between
exsolved Ni particles and perovskite host lattices in the
nucleation and particle growth processes. High interfacial
energy can lead to higher nucleation energy barriers (i.e.,
slow nucleation rates and low particle populations) and
larger critical nucleation sizes. Because of this, the (001)
facet with relatively higher interfacial energy will result in
less area coverage but larger particle sizes than the other
facets.

2.1.4 Lattice Strain

Lattice strain can also affect the elastic energy of lattice
cations and therefore influence the level of cation surface
segregation in perovskite oxides. In general, tensile strain in
lattices can cause A-site cation surface segregation, whereas
compressive strain inhibits segregation [22, 51]. For exam-
ple, Cai et al. [52] applied pulsed laser deposition (PLD)
to deposit tensile- and compressive-strained La, ¢St ,C00O;
(LSC) thin films over SrTiO; (STO) and LaAlO; (LAO),
respectively, and reported stronger Sr surface enrichment
in the tensile-strained LSC/STO as compared with the
compressive-strained LSC/LAO. Lattice tensile strain can
also intensify Sr surface segregation in La, ;Sr; sMnO; as

@ Springer

compared with compressive strain [53]. Consistently, Ding
et al. [54] and Yu et al. [20] reported similar effects of lat-
tice strain on Sr surface segregation in (La, Sr)(Co, Fe)O;_;
(LSCF) oxides.

2.2 External Conditions
2.2.1 Temperature

Although the minimization of elastic and electrostatic
energy is the main thermodynamic driving force for cat-
ion surface segregation, the rates of cation migration from
perovskite oxide bulk to the outer surface are slow due to
kinetic limitations. Therefore, surface cation enrichment is
usually more prominent at elevated temperatures and longer
annealing durations (Fig. 3b, c) [19, 22, 27, 28, 41, 55, 56].
For example, Wen et al. [57] applied in situ ambient pressure
XPS to monitor Sr surface segregation in La (Sr, ,C0oO5_s
films at temperatures between 200 and 520 °C and reported
that Sr segregation became increasingly pronounced with
increasing temperature and quickly (within 1 h) reached
equilibrium at certain temperatures. This quick response of
Sr segregation to temperature change implies that tempera-
ture also contributes to the thermodynamic driving force in
addition to the kinetic acceleration of surface segregation.
Using isotopic %6Sr and cation tracers, Kubicek et al. [58]
further investigated cation diffusivity over La (Sr;, ,C0oO5_;
thin films and reported a less than one order of magnitude
difference in diffusivity between A-site and B-site cations
at temperatures above 600 °C (relatively small B-site cati-
ons diffuse faster than A-site cations), demonstrating that
kinetic contributions of temperature are minor as compared
with corresponding thermodynamic contributions to cation
segregation.

2.2.2 Gas Atmosphere

Gas molecules and partial pressures have significant impacts
on the interactions between perovskite oxide surfaces and
bulk. Oxygen partial pressures can also influence the oxida-
tion state and size of reducible cations as well as oxygen
vacancy content, which in turn can affect elastic and elec-
trostatic interactions within perovskites. As mentioned, the
segregation of A-site cations such as Sr normally occurs
under oxidizing environments (Fig. 3), whereas the exsolu-
tion of B-site cations such as reducible transition metals is
facilitated through reducing environments (H, gas or high
vacuum) [26, 27, 31, 59] (Figs. 4, 7). The perovskite oxide
surfaces are sensitive to gas molecules such as moisture and
CO, to induce cation segregation. For example, Sharma
et al. [60] reported pronounced alkaline-earth dopant sur-
face segregation under humid atmosphere and suggested that
the promoted cation segregation was related to interactions
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Fig.8 SEM micrographs of dense pellets of SrFe,¢Nb, Ta,,05_s
doped with alkali metals (i.e., Li, Na and K) at A-sites before a—d
and after e-h treatment in the presence of CO, at 600 °C. Reproduced
with permission [18], Copyright 2019, American Chemical Society.

between moisture and surface oxygen vacancies. Similarly,
Niania et al. [30] reported more significant Sr segregation
for La, ¢St 4Co, ,Fe sO5_5 in the presence of water than in
air or pure O,.

The presence of acidic CO, can further drive the surface
segregation of basic cations such as alkaline-earth and alkali
metals. These CO,-cation interactions can also promote the
carbonation of cations at the surface [18, 61] and induce
the destruction of crystal structures in the subsurface region
[21]. Our previous work on SrCo 4sTa,, ;5s0;_s cathodes for
SOFCs achieved more significant Sr surface enrichment
if annealed under 10% CO, in air as compared with treat-
ment in air alone [18]. In the presence of CO,, addition-
ally, the Srj 95A osFeq gNbg 1 Tag ;O5_5 (A is the alkali metal
dopant) showed significant alkali metal dopant segregation
to the surface as compared with ones without CO, treat-
ment (Fig. 8). Moreover, interactions between basic alkali
metals and acidic CO, can serve as a key driving force for
alkali metal segregation in addition to elastic interactions
due to dopant/host size mismatch. These combined driving
forces were confirmed by XPS in our study, which showed
that cation surface segregation increased following the trend:
K>Li>Na.

SEM images of particles exsolved from La, ¢Ce, , Ti, (Ni, 4O3 perovs-
kite oxide i—j in the presence of 5% CO at 900 °C for 10 h and k-1
under 2.5% H,0/5% H, at 1000 °C for 10 h. Reproduced with permis-
sion from Ref. [32]. Copyright 2019, American Chemical Society

Despite the essential role of reducing atmospheres in
facilitating B-site cation exsolution, gas molecules can
also influence the morphology of exsolved particles. For
example, hydrogen reduction normally leads to quasi-
spherical shaped particles [25, 27]. In contrast, Neagu
et al. [32] reported that high vacuum conditions can lead to
nanoparticles on the surface of La, ¢Ce, ;Ti, ¢Nij 403 with
well-defined facets, whereas CO reduction-produced cubic
shaped exsolved Ni particles and humidified hydrogen led
to the formation of heterostructures.

2.2.3 Electrochemical Polarization

Electrical polarization (or bias) can vary oxygen chemical
potential, cation oxidation states and lattice size, all of which
have profound impacts on the interactions between perovs-
kite oxide surfaces and bulk. Typically, cathodic polariza-
tion can lower oxygen chemical potentials, create oxygen
vacancies and increase the ionic size of reducible cations in
lattices, whereas anodic polarization results in the opposite.
These properties are related to the elastic and electrostatic
driving forces for cation segregation in which cathodic
polarization can increase A-site cation segregation degrees
over perovskite oxides such as LSC [56, 62—-64] and LSM
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Fig.9 Diagrams of typical mechanisms believed to govern ORR
in cathode materials. a, B and y represent electronic, gas and ionic
phases, respectively. a Incorporation of oxygen molecules into the
electronic bulk phase (if o is a mixed ionic-electronic conductor);
b adsorption and/or partial reduction of oxygen molecules on the
electronic phase surface; ¢ bulk phase or surface phase migration of

[35, 65, 66]. Anodic polarization can impart effects similar
to high oxygen partial pressure that can promote A-site cat-
ion segregation. Despite this, inconsistent results have been
reported in the literature. For example, Huber et al. [67, 68]
reported that the degree of Sr enrichment decreased under
cathodic polarization and increased under anodic polari-
zation in LSM and (La, Sr)(Cr, Mn)O; perovskite oxides.
Kim et al. [35] recently also reported that both cathodic and
anodic polarizations can lead to significant alkaline-earth
dopant segregation on the surface over deposited LaMnO;
perovskite oxides. These inconsistencies may be due to the
various synthesis methods and annealing processes used to
obtain oxides prior to electrochemical polarization in the
different studies. Despite this, these results do highlight the
essential role of balance between elastic and electrostatic
driving forces. According to results by Kim et al. [35], elas-
tic driving forces are dominant if oxides are under anodic
polarization, whereas electrostatic interactions become cru-
cial if oxides are cathodically polarized. This conclusion
is reasonable because anodic polarization tends to shrink
lattices through the oxidization of cations, which promotes
elastic interactions due to dopant/host size mismatch.
Cathodic polarization tends to alleviate elastic interactions
by expanding lattices to create more oxygen vacancies and
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oxygen ions (O*~ and O"", respectively) toward the a/y interface; d
charge transfer of O~ or O"~ across the a/y interface; e one or mul-
tiple mechanisms wherein the electrolyte is active for generating and
transporting oxygen species. Reproduced with permission from Ref.
[69]. Copyright 2004, American Chemical Society

therefore increases electrostatic interactions that attract
cation segregation.

3 Oxygen reduction and Mixed Conductivity

3.1 ORR Mechanism

The function of a cathode is to reduce oxygen molecules into
oxygen ions as represented by Eq. (1). This reaction primar-
ily proceeds through (1) O, diffusion into a porous cathode,
(2) O, adsorption onto the cathode surface, (3) the partial or
complete reduction of O, into oxygen ions such as 0’ and
O™ and (4) oxygen-ion migration to the electrolyte along
the cathode surface, the cathode-electrolyte interface and
the cathode bulk phase (Fig. 9) The rate of ORR is mainly
controlled by either oxygen surface exchange (including
oxygen dissociative adsorption and lattice incorporation) or
oxygen-ion diffusion.

%Oz(g) +2e” - 0* )

In general, oxygen surface exchange can be interpreted
as three consecutive stages involving (1) oxygen adsorption,
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(a) O, adsorption O-0 dissociation Incorporation:
on perfect surface on perfect surface O’ toward vacancy

D T A2
i Olattlce
O, adsorption into O-0 dissociation with Incorporation:
oxygen vacancy oxygen vacancy vacancy toward O
(b) O, adsorption O-0 dissociation Incorporation:
on perfect surface on perfect surface O’ toward vacancy

2_
Olattice

O, adsorption into O-0 dissociation with Incorporation:
oxygen vacancy oxygen vacancy vacancy toward O

Fig. 10 Schematic of possible pathways for oxygen incorporation into green arrows are the fast processes and dashed arrows represent the
mixed ionic and electronic conductors (MIECs) with a few oxygen slower alternative parallel step. Reproduced with permission from
vacancies and b abundant oxygen vacancies according to results from Ref. [70]. Copyright 2012, Materials Research Society

ab initio calculations. Here, red arrows indicate the rate-limiting step,

(a) Ruddlesden-Popper (b) Fluorite structure (c)  Perovskite structure
structure /

Rock salt
0; strucure % ;
Perovskite ‘
structure Ly, o
07 \,_\,fy',
C y @
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(00 ©Ola o Ni) (QOcation @0 % Vacancy) ( Y &% Vacancy )

Fig. 11 Crystal model of a a RP structure. Reproduced with permission from Ref. [72]. Copyright 2016, Royal Society of Chemistry. Oxygen
migration pathway in b fluorite and ¢ perovskite structures, arrows in (b) and (c) represent the migration orientation of oxygen ions

(2) oxygen dissociation and (3) oxygen species incorpora-  of surface oxygen vacancies. For example, for cathode sur-
tion into crystal lattices (Fig. 10). The rate-determining step ~ faces with limited oxygen vacancies such as LSM, oxygen
of surface exchange is highly dependent on the availability =~ migration coupled incorporation may be the rate-controlling
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step for oxygen surface exchange [71], whereas for cathode
surfaces with sufficient oxygen vacancies such as LSCF and
BSCEF, surface exchange processes are generally dominated
by the dissociation of oxygen ions (O, or 0,>7).

Oxygen diffusion is widely considered to be a hopping
process involving oxygen ions from one equilibrium site to
an adjacent site along the surface or within the bulk of a
material through interstitial or vacancy mechanisms. For
example, oxygen-ion migration in materials such as RP
structured oxides (Fig. 11a) [72] usually relies on the inter-
stitial mechanism. The oxygen ions located at one interstitial
site (i.e., free space) migrate to an adjacent interstitial site
[73, 74]. Alternatively, oxygen-ion transport in fluorite-/
perovskite-type materials (Fig. 11b, ¢) occurs through the
vacancy mechanism [75] in which oxygen diffusion is facili-
tated through oxygen-ion hopping from occupied oxygen
sites to neighboring vacancy sites [76]. The oxygen vacancy
concentration in corresponding materials is critical for oxy-
gen diffusion and overall ORR kinetics. Because the vacancy
mechanism is more common and suitable for oxygen ionic
conduction, this review will mainly provide an overview of
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temperature dependence of a k., and b D, and c the correlation
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vacancy-driven progress in oxygen-ion diffusion. Detailed
information concerning oxygen vacancy formation and oxy-
gen-ion mobility is discussed in Sect. 3.2.

3.1.1 Oxygen Surface Exchange Versus Oxygen-lon
Diffusion

The oxygen surface exchange coefficient (k) and the oxy-
gen-ion diffusion coefficient (D,,,) are two parameters that
can be used to quantify ORR reaction rates on MIEC mate-
rial surfaces and bulk, respectively. The k., reflects elec-
trode surface oxygen kinetics (i.e., oxygen adsorption, dis-
sociation and incorporation [77]), whereas D, describes
bulk oxygen-ion diffusion rates. Several techniques such as
electrical conductivity relaxation (ECR) [78, 79] and isotope
exchange [80] measurements can be applied to obtain k.,
and D parameters. For example, ECR experiments can

and D, values through the fol-

chem

be used to calculate k.,

lowing formula [81, 82]:
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in which 6(0), o(f) and o (c0) are the initial, time-dependent
and final conductivities, respectively, whereas L,, Ly and L,
parameters are defined as:
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in which 2 Ix, 2/ and 2, are the side lengths of the bar sam-
ple. In addition, §, ,, ,, and f3, . coefficients are the roots of
transcendental equations:

ﬂp’x tan ﬁp’x =L, ﬂq’y tan ﬁq,y = Ly B tanf, =1L, 4)

Here, the magnitudes of p, g and r provide partial influence
on calculation accuracy.

Tsvetkov et al. [23] further proposed that k.., can be
obtained based on surface polarization resistance (i.e., low-
frequency impedance response) as measured using electro-
chemical impedance spectroscopy (EIS) through Eq. (5):

X kg T

chem — m )
in which kg is the Boltzmann constant, 7' is the temperature,
e is the electronic charge, c, is the total lattice oxygen con-
centration, and R, is the low-frequency impedance of surface
polarization resistance.

A summary of the k., and D, values of common
cathode materials recently reported in the literature is given
by Fig. 12. The reported coefficients, especially k.., can
vary significantly over the same material, which may be due
to surface sensitivity arising from segregation (e.g., SrO,
Ba0), reconstruction and contamination [5]. The values of
Kehem and D, (Fig. 12a, b) were also reported to decrease
with temperature, which consequently reduces ORR kinet-
ics at lower temperatures. Furthermore, the values of kg,
were ~0.2-2 orders higher than those of D, over the same
material at the same temperature, which is a trend that is
consistent with findings by Souza and Kilner [91] in (La,
Sr)(Mn, Co)0;.

chem

3.2 Electrical Conductivity

Electrical conductivity typically consists of electronic and
ionic conductivity [12]. A high electronic conductivity can
ensure electron transport to active sites to facilitate charge
transfer to adsorbed oxygen species, whereas high oxygen
ion conductivity is vital for reduced oxygen-ion transport to
electrolyte. Because of this, high electronic and ionic con-
ductivities are essential for efficient ORR catalysis, particu-
larly at reduced temperatures. However, the formation of
oxygen vacancies can reduce charge carriers such as holes
for electron conduction, meaning the elucidation of which
conductivity dominates ORR kinetics is crucial in cathode
material optimization, especially at reduced temperatures.
Based on the correlation summary provided by Wang et al.
[70] between electronic conductivity and surface exchange
coefficient (Fig. 13a), no apparent relationship exists
between these two parameters, suggesting that electronic
conductivity is not a dominant factor for ORR catalysis.
This also explains why BSCF with relatively low electronic
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Fig. 14 Schematic of a an
ABO; pseudo-cubic (or cubic)
structure with oxygen-ion p
and p; orbitals and B-site cation
e, (d2_y, d2) and ty, (d,. d

d.) orb{tals. Reproduced wffh
permission from Ref. [101],
Copyright 1967, American
Physical Society. b Covalent
bonds of p,—p, and p,—d.

Xy
between an oxygen ion and a
B-cation

conductivity is more ORR active than La, 7,51, ;sMnO5_s.
In contrast, a clear trend exists between oxygen-ion conduc-
tivity and surface exchange kinetics (Fig. 13b), highlighting
the dominant role of oxygen-ion conductivity over electronic
conductivity in ORR catalysis.

3.2.1 Electron Conduction

Electron conduction in most perovskite cathodes is believed
to experience small polaron hopping, which is a diffusion-
type process that involves electrons (or holes) hopping
between B-site transition metal ions and mixed valences
(e.g., TM**/TM**, so-called redox couples) such as Fe [92],
Cu [93], Co [89], Ce [94] and Mn [95, 96]. Charge carrier
migration generally occurs in conjunction with local struc-
tural distortion, and polarons are defined as quasiparticles
consisting of charge carriers and associated local structural
distortion [97]. A high concentration of charge carriers (e.g.,
electrons or holes) and availability of redox couples as hop-
ping sites are prerequisites for fast electron conduction. The
small polaron hopping process can generally be described
by Eq. (6) [97, 98]:

T, \’
p(T) = AT™ exp [<7> ] (6)

in which p(T) is the electrical resistivity, A is a constant, T
is the temperature, T is the characteristic temperature, and
m and p are interrelated parameters that depend on the exact
mechanism of the hopping process.

In particular, hopping sites can be created by altering
material composition (i.e., incorporating aliovalent cations
into perovskite structures). Using Pr;_ St FeO; [99] as an
example, the partial substitution of divalent Sr cations into
Pr-sites can increase electronic conductivity and Fe cation
charge compensation from+ 3 to+4, which will leads to
increased Fe**/Fe** coupling for electron hopping. Besides,
the charge disproportionation of B-site cations from interme-
diate to high or low valences can also increase the level of
hopping sites. One typical example is the disproportionation
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of Fe’* into Fe?* and Fe*" in Ba,_,La FeO,_; (x=0.1-0.4),
which can increase electronic conductivity [100]. Note that
these composition alterations can further affect the structural
symmetry of materials, which can be reflected by p-d orbital
overlap between B-site cations and oxygen ions (Fig. 14)
[97, 101]. With a perfect cubic perovskite structure, this p—d
overlap can be maximized with an optimal B-O-B bond
angle of 180° to facilitate the mobility of electrons (or holes)
from t,, orbitals to neighboring p, orbitals.

Temperature is a significant factor for electronic conduc-
tivity based on Eq. (6). Temperature can also affect the num-
ber of hopping sites by influencing the electronic structure
of B-site cations. Using Co-containing oxides as an example,
Co’* at low temperatures exhibiting low-spin configuration
(tggeg) can be transformed into intermediate-spin (tggeé) and
subsequent high-spin (t‘z‘geé) configurations with increasing
temperature [102, 103]. Because of this, the reduction of
temperature will result in electron transfer from high-spin
Co* to low-spin cations that are prone to transformation
into Co** and Co®* [104].

Gas atmospheres (e.g., increasing or decreasing oxy-
gen partial pressure (Pg )) can also introduce redox cou-
ples and promote electron conduction [105]. For example,
Mizusaki et al. [106] reported that increases in P02 for (La,
Sr)FeO;_; at temperatures above 900 °C can transform
n-type conductivity (Fe valence between+ 2 and + 3) into
p-type conductivity (Fe valence between+ 3 and +4) to
increase electrical conductivity. Similar results have also
been observed in other ion-containing materials such as
La ¢St 4Coq gFe ,05_5 [107], La,;_,Sr FeO,_5 (x=0, 0.1)
[108] and SrFe;_,Si,0;_5 (x=0.05-0.20) [109].

3.2.2 Oxygen-lon Conduction

As discussed in Sect. 3.1, the ionic conduction of perovskite-
type materials occurs through an oxygen vacancy mecha-
nism that is related to oxygen vacancy formation and oxy-
gen-ion migration in lattices.
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3.2.2.1 Formation of Oxygen Vacancy Oxygen vacancies,
commonly described using oxygen non-stoichiometry, are
anion defects in lattices as a result of doping or external
conditions (e.g., temperature and gas atmosphere change).
In most perovskite oxides, these two factors can lower the
overall positive charge of cations and create oxygen vacan-
cies to compensate for the induced charge imbalance. A
typical example in B-site cations is described in Eq. (7):

2BY + 0% — Vi + 2Bl + 10, )

in which “X” represents neutrality and “-” and “"”’ represent
the positive and negative charges , respectively.

Although the incorporation of low oxidation state dopants
can reduce overall positive charge in corresponding lattices,
the formation of oxygen vacancies depends on the reduc-
ibility of B-site transition metals (e.g., Mn, Fe, Co and Ni)
because induced charge imbalance can also be compensated
by reducing the average valence of B-sites. Here, the crea-
tion of oxygen vacancies is easier in the case of Co- and Ni-
based perovskite oxides as compared with Mn- and Fe-based
perovskites, possibly due to the poorer reducibility of Co and
Ni than Mn and Fe [110-113].

Lattice geometry is another important factor in the forma-
tion of oxygen vacancies. For example, doping with small-
sized B-site cations can force corresponding B-site hosts to
increase in size to maintain a perovskite structure, which is
normally accompanied by the reduction of valence states and
thus the formation of oxygen vacancies. For example, Lee
et al. [114] reported that smaller ionic radius Ge** doping at
B-sites in PrBa, 551, sFe,_,Ge Oy, s (PBSFG, x=0and 0.1)
perovskite can facilitate the reduction of Fe** to Fe** and the
generation of oxygen vacancies by reducing the coordination
state from FeO, to FeO, octahedra. Doping with large ionic
sized A-site cations can also expand lattices and therefore
increase the size of B-site reducible cations to create oxygen
vacancies. For example, Merkle et al. [115] applied DFT
calculations to investigate oxygen vacancy formation and
migration in Ba,_,Sr,Co,_,Fe,O;_; (x=0.5, 1, y=0, 0.2,
0.25, 0.75 and 1) perovskites and found that Ba (x=0.5)
doping at A-sites can reduce the formation energy of oxygen
vacancies by 0.3 eV due to the larger Ba ions as compared
with Sr ions, which can result in lattice expansion and low-
valence Co.

External conditions such as temperature and gas atmos-
phere are essential to the equilibrium of oxygen species in
gas and perovskite solid phases. At elevated temperatures,
especially above 400 °C, oxygen is prone to escape from
the solid phase to the gas phase, which causes the solid
phase to possess lowered overall lattice positive charge and
experience the formation of oxygen vacancies. Similarly,
lowering oxygen partial pressure in gas atmospheres can
shift equilibriums to create lattice oxygen vacancies [116].
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Different from doping effects, external condition effects
largely depend on equilibrium conditions, meaning that
corresponding oxygen vacancy changes are reversible if
temperatures and gas atmospheres revert back to original
conditions. Such behavior provides opportunities to evaluate
oxygen surface exchange kinetics by varying oxygen partial
pressure [12, 117, 118].

High oxygen vacancy content that is above optimal can
also destabilize beneficial perovskite structures. For exam-
ple, the transformation of SrCoO;_s-based oxides into an
oxygen-ordering brownmillerite-type structure with signifi-
cantly increased oxygen vacancy content is easily achiev-
able through exposure to either high temperature or reduced
oxygen partial pressure [119-122] and will significantly
reduce oxygen condition rates in the corresponding lattice
and therefore degrade overall cathode performance. In addi-
tion, the formation of oxygen vacancies based on Eq. (7) can
reduce the concentration of charge carriers such as holes for
hopping processes and therefore degrade electronic conduc-
tivity. This is a common phenomenon in many perovskite
materials such as SrCoO;_s-based perovskite oxides [12, 18,
19, 123, 124].

3.2.2.2 Mobility of Oxygen lons In addition to oxygen
vacancy content, the ease of oxygen-ion migration in cor-
responding lattices can also determine overall oxygen dif-
fusion rate. Moreover, oxygen-ion migration is naturally
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Fig. 16 a Schematic of oxygen-
ion migration from an occupied
site to an adjacent vacant site
through permeation through the
A,B trigonal plane (red area).

b Determination of the critical
radius (r,) among the A,B
trigonal plane

accompanied by the formation and breakage of metal-oxy-
gen bonds and the diffusion of oxygen-ions through lattice
voids. Because of this, the bond strength between metals and
oxygen and the geometry of lattices are important factors
determining oxygen-ion mobility. Weakened interactions
further favor oxygen-ion migration [125]. For example,
Mayeshiba and Morgan [126] applied ab initio methods to
investigate the energy barriers of oxygen vacancies in more
than 40 perovskite oxide models and compared correspond-
ing oxygen-ion migration energy with oxygen vacancy for-
mation energy (Fig. 15) to confirm that low metal-oxygen
bond strength as measured by oxygen formation energy and
oxygen p-band centers generally led to facile oxygen-ion
migration in lattices.

High symmetry can further promote high oxygen-ion con-
duction, particularly in polycrystalline materials, because
corresponding oxygen ions can migrate isotopically to
adjacent vacancy sites. This is well exemplified by the infe-
rior oxygen-ion conductivity of oxygen-vacancy ordering
brownmillerite structures as compared with simple cubic
perovskites with less oxygen vacancy content [127-129].
In addition, the oxygen ions need to permeate through a
trigonal planar phase established by two A-site and one
B-site ions (Fig. 16a), whereas the large space surrounding
an A,B triangle phase enables facile oxygen-ion migration.
This surrounding space can be referred to as a “saddle point”
in which the critical radius (r,) can be defined to describe the
size of the space (Fig. 16b) based on Eq. (8):

r2—r +a<§a— \/Er )
B~ A B
re= - ®)
2ry —1g) + \/Ea

in which r, and rg are the radii of A- and B-site cations,
whereas a represents the lattice constant and the pseudo-
cubic structure and can be calculated by using Eq. (9) [130]:

am Ve = 21515 +2.72 — 1.40(z 71 = 1) ©)

@ Springer

A cation
lc
B cation

<& LaAl Ca O,

<
1.2 - CaTi Al O

0.7 033

E.(eV)
s

0.8

SrCe,,Gd, O

0173

0.6

04t & BaTh,,Gd, 0,

0‘2 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45

Free Volume (As)

0.6 252
—m— Oxygen ion migration energy

—
O
~

—o— Free volume

1248
0.4 1
] 244
o
0.24 \D

Free volume (AS)

\u 1240

Oxygen ion migration energy (eV)

0.10 0.15 0.20
Doping content (x)

Fig. 17 a Activation energy of oxygen-ion migration in various per-
ovskite oxides as a function of free volume. Reproduced with permis-
sion [135], Copyright 1992, The Electrochemical Society. b Influence
of doping content (x) in BaFe,_In O;_5 (x=0.1-0.2) at 900 °C on
oxygen-ion migration energy and free volume. Reproduced with per-
mission from Ref. [134]. Copyright 2015, Royal Society of Chemistry

in which 7, is the Goldschmidt tolerance factor as deter-
mined based on Eq. (10) [131]:
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Fig. 18 Brief summary of
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in which r, is the radius of the anion (usually the oxygen
ion).

Despite these calculations, Mogensen et al. [132] found
that calculated r, values were usually less than 1.05 A for
typical perovskite oxides and were far smaller than the size
of oxygen anions (1.4 A), suggesting that oxygen ions can-
not travel through the A,B trigonal plane as defined by the
hard-sphere model. Such inconsistencies highlight the role
of lattice relaxation (or constant expansion [133]) in facili-
tating oxygen-ion migration.

Lattice-free volume (V) is another parameter used to
describe geometrical effects on oxygen-ion mobility. Here,
V¢ is defined as the volume of unoccupied ions in lattice unit
cells and can be calculated using Eq. (11) [134]:

3_4 13,3 3
Vi=d’ - gn[rAJrrB+(3—5)ro] an
in which ¢ is the oxygen non-stoichiometry in the lattice.

Here, Cook et al. [135] reported that increasing V; val-
ues from~7 A3 to~36 A3 can effectively reduce oxygen-
ion migration activation energy from~1.6 eV to~0.4 eV
(Fig. 17a) and Lu et al. [134] reported that the reduction
of In doping content from 0.2 to 0.1 in BaFe,_,In,O;_s
(x=0.1-0.2) perovskite oxide increased free volume by ~0.4
A? and therefore lowered oxygen-ion migration activation

energy by nearly 0.12 eV at 900 °C (Fig. 17b). Despite
these results, geometric effects on oxygen migration remain
controversial in which theoretical calculations from Mayes-
hilba and Morgan [126] revealed no significant correlation
between oxygen migration energy barrier and geometric fac-
tors such as lattice volume.

4 Cathode Degradation Mechanisms

In contrast to conventional power generation devices such as
internal combustion engines, fuel cell stacks cannot be easily
repaired through the simple replacement of parts, meaning
extended lifetimes (i.e., more than 40,000 h operation [136]
with degradation rates less than 0.2% per 1000 h operation)
are essential in practical SOFC applications. Lowering the
operating temperature of SOFC is an effective strategy to
alleviate the potential degradation due to particle coarsening
and volatile contamination at elevated temperatures. Cath-
ode materials still face challenges in terms of (1) sustaining
original structures and surfaces optimal for ORR catalysis
and (2) tolerating poisoning effects from contaminants (e.g.,
CO,, SO,, humidity, chromium, boron and silicon) in ambi-
ent air and/or from other contacting fuel cell components
such as interconnects and sealants. In addition, these two
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Fig. 19 a Schematic of a simple cubic perovskite structure of ABX; and b a summary of elements that can occupy A, B, and X-sites of perovs-

kite materials
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degradation modes are highly related to the bulk and surface
of perovskite cathodes as well as their interaction with gas
and solid phases in contact with cathodes and can lead to
increased ohmic and kinetic loss (Fig. 18) [137].

4.1 Crystal Structure and Surface Degradation
4.1.1 Crystal Structure

The crystal structures of perovskites are essential for cathode
performance because they predetermine mixed electron and
oxygen-ion conductivity, cation segregation (e.g., through
elastic energy minimization) and material stability. Because
of this, seminal efforts have been devoted to the investigation
of correlations between cathode performance and crystal
structure [12, 19, 117-119, 138, 139]. Typically, high sym-
metry perovskite structures such as simple cubic perovskite
oxide and A-site or B-site-ordered perovskites render suf-
ficiently mixed electronic and ionic conductivities for ORR
catalysis in which the Goldschmidt tolerance factor [140] is
a common descriptor that can be used to predict the stabil-
ity of perovskite structures with given composition. Here,
the occupation of A-, B- and X-sites in perovskite materials
is mainly dependent on elemental ionic size (Fig. 19) with
corresponding ionic radii being easily obtained from the
Shannon effective ionic radii [34]. And despite the Gold-
schmidt tolerance factor (Eq. 10) being an over-simplified
approximation [141], it is still a practical tool to predict the
trend of perovskite stability in which (1) 7> 1 prefers the
formation of hexagonal or tetragonal phases; (2) 7 close to 1
likely leads to cubic structures; and (3) 7< 0.9 allows for the
easy formation of orthorhombic or rhombohedral structures.

The crystal structure of perovskites is also closely related
to the interatomic distance between ions in lattices. Because
of this, variations in cation oxidation state and cation and
oxygen stoichiometry can lead to structural transformation
at elevated temperatures and varied oxygen partial pressures.
For example, the oxidation states of B-site reducible cations
such as Co and Fe can easily be lowered by elevating tem-
peratures and/or lowering oxygen partial pressures. These
cations with lowered oxidation states possess increased

Fig. 20 a D,0 exchange signal
and b O, exchange signal over
Lag ¢Sty 4Cog 5 Fe)30;_5as a
function of temperature and
water content [157]

100 200 300 400 500 600 700 800
Temperature (°C)
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ionic sizes, which will further decrease tolerance factors
and induce phase transition from cubic phase to hexagonal
(e.g., BSCF-based oxides [142]) or orthorhombic phases
(e.g., brownmillerite-type structure for Sr(Co, Fe)O;_s-based
oxides [119, 143, 144]).

4.1.2 Surface

Driven by elastic and electrostatic interactions, cation seg-
regation from surface to bulk generally impacts surface oxy-
gen exchange kinetics with many studies reporting oxygen
surface exchange kinetics degradation in perovskite oxides
with significant Sr enrichment [17, 23, 28, 37, 145]. Here,
because B-site redox cations (e.g., Co ions) are active cent-
ers facilitating oxygen surface kinetics [146], degraded sur-
face oxygen exchange rates can be attributed to increased
coverage of A-site cations and/or insulating A-site cation
surface precipitates (e.g., SrO and Sr(OH),) [147]. As men-
tioned in Sect. 2, A-site cation segregation typically occurs
at the near-surface region of perovskite oxides and thus may
not significantly affect bulk oxygen-ion transport in which
despite observing degraded oxygen surface kinetics, Baque
et al. [148] in their study found that Sr surface enrichment
did not significantly impact bulk oxygen-ion conductivity
in porous La, ¢S, 4Co ,Fe, sO5_s perovskite oxide after
annealing at 800 °C for 50 h. As the cathode performance
is closely related to both bulk oxygen-ion conductivity and
oxygen surface exchange kinetics, exact relationships remain
unclear between surface enrichment and overall cathode per-
formance degradation. In addition, surface enrichment in
most cases is partially driven by abundant oxygen vacancies
that are also critical for efficient oxygen surface and bulk
kinetics. This has been well exemplified by the volcano-
shaped dependency observed by Tsvetkov et al. [23] in terms
of the surface exchange kinetics of LSC-based thin films
with the formation of oxygen vacancies in which although
oxygen vacancies are key active sites for ORR, excessive
concentrations of surface oxygen vacancies can degrade
surface reactivity by accelerating Sr surface segregation.
Moreover, surfaces predetermine the tolerance of cathodes
against contaminants in gas phases and/or contacting fuel
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18%
16%
14%
12%
10%
8%
N 6%
4%

Percentage Exchange

2%

0%

Percentage Exchange

100 200 300 400 500 600 700 800
Temperature (°C)



Electrochemical Energy Reviews (2022) 5:263-311

cell components [149]. More details are provided in the fol-
lowing subsections.

4.2 Susceptibility to Gas Contaminants
4.2.1 Water Vapor

Moisture is a common compound in ambient air and can
adversely affect the durability of cathodes through the
direct degradation of ORR and/or promotion of chromium
[150-152] and silicon poisoning [153]. Based on this, this
subsection will mainly focus on the direct effects of water
vapor.

Nielsen, Hagen and Liu [154, 155] reported the strong
dependency of water—vapor effects on moisture content,
cathode polarization and temperature for LSM and LSCF
cathodes in single-cell configurations in which for LSM-
yttria-stabilized zirconia (YSZ) composite cathodes, the
degradation rate of corresponding fuel cells increased with
moisture content [155]. These researchers also found that
cell performance degradation was more prominent at lower
temperatures (e.g., 750 °C) under a high current load at 0.75
A cm™2 [154] but that such degradation could partially be
recovered if humid air was replaced with dry air.

Water vapor can also compete against O, for the limited
surface oxygen vacancies of perovskite oxides [156—159].
For example, by applying operando '*0 isotope exchange
techniques and using deuterium oxide (D,0) as the water
vapor, Huang et al. [157] reported the existence of com-
petitive adsorption between water and oxygen at the sur-
face of Lag ¢St 4Co, ,Feq gO5_s in which at 200-350 °C,
increasing water vapor content promoted water surface
exchange (Fig. 20a) but prohibited oxygen surface exchange
(Fig. 20b). Alternatively, these researchers reported that this
competitive adsorption phenomenon was not significant in
(Lag ¢St 5)9 9sMnO; oxide, indicating a higher tolerance
for humidity as compared with La, (Sr, ,Co ,Fe; sO5_s.
This finding was consistent with results obtained by Liu
et al. [160], who reported the higher tolerance of LSM as
compared with LSCF in the presence of 10% humidity. In
addition to degrading oxygen surface exchange rates, the
competitive adsorption of water vapor can further influence
oxidizing conditions and therefore the lattice geometry and
electrochemical property of perovskite oxides. For example,
Wang et al. [161] reported that water vapor absorption can
prevent the oxidization of La, 4,Sr, (Co, ,Fe, ;Nb, ;O;_s per-
ovskite oxide, which consequently decreased lattice param-
eters, electrical conductivity and oxygen vacancy content.
And because properties such as lattice geometry, conduc-
tivity and oxygen vacancy are dominant factors affecting
surface cation segregation and ORR kinetics, the presence
of water vapor can lead to complex degradation mechanisms
through competitive surface adsorption with O,.
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Fig.21 Decomposition enthalpy of various carbonates against cati-
onic property r%Z* at 298 K in which r denotes cation radius and
Z* is the effective nuclear charge calculated from Slater’s rules [185].
Reproduced with permission from Ref. [172]. Copyright 1972, Amer-
ican Institute of Physics

4.2.2 CO, Poisoning

CO, is commonly present in air at concentrations
of ~300 cm?® m™ and can strongly interact with defects such
as oxygen vacancies and basic alkali and alkaline-earth ele-
ment cations on the surface of perovskite oxides [13, 18,
162-167] due to acid-base interactions between acidic CO,
and the basic nature of defects and alkali and alkaline-earth
elements. As a result, even small amounts of CO, can com-
pete against O, for limited surface reactive oxygen vacan-
cies [168] and react with cations to form catalytically inert
carbonates that can block active sites and adversely affect the
crystal structure integrity of sub-surfaces [21]. Here, cath-
ode performance degradation due to acid—base interactions
can be recovered by lowering CO, partial pressures [13, 18,
169]; however, degradation due to carbonate formation is
irreversible. In addition, the poisoning effects of CO, on
cathode materials are more prominent at lower temperatures
(<650 °C) [158], likely arising from the increased stability
of carbonate phases at reduced temperatures.

Cations are another factor that can determine anion sta-
bility. For example, Stern and Weise [170] reported that
anion stability decreased with cation polarization power
and suggested that cation polarization power can be used
as a term to describe cation capability to distort anions and
is associated with the size, charge and electronegativity of
cations. In general, cations with strong polarization power
possess (1) small size, (2) large positive charge and (3) high

@ Springer



282 Electrochemical Energy Reviews (2022) 5:263-311
Fig.22 (a) Comparison of (a) -290 (b)
calculated average metal—oxy- "
gen bond energy and (b) CO, 292 \. - SNF 469, 670
temperature-programmed 204 \. 8
desorption profiles of e > T—g’ = 243
StNby ;Cog 9 Fe,0;_ oxides. 3 296 \ & w/k_
Reproduced with permission E - 3 711748
from Ref. [165]. Copyright 8 200 é SNCF0.2 529
2015, Elsevier aQ — £ 731760
gSNOFOT sy " N\
3024 . o 765
SNC s8ar 7 N\__ |
= ' ' ' S o 0 40 o0 80 0 #a 50
N,
Ff & &S o
s & & S

electronegativity that is close to the anion [171]. Based on
this, Stern [172] proposed 2z (r is the cation size, Z*
is the effective nuclear charge) to describe the polarization
power and enthalpy of carbonate deposition at 298 K as
a method to describe the thermal stability of carbonates.
As a result, these researchers found a near-linear behavior
between these two parameters (Fig. 21) in which relatively
large-sized A-site cations were consistently more reactive
with CO, than small-sized B-site cations and perovskite
oxides containing cations such as Sr and Ba were more
susceptible to CO, poisoning as compared with perovskite
oxides containing Ca [173-176] or cations with higher oxi-
dation states (Nb>* [177, 178], Sb>* [179, 180], Ta>* [181,
182], Ti** [183] and Cr®* [184]).

Due to strong interactions between CO, and A-site cati-
ons such as Sr and Ba, the lower surface coverage of those
reactive cations can improve the CO, tolerance of perovskite
oxides. The surface coverage of these cations is associated
with surface segregation (Sect. 2), and the weakening of
the two main driving forces (i.e., elastic and electrostatic
interactions) can help to suppress surface segregation and
therefore limit exposure to CO,. Based on this, perovskite
properties such as cation size, stoichiometry, crystallinity
and lattice strain and cathode operating conditions such as
polarization can all affect the tolerance of cathodes against
CO, poisoning.

Based on the strong dependency of anion stability on
cation polarization power, a conclusion can be made that
cations possessing strong interactions with oxygen ions
should also possess strong interactions with carbonate ions
in which the former can affect the stability of perovskite
oxides, whereas the latter can determine reactivity with CO,,
meaning that CO,-tolerant cathodes should contain cations
with optimal interactions with O*~ and CO5*~ (i.e., strong
bonding with O?~ but weak bonding with CO;>"). Here,
interactions between metal and oxygen can be described by
using average metal-oxygen energy (ABE) and an exam-
ple of calculating the ABE of an ABO, perovskite oxide is
provided by Eq. (12) [186] in which AH denotes formation

@ Springer

enthalpy for A, O,, B,O, and sublimation enthalpy of A or
B metals and D g, , is the dissociation energy of O,. Possibly
due to the balance of cation interactions with oxygen and
carbonate, more negative ABE values strengthen metal-oxy-
gen interactions and therefore indicate cathodes that are
more CO, tolerant [21, 165]. For example, by varying the
ratio of Co to Fe at B-sites, Zhang et al. [165] reported that
the thermal stability of adsorbed CO, species at their perovs-
kite surface decreased with more negative ABEs (Fig. 22).

1 n
ABE = = (m(&H, o,) = mAH, = 3Do, )

12

+1x<AHB _xAHy - 2D, )
6 <Oy B 270 (12)

in which AH, ) o, AH g and Dy, represent the forma-

tion enthalpy of A(B),,0, oxide, sublimation enthalpy of

A(B) metal at 25 °C and dissociation energy of oxygen

(Do, =500.2KJ - mol ™), respectively.

4.2.3 SO, Poisoning

Trace amounts of SO, (e.g., in the 1x1073 cm® m™3 level)
present in air can exert adverse effects (i.e., increased ohmic
and polarization resistances) on the long-term stability of
cathodes [187, 188]. Similar to CO,, SO, is also an acidic
gas that is reactive to basic cations such as Sr and Ba to
form sulfate species on the surface. The formation of sul-
fates is an oxidization reaction (i.e., S** needs to be oxidized
to S°T) as represented by Eq. (13) that can easily occur at
high SO, concentrations on cathode surfaces with abundant
basic terminated AO phases, oxygen vacancies and dis-
sociated oxygen species. For example, Wang et al. [189]
reported that increasing SO, concentrations from 0.1 cm?’
m~> to 100 cm® m~ led to the more pronounced cathode
degradation of La (Sr, 4Co, ,Fe, sO;_5 and that high SO,
levels led to the further formation of La,0,SO, in addition
to SrSO,. These researchers also compared the stability of
(La, Sr)Coy,Fe 30;_s cathodes with varying La/Sr ratios
in the presence of 1 cm® m™ SO, at 800 °C and found
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(a) LSCF/BZY, 7= 800°C, = 300 h

GDC

200 nm

Fig.23 Scanning transmission electron microscopy  bright-
field images and elemental distributions of the cross sections of
Lag ¢Sty 4Co ,Fe;_s thin films over a BZY and ¢ GDC electrolytes.
Schematics of the proposed mechanisms of Lag ¢St ,Coy,Fe;_s
interaction with b BZY and d GDC and their role in SO, poisoning.

higher coverage of the SrSO, phase over the Sr-rich per-
ovskite oxide as compared with La-rich samples as well as
immediate poisoning effects with the introduction of SO,
[190]. Here, this trend can be explained by the promoted Sr
segregation and oxygen vacancy as imparted by increasing
divalent and large-sized Sr content.

AO + SO, + %Oz(g) — ASO, (13)

Cathode/electrolyte interfaces can also play a role in SO,
tolerance. For example, De Vero et al. [191] reported the
improved SO, tolerance of Lag ¢St ,Co ,Fe;_s thin film
after annealing at 800 °C for 300 h over a BaZr3Y,,05_s
(BZY) electrolyte substrate as compared with over a
Gd,) ,Ce( 40, 95 (GDC) electrolyte substrate in which these
researchers observed the significant interdiffusion of cati-
ons across the cathode/BZY interface (over the 1-pum-thick
interdiffusion zone) but not across the cathode/GDC inter-
face (Fig. 23a, b). Here, these researchers proposed that
significant cation interdiffusion with BZY can weaken the
thermodynamic driving force of Sr surface segregation
and therefore hinder further SrSO, formation with SO,
(Fig. 23 d), whereas due to limited Sr interdiffusion into
GDC, Sr species in the corresponding cathode can only
diffuse to the cathode/gas interface, which consequently
promoted unwanted SrSO, precipitation (Fig. 23c). Based
on this, these researchers postulated that easy Sr interdif-
fusion between cathodes and electrolytes is likely related
to the similar lattice symmetries (i.e., perovskite structures
for cathodes and BZY) of the cathode and the electrolyte,
which can reduce cation migration energy barriers across
different phases. This easy cation interdiffusion has also

(b) N Sulfur in air G 5
Initial =N T=800°C

> srso, —*
Ba

BZY

*——Interdiffusion zone

Initial Sulfur in air T=800°C

S

—
- Pdlce Srso,

Gd/Ce

LSCF GDC GDC

Reproduced with permission from Ref. [191]. Copyright 2018, Mate-
rials Research Society. In (a), label 1 denotes the SrSO, phase, label 2
denotes nanopores, label 3 denotes the interdiffusion region rich in Y
and Sr, and label 4 denotes the other interdiffusion region rich in La,
Co and Fe

been commonly reported for materials with similar struc-
tures by other researchers [192—195].

4.3 Susceptibility to Volatile Contaminants

Cathode materials are also susceptible to volatile contam-
inants such as Cr, Si and B-based species from fuel cell
components (e.g., interconnects, balance of plants, glass
sealants). Although Cr, Si and B play essential roles in the
tailoring of fuel cell component properties to tolerate SOFC
operating conditions, they can become volatile at high tem-
perature and humidity conditions. Therefore, one of the
main motivations to lower SOFC operating temperatures is
to suppress the vaporization of these elements and achieve
improved long-term stability of the electrodes.

4.3.1 Chromium Poisoning

Chromium is an important element that can prevent the oxi-
dization of metallic alloys at SOFC operating temperatures
through the formation of Cr,0; layers on alloy surfaces.
However, chromium can also rapidly degrade cathode per-
formance if evaporated as highly oxidized (i.e., Cr®*) vola-
tile species such as CrO,(OH), and CrO;. Aside from tem-
perature, the volatility of Cr,0; is also related to water vapor
and oxygen content in gases in which Gindorf et al. [196]
reported that the vaporization of CrO,(OH), increased with
increasing humidity in air at 950 °C. Water vapor partial
pressure in air can also affect Cr volatile species vaporiza-
tion from Cr,05 in which CrO; (g) is dominant at low water
vapor pressures (Eq. 14), whereas CrO,(OH), is dominant
at high water vapor pressures (Eq. 15):
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Cr,05(S) + 1.50,(g) = 2CrO4(g) (14)

CrOs(g) + 1.50,(g) + 2H,0(g) — 2CrO,(OH),(g)  (15)

In general, the nucleation theory can be used to explain
the deposition of Cr on LSM and LSCF surfaces [197-199]
and involve the deposition of volatile Cr species through
chemical reactions between high-valent Cr and nucleation
agents such as Mn, Co and Sr to form Cr,0;, (Cr, Mn);0,,
SrCrO; or CoCr,0, on cathode surfaces. Here, the general
reaction routes as summarized by Jiang and Chen [197] can
be represented by Eqns. (16—18) in which N denotes Mn,
Co and/or SrO species at cathode surfaces and indicate that
Cr deposition kinetics is highly dependent on cathode sur-
face chemistry, which is dominated by factors discussed in
Sect. 2.

CrO;(g) + N(s) = Cr — N = Oy ey (8) + O5(2) (16)
Cr—N - O(nuclei)(s) + CrOs(g) — Cr,05(s) 17)

Cr = N = Oyeiey(8) + N + CrO5(g) = N = Cr — O,(s)
18)

4.3.2 Silicon Poisoning

Glass-based sealants used in the manufacturing of SOFCs
contain silicon-based materials such as boroaluminosilicate,
borosilicate, aluminosilicate and silicate [200]. In addition,
silicon species are present in alloys used for high-temper-
ature operations [201, 202]. Similar to Cr, Si species can
easily generate Si(OH), vapor at elevated temperatures,
particularly with increasing water vapor pressure [203], the
deposition of which on cathode surfaces can significantly
degrade cathode performance by blocking oxygen-ion
transport [202] and promoting perovskite phase decompo-
sition at the near-surface region [204, 205]. For example,
Perz et al. [204] observed significant performance degrada-
tion of 5.9 times in La, (Sr,, ,Co, ,Fe, 3O5_s with a cathode
surface coated with 10-nm-thick SiO, at 700 °C for 1340 h
as compared with a cathode surface without SiO, coating
(degradation of 4.5 times in the same annealing conditions).
Such degradation is related to the formation of a continuous
layer of La-Sr-Si—O species on the surface and Co-Fe—-O
nanoparticles as promoted by SiO, deposition. Bucher et al.
[206] also observed the decomposition of surface phases
over Lag ¢S, 4,CoO;_s oxides due to Si species deposition
and highlighted the role of water vapor (relatively humid-
ity =30%—-60%) in exacerbating Si poisoning effects in
which such surface phase decompositions can degrade
oxygen surface exchange kinetics and bulk diffusivities and
therefore degrade cathode performance [206, 207].
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4.3.3 Boron Poisoning

Boron is commonly used to tune the viscosity and soften
the temperature of glass sealants [208—210]. Similar to Cr
and Si contaminants however, borates become volatile at
high temperatures and water pressures [211, 212] in which
Zhang et al. [212] reported that borates mainly vaporize in
the form of BO, in dry atmosphere but B;H;04 in humid
atmosphere. Here, the deposition of volatile borate species
can degrade the performance of perovskite oxides such as
LSM and LSCF-based materials by inducing surface phase
decomposition and accelerating particle coarsening. Based
on this, Chen et al. comprehensively studied the effects of
boron poisoning on LSM- [213], LSCF- [214] and BSCF-
based [215] electrodes by annealing perovskite oxides in the
presence of borosilicate glass at 700-800 °C for 7-30 days
and found that volatile boron was highly reactive with sur-
face La species to form LaBO;, which led to the destruction
of the perovskite structures. Alternatively, these researchers
reported that La-free BSCF showed much-improved toler-
ances toward surface boron deposition, but that boron can
promote A-site cation (e.g., Ba and Sr) segregation and alter
the microstructure of cathodes [215]. These researchers fur-
ther reported that deposited boron can serve as a sintering
agent to cause the severe particle coarsening of infiltrated
Gd-doped ceria nanoparticles in LSM composite cathodes
and significantly degrade overall cathode performance [216].

5 Design Strategies to Develop Perovskite
Cathode Materials

At SOFC operating conditions, both the surface and bulk
properties of cathode materials are essential for efficient and
stable ORR activity. In addition, surface and bulk interac-
tions such as surface cation segregation are significant for
the catalytic activity and long-term stability of correspond-
ing cathodes. Considering the importance of cathode sur-
face and bulk properties in ORR catalysis, cathode perfor-
mance can be enhanced through several methods, including
(1) optimizing cathode composition and structures and (2)
incorporating additional functional phases. As such, this sec-
tion will mainly focus on reviewing recent advancements in
cathode development through doping (Sect. 5.1) and surface
functionalization (Sect. 5.2).

5.1 Doping Strategy

The structural and compositional flexibility of perovskite
oxides enable the tuning of corresponding bulk and surface
properties through the incorporation of heterogeneous atoms
at A-sites and B-sites (Table 1). Here, common doping meth-
ods in cathode development include (1) solid-state reactions
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Table 1 (continued)

References
[230]

Mechanisms

Temperature (°C) Performance

Materials

Doping method

Increasing Ti content from 5 mol.%
to 15 mol.% can change ABE
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along with good CO, tolerance and

strengthened metal-oxygen bonding and

increased overall acidity

chemical stability in 15% CO, balanced

air

and (2) sol-gel methods in which the solid-state reaction
route involves the mechanical mixing of metal precursors
(e.g., metal oxides or carbonates), the pelletizing of powder
mixtures and long-term (more than 10 h) calcination at high
temperatures (e.g., 1200 °C) to enable sufficient interdiffu-
sion between constituent ions. Despite its simplicity and ver-
satility in perovskite synthesis, the long-term sintering pro-
cedures of solid-state reactions have limited application in
obtaining products with well-controlled particle sizes. Alter-
natively, the sol-gel route (the so-called Pechini method)
[217] requires relatively low temperatures (normally below
1000 °C) to calcine metal precursors and typically involves
dissolving water-soluble metal precursors such as nitrates,
complexation with agents such as EDTA and citric acid,
gel formation through water evaporation, firing to form char
and calcination at elevated temperatures to obtain targeted
oxides. As compared with solid-state reactions, the sol—gel
reactions are more uniform dispersions of metal precursors
than mixtures of solids, meaning that the sol-gel method
requires lower calcination temperatures and shorter calcina-
tion periods. Despite this, a major limitation of the sol—gel
method is the lack of water-soluble salts such as Ta-contain-
ing precursors. Nevertheless, the sol-gel method is preferred
for perovskite synthesis due to low calcination temperatures
and easy control of synthesis conditions [218].

5.1.1 A-Site Doping

A-site cations in perovskites typically possess relatively
large ionic sizes as compared with B-site cations and are
coordinated with 12 oxygen atoms in the lattice. Common
A-site cations include lanthanide elements (e.g., La, Pr, Nd,
Sm and Gd) [231] and alkaline-earth elements (e.g., Ca, Sr
and Ba) [232]. A-site cations can further be partially occu-
pied by alkali metals (e.g., Li, Na and K) [18] and post-
transition metals such as Bi metals [233]. And although
most A-site cations are redox inactive and are not directly
involved in ORR, they play an essential role in determining
cathode performance and long-term stability. For example,
A-site cations due to their relatively large ionic size can
influence lattice spacing for B-site cations that normally
sit within voids formed by A-site cations and therefore can
affect the overall oxidation state of B-site cations. Perovs-
kite surfaces are also usually enriched with A-site cations
(Sect. 2 and 4) that can reduce the number of active sites
for oxygen surface exchange and are prone to react with
gaseous and volatile contaminants such as CO, and Cr spe-
cies. The migration of A-site cations from bulk to surface at
elevated temperatures can further dynamically change the
bulk and surface properties of cathodes. Considering these
effects, the rational modulation of perovskite oxide proper-
ties through A-site doping can allow for optimized cathode
catalytic activity and stability.
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Fig. 24 a Energy-dispersive
X-ray (EDX) images of
PrBa,_,Ca,CoCuOs_,
including Pr, Ba, Co, Cu and

O elements. Metal cation
concentrations on the surface of
PrBa,;_ Ca CoCuOs, s with Ca
contents of bx=0 and ¢ x=0.3
as calculated from X-ray pho-
toelectron spectroscopy results.
Reproduced with permission
from Ref. [220]. Copyright
2020, Elsevier

(a)

x=0.0

Il Measured
Il Theoretical

Metal ion ratio (%)

Ba Ca

Metal ions

5.1.1.1 A-Site Cation Size The ionic size of A-site cations
determines tolerance factor (z) (Eq. 10) and thus affect per-
ovskite structural stability [100, 234]. In addition, perovs-
kite structures with high symmetry such as simple cubic
perovskite structures generally exhibit higher mixed ionic
and electronic conductivity (Sect. 3 and 4) in which high
mixed conductivity is important for efficient ORR activ-
ity, especially at reduced operating temperatures (Sect. 3.2
and 3.3). Therefore, the consideration of A-site cation
effects on structural symmetry is important. One typical
example is our recent work [19] involving the incorpora-
tion of Li into Co-free SrFe,¢Nb, Ta,,0;_s perovskite
oxide in which because Li (~0.92 A) is much smaller than
host Sr (1.44 A), less than 5% of Li can be incorporated
into the lattice to maintain the beneficial cubic structure of
the perovskite. As a result, the stabilized cubic structure
of Sr,_Li Fe,¢Nb, Tay;05_s with x<0.05 together with
optimal levels of oxygen vacancies and A-site deficiencies
as imparted by Li doping led to improved ORR activities at
600 °C by ~ 1.6 times.

5.1.1.2 A-Site Cation Surface Segregation A-site dopant/
host ionic size mismatch constitutes a major driving force
(i.e., elastic energy minimization) for A-site cation surface
segregation in SOFC operating conditions in which in most

@ Springer
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Fig.25 a High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) image of the e-SANC material
with b corresponding liner scan file from A to B. ¢ HAADF-STEM
image of the s-SANC material with d EDX spectra at P1 and P2 posi-
tions. Reproduced with permission from Ref. [222]. Copyright 2015,
American Chemical Society
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cases, surface-enriched A-site cation species pose negative
impacts on cathode performance and long-term stability
(Sects. 2, 4). Because of this, the minimization of dopant/
host size mismatch can suppress unwanted surface cation
segregation [235]. For example, Pang et al. [220] high-
lighted the role of A-site cation size mismatch in deter-
mining ORR activity and stability for double perovskite
PrBa,_,Ca,CoCuOs_ s and reported that relatively low A-site
cation size mismatch as achieved by PrBa,, ;Ca, ;CoCuOs,
led to an improved ORR activity of 0.052 Q cm? at 650 °C
as compared with the undoped sample (0.072 Q cm?) and
a peak power density of 2.04 W cm™ at 800 °C. These
researchers also found that the incorporation of Ca can
effective suppress Ba surface enrichment (Fig. 24) during
100-h stability testing under 0.7 V at 700 °C. As a result,
a single-cell using PrBa,;Ca(;CoCuOs, 5 as the cathode
showed better stability (the degradation rate=0.053% h~")
than a cell using the parent oxide as the cathode (the deg-
radation rate=0.178% h~!). And because surface-enriched
A-site cations such as Sr are susceptible to contaminants
such as water, vapor, CO, and SO, (Sects. 4.2 and 4.3), the
suppression of surface segregation through the minimiza-
tion of A-site dopant/host size mismatch can also effectively
improve cathode tolerance toward these contaminants.
Alternatively, A-site cation surface segregation can cre-
ate A-site deficiencies in lattices and induce the forma-
tion of oxygen vacancies to compensate charge imbalance

SLFNTS " InAir2h
,e] SENT o oo
’ ® 10%CO;:2n L A Airafier 10% €O,
A Airafter 10% CO,
_ 20 ~
< 015 n
g 5 . .
o 15 o
NG = o
N U
. o .
o ® ® .
il LR 0.05. ."'.'.:'.
051 aas, ‘s Y very .
s ’ y
s, Recovery ) 'ﬂ Reco 3
00 r r v v T r
00 05 10 15 20 25 30 35 40 45 Ll il
Z Q. em’) ZR (Q.cm)

Oxygen cloud

O, Release \

SDC

(C) Na/K doped SFNT scaffold

React with(CO,

» Na,0,

S IN,0,+2C0, = 2Na,CO4+ O,
or » K05
R K:0:+CO, = KyCOst Oy

Fig.26 Impedance spectra of a SrFe,gNb, Ta;,0;_s and b
Srp.95A0.05F€0.sNby 1 Tay ;O3_s measured in air, 10% CO, balanced
air and the subsequent removal of CO, after 2 h. ¢ Mechanism of
oxygen cloud generation that enhanced the CO, tolerance of the
St.95A0.05F€0.sNbg 1 Ta ;O5_s cathode. Reproduced with permission
from Ref. [18]. Copyright 2019, American Chemical Society

in which A-site deficiencies and oxygen vacancies can
enhance electronic and ionic conductivities [236]. For
example, Celikbilek et al. [221] recently designed
A-site deficiency by manipulating the composition of
(Lag 7;S1.29)0.95C0g 17Fe.4305_s. By introducing 5 mol.%
A-site deficiency, the authors observed a low polariza-
tion resistance of 0.037 Q cm? at 650 °C and 0.1 Q cm?
at 600 °C in a symmetrical cell, and a peak power densi-
ties of 1.4 W cm™2 at 650 °C and 1.0 W cm™2 at 600 °C
in a Ni/YSZ anode-supported cell were obtained, which
were much better than values obtained from a pristine
La 451, 4Co, ,Fe, sO;_s5 analogue. Furthermore, if enriched
A-site cations such as alkali metals or noble metals do not
passivate electrochemically active surfaces, A-site cation
surface segregation can promote ORR activity. This was
well exemplified by our recent work on alkali metal-doped
SrFe, sNb, Ta, ;05_5 [18, 19] in which significant size
mismatch between the Li dopant and the Sr host allowed
for the easy migration of the Li dopant from the bulk to
the cathode surface, leaving a bulk with increased A-site
deficiency and oxygen vacancy. Interestingly, alkali metal
segregation can also suppress problematic Sr surface enrich-
ment to further contribute to improved ORR activity and
contaminant tolerance. Similarly, Zhu et al. [222] slightly
reduced Sr gsAg osNNby 1Cog yO5_s with hydrogen to induce
Ag exsolution from the bulk to the surface (Fig. 25) and cre-
ated A-site cation deficiency in the bulk and ORR-active Ag
nanoparticles on the surface to result in a remarkably low
polarization resistance of 0.214 Q cm? at 500 °C. Similar
improvements resulting from A-site cation surface segrega-
tion were also reported for an Ag-doped LSM cathode [223].

Enriched A-site dopants can further functionalize cathode
surfaces to resist contaminant poisoning in which our recent
findings [18] highlighted alkali metals such as Na and K that
can form peroxide or sesquioxide species in cathode oper-
ating conditions that can react with CO, to release oxygen
molecules as a product and therefore increase oxygen partial
pressures close to the cathode surface (Fig. 26¢). Moreover,
these formed alkali metal carbonates at the cathode surface
are good oxygen-ion conductors that can accelerate oxygen
surface exchange in the presence of CO, and constituted one
of the major reasons for remarkable cathode ORR activity
and stability improvements at 600 °C in the presence of CO,,
showing area-specific resistance (ASR) values as low as 0.12
Q cm? at 600 °C and over fourfold improvement in tolerance
to CO, poisoning (Fig. 26a, b).

5.1.1.3 Polarization Power of A-Site Cations Cation polari-
zation power reflects the capability of cations to stabilize
anions (Sect. 4.2) in which large cations with low oxida-
tion states generally possess weaker polarization power and
strong bonds with anions such as oxygen or carbonate ani-
ons. And because A-site cations (e.g., Sr and Ba) are larger
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in size and have lower oxidation states than B-site cations,
they are more prone to poisoning from gaseous contaminants
such as CO, than B-site cations. Based on this, increases in
A-site cation oxidation state (e.g., replacing alkaline-earth
elements with lanthanides) or reductions in A-site cation
size (e.g., replacing Ba or Sr with Ca) can improve the dura-
bility of corresponding cathodes in the presence of gaseous
contaminants. For example, Chen et al. [224] developed a
PrBa, 4Ca,, ,C0,05, s double perovskite that exhibited stable
ORR activity with ASR values of ~0.024-0.028 Q cm? at
750 °C in the presence of 1 vol.% CO, for over 1000 h and
attributed the improved durability and ORR activity to the
Pr’* and Ca* cations at the A-sites (high oxidation state
and/or small size). Other rare-earth elements such as Eu
[237], Nd and Sm [238] with high polarization powers have
also been reported to be able to destabilize bonding with
anions such as sulfates and carbonates to improve the con-
taminant tolerance of corresponding cathodes.

5.1.1.4 Inducing Effects on B-Site Cations Doping A-site
cations can also impact B-site cations in perovskite oxides.
A common strategy to introduce oxygen vacancies into per-
ovskite oxides is to reduce the overall positive charge of lat-
tices through the partial replacement of high-valence A-site
cations such as La*" with relatively low oxidation state
dopants such as Sr** [10, 239, 240], Ba** [234, 241] and
alkali metals [18, 242]. Such induced charge imbalance can
be compensated by either increasing the oxidation state of
B-site cations or creating oxygen vacancies. The response
of perovskite oxides to the induced charge imbalance likely
depends on the ease of B-site cation redox transition. For
B-site cations with easy redox transitions such as Mn [243,
244] and Fe [245, 246], increases in B-site cation oxida-
tion state are preferred and will generally lead to increased
electronic conductivity due to the increased density of redox
couples as charge hopping sites. As for B-site cations that
are difficult to oxidize such as Co and Ni, induced charge
imbalances can lead to the formation of oxygen vacancies
that can enhance ionic conductivity. Increasing the size of
A-site cations can also facilitate the expansion of B-site
cations (i.e., be slightly reduced) to further create oxygen
vacancies with a typical example being benchmark cathode
BSCEF in which large-sized Ba can promote oxygen vacancy
formation [247]. Interestingly, although A-site cations with
lower oxidation states and large ionic sizes can enhance
mixed conductivity, they can also lead to weak polarization
powers that increase susceptibility toward contaminants.
Therefore, an optimal balance between activity and stabil-
ity needs to be considered in the selection of A-site cations.

The electronegativity of A-site dopants can also affect
the oxidation state of B-site cations in which relatively low
electronegativities can weaken the capability of neighbor-
ing oxygen to attract electron clouds from adjacent B-site

@ Springer

cations and slightly reduce B-site valences to promote oxy-
gen vacancy [18] as confirmed by our recent investigation
into the effects of alkali metals (i.e., Li, Na and K) on Fe
valence in doped SrFe, ¢Nb, ; Ta, ;O;_; oxide. In this study,
monovalent alkali metal doping not only promoted oxygen
vacancies, but also reduced the average valence of B-site
Fe cations in which we believed the lower electronegativity
of Li (0.99), Na (0.98) and K (0.93) as compared with host
Sr (1.03) [248] was the main reason for Fe valence state
reduction.

5.1.2 B-Site Doping

As main ORR active centers, B-site cations play an essential
role in ORR catalysis. In general, typical B-site cations in
perovskite oxides are six-coordinated transition metals that
include Mn [249, 250], Fe [245, 251], Ni [252] and Co [253,
254]. B-sites can also be partially occupied by a variety of
elements while maintaining perovskite structural integrity,
allowing for the tailoring of perovskite properties through
B-site doping. Similar to A-site cations, B-site properties
such as cation size, oxidation state and electronegativity can
all influence the overall performance of perovskite cathodes.

5.1.2.1 Selection of B-Site Dopant Size The selection of
suitable B-site dopant size is a prerequisite for successful
doping in which B-site dopants should generally be com-
parable in size to B-site host cations to sustain perovskite
structures. Here, the Shannon ionic radii of common host
cations such as Mn, Fe, Co and Ni are within 0.4-0.8 A and
can serve as a criterion for the selection of potential B-site
dopants. For example, Ling et al. [225] reported that the par-
tial replacement of Fe with Sb** in Ba, sSr, sFe,_,Sb,0; ;
(x=0.0, 0.05, and 0.1) perovskite can stabilize the beneficial
cubic perovskite structure by reducing the tolerance factor
close to unity, resulting in the Ba 5Sr, sFe( ¢Sb, ;0;_5 dis-
playing significantly lowered polarization resistances from
0.213 Q cm? down to 0.120 © cm? at 700 °C.

The ionic size of B-site dopants can also affect specific
free volume and critical saddle point with large sizes leading
to facile oxygen-ion transport (Sect. 3.1). However, the ionic
size of redox-active B-site dopants can vary with oxidation
state depending on A-site cations and operating conditions
(e.g., temperature and gas atmosphere) and oxidation state
is strongly correlated with oxygen vacancy and mobility. As
a result, the understanding of the specific effects of B-site
cations on saddle point free volume and size through experi-
ments is challenging.

5.1.2.2 Doping with High Oxidation State B-Site
Dopants The oxidation state of B-site cations is an impor-
tant factor governing cathode ORR activity and long-term
stability, and numerous studies have shown that doping
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Fig. 27 a Oxygen surface T(-0)

T(°C)
600

(a ) 800 750 700 650
T T T

exchange coefficient (k) and )
b oxygen-ion diffusivity (D) 50.]
as a function of temperature 55
for SrCo,, gNb, ,0;_s5 (SCN20)
and SrCoy ¢Ta,; ,05_5 (SCT20).
Reproduced with permission
from Ref. [118]. Copyright
2015, Royal Society of Chem-
istry
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with high oxidation state cations such as W®* [255], Mo®*
[256], Sb* [257], Nb>* [118, 258], Ta’* [13, 117], Zr**
and V% [259] can effectively enhance cathode perfor-
mance. According to Pauling’s rules [260], high-valence
B-site cations with low coordination numbers can increase
electrostatic repulsion between polyhedra and stabilize high
symmetry perovskite structures. Nagai and Sakon [261] also
studied the effects of dopants including Ni, Cu, Zn, Cr, Fe,
Al, Ga, In, Ce, Ti, Zr, Sn, V and Nb on the structural stabil-
ity of SrCoO;_; and found that high-valence cations with
higher solubility in lattices such as Nb>* and Ti** were more
effective in stabilizing the cubic structure than low-valence
dopants. Interestingly, researchers have also reported that
non-metals with high valences and suitable ionic sizes such
as P> [262], S [263, 264] and Si** [265] can also be
applied as B-site dopants to enhance the structural stabil-
ity and ORR activity of materials. We have further reported
that P cation doping at the B-sites of SrCoy gsFe( 1Py 0505_s
can stabilize the cubic perovskite structure and prevent oxy-
gen-vacancy ordering brownmillerite-type structure forma-
tion [119], resulting in the P-doped cathode exhibiting a low
polarization resistance of 0.097 Q cm? at 589 °C and no
performance degradation at 600 °C for 40 h. Similar effects
of these non-metal dopants were also reported by Xu et al.
[266] and Luo et al. [267]

Despite their role in stabilizing structural stability, high-
valence B-site dopants can reduce oxygen vacancy con-
tent in lattices due to increases in overall cation positive
charge. And because oxygen vacancies are major carriers for
oxygen-ion conduction (Sect. 3), high-valence B-site dop-
ing can have negative impacts on oxygen kinetics at both
the surface and the bulk lattice. One method to alleviate
this negative effect is to slightly lower the electronegativity
of high-valence dopants. For example, one of our studies
investigated the effects of Nb>* and Ta’* electronegativity
by constraining potential effects from structural geometry
and the oxidation state based on the fact that although Nb>*
and Ta " possessed similar sizes with the same Shannon
ionic radius of 0.64 A, they possessed different electronega-
tivity (Ta>" is slightly lower than Nb>* in electronegativity)
[118]. In this study, both experimental results and theoretical

T T T T T T
115 095 1.00 105 110 115
1000/ T (K")

calculations revealed that the low electronegativity of the
Ta’* dopant can move electron clouds closer to neighbor-
ing Co centers to result in relatively low oxidation state Co
and therefore slightly higher oxygen vacancy content, which
led to enhanced oxygen surface and bulk kinetics (Fig. 27a,
b) as well as cathode performance as compared with the
Nb-doped counterpart. Similarly, our recent results [138]
revealed that Sc** and Ta>* co-doped SrCoO,_s perovskite
can increase oxygen vacancy content as compared with Sc>*
and Nb>* co-doped analogues to result in a notably lower
ASR of 0.233 Q cm? at 500 °C.

Reduced oxygen vacancy content should also allevi-
ate unwanted A-site cation segregation by weakening
electrostatic interactions between A-site cations and oxy-
gen vacancies. This effect has recently been confirmed by
Tsvetkov et al. [23] (Sect. 2.1 and Fig. 5). And because
A-site cation segregation is a major reason for cathode
susceptibility to contamination (Sect. 4), high-valence
dopants can further enhance resistance to poisoning. Zhao
et al. [227] also highlighted the role of Nb>" doping in
Smy 5(1-ST0.5(1-0Ba Loy _g3.Feq 2 Nby 1,05 5 (x=0.4,
0.5, and 0.6) in the suppression of surface Ba segrega-
tion if in contact with Fe—Cr metallic interconnects under
200 mA cm~2 at 900 °C for 20 h in which suppressed Ba
segregation can significantly improve cathode tolerance to
Cr contamination.

Although it is generally unlikely that high-valence
dopants are directly involved in oxygen-ion transport,
dopants can affect neighboring redox-active B-site cations.
For example, Zhou et al. [11] developed a Sc** and Nb°*
co-doped SrSc ;75Nbj 1,5C0,305_s (SSNC) perovskite
that showed a remarkably low ASR value of 0.95 Q cm?
in a symmetrical cell at 450 °C and 0.91 W cm~2 in a Ni-
SDCISDC based single cell at 550 °C. Here, DFT calcula-
tions revealed that oxygen vacancy formation energy was
1.007 eV for Sr,Co,, 2.164 eV for Sr,CoNb and 1.906 eV
for Sr,CoSc clusters, highlighting the negative effects of
Nb>* on oxygen vacancy formation. Alternatively, these
researchers found that oxygen migration energy barriers
were significantly reduced within Sr,Co, clusters close to
Nb dopants (Fig. 28a-d), suggesting that improved lattice
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Fig. 28 Schematics of oxygen
vacancy migration from a
V(S1,Co,), b V(Sr,CoNb)
and ¢ V(Sr,CoSc) in the d
SSNC perovskite structure.

MB represents oxygen vacancy
migration barrier. Reproduced
with permission from Ref. [11].
Copyright 2013, Wiley—VCH. e
Oxygen ionic conductivities of
SCN20, SCT20 and SCNT from
475 to 600 °C. f Schematic of
oxygen vacancy migration with
minimum energy [12]
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oxygen migration is a main contributor to enhanced ORR
activity. These results also highlighted the fact that easy
oxygen vacancy formation does not necessarily represent
high ORR activity, especially at reduced operating tempera-
tures. Li et al. [12] also studied Nb°* and Ta>* co-doped
SrCoy gNb,,  Ta, ;05_s (SCNT) perovskite that showed low
ASR values of ~0.16 Q cm* at 500 °C and ~0.68 Q cm” at
450 °C in which DFT calculations revealed that oxygen
could only migrate along Co sites in the lattice (Fig. 28f).
These researchers further reported that Nb>* doping can
enhance the density of state at the Fermi level of the next
nearest Co to the dopant, which can contribute to facile
charge transfer to adsorbed oxygen species. And together
with the beneficial effects of Ta’* in oxygen vacancy for-
mation, the enhanced oxygen mobility and charge transfer
as a result of Nb>* doping allowed for an optimal balance
between oxygen vacancy, oxygen-ion mobility and surface
charge transfer in the resulting cathode.

@ Springer

Although volatile Si species can cause ORR degradation
(Sect. 4.3), Si doping in perovskite lattices can effectively
improve cathode performance due to benefits from its high
valence. For example, Porras-Vazquez et al. [228] found that
Si doping into a St 75Cay 55Fe g551 1505_5 perovskite cath-
ode can allow for a lower polarization resistance of 0.51 Q
cm? than undoped St ,5Cay ,sFeO;_5 (0.91 Q cm?) at 700 °C
and that doping with high-valence Si** can reduce the aver-
age valence of Fe to lower values to introduce more oxygen
vacancies close to Fe ions. These researchers also high-
lighted the role of cathode surfaces and bulk in determining
the effects of particular elements on cathode performance in
which Si interaction with surface-enriched A-site cations can
result in the formation of unwanted phases that block active
sites for oxygen surface exchange, whereas high-valence Si
doping into cathode bulk can optimize neighboring B-site
hosts to enhance cathode performance.
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Table 2 (continued)

(5

References
[278]

The heterostructures have consistent

Mechanisms

Surface exchange coefficient of

Temperature (°C) Performance

Nd, 4St, ,C00,/Nd, 5S1; ;CoO; multilayers 500 and 650

Materials with details

Pulsed laser deposition

Methods

Springer

surface orientations that make the for-

Nd,, 5Sr,, sCoO; improved by ~ 100-fold

prepared by PLD, followed by annealing

at 650 °C

mation of oxygen vacancies easier at the

interfacial region

[279]

The heterostructure provides sufficient

Surface exchange coefficient of the single-

Lag ¢Sr; ,CoO5/(La, 551, 5),C00, vertically 320-400

Pulsed laser deposition

electrons for charge transfer and sup-

phase thin film improved by ten times at

320400 °C
All sputtered 3-micron-thick thin-film

aligned heterostructures prepared by

PLD
Co-sputtering Y/Zr and

presses La and Sr surface segregation

[280]

La ¢Sty 4Coy ,Fe; 3O, o5 sputtering leads

600

Sputtering

to a dense thin film, whereas Y/Zr

SOFCs with the obtained cathodes
exhibited~ 1.7 W cm™2 at 600 °C

Lag St 4Co, ,Fe g0, o5 to form porous

composite cathode structure

sputtering leads to a porous columnar

structure. The co-sputtering of both can
yield YSZ/La, ¢Sr, 4Co, ,Fe( 3O, 95 With

high ORR-active areas

[281]

Polarization resistance reduced by 60% at Doped Cu can serve as an anchor to

600-800

Sputtering Au to form 25 nm Au nanopar-

Sputtering

limit the growth of Au nanoparticles at
elevated temperatures and surface Au
can promote oxygen surface Kinetics

temperatures between 600-800 °C

ticles over PrBaCo, ¢Cu,,0s, 5 cathode

5.1.2.3 Modulation of ABE B-site doping can also impact
average metal-oxygen bonding energy (Eq. 12) in which
the strengthening of average metal-oxygen interactions can
effectively improve perovskite tolerance to contaminants
such as CO, (Sect. 4.2) [21, 165]. For example, the replace-
ment of Co with Fe can significantly shift ABE to more
negative values (Fig. 22). Gao et al. [230] also evaluated the
effects of Ti** doping on the structural and electrocatalytic
properties of Fe-based Bi,sSrysFe, Ti,O;_ 5 (x=0.05-
0.20) cathodes and found by increasing CO, content from
5 mol.% to 15 mol.%, the overall ABE value of the sam-
ple decreased from —282.05 kJ mol~! to —292.79 kJ mol~".
These researchers also reported that the strengthened metal—
oxygen bonding and increased overall acidity as imparted
by Ti** doping did not lead to the formation of carbonates
after a BSFT0.15 cathode was treated at 700 °C for 12 h in
the presence of 15% CO,.

5.2 Surface Functionalization

The surface of perovskite oxide cathodes is an important
factor determining oxygen surface exchange rate and con-
taminant tolerance and can potentially affect bulk properties
(Sect. 2). And although the modulation of material prop-
erty and operating condition through doping can indirectly
modify cathode surface chemistry and microstructure, sur-
face functionalization is a more direct method. Table 2 pro-
vides a summary of discussed strategies for cathode surface
functionalization.

5.2.1 Infiltration

Infiltration (also called wet impregnation) is a popular tech-
nique to prepare cathodes and modify cathode surfaces
(Fig. 29). In typical infiltration processes, the substrate is
normally a porous backbone bonded with the electrolyte
(Fig. 29a), in which during infiltration, a liquid solution is
introduced into the substrate through coating techniques
such as drop-casting (Fig. 29b). Here, liquid solutions con-
tain precursors with desired concentrations, surfactants or
additives for easy wetting and complexing agents to enhance
precursor dispersion in the solution. A vacuum is also com-
monly introduced after coating to assist with the penetra-
tion of the solution inside the scaffold. Infiltrated samples
are subsequently exposed to thermal treatment to evaporate
solvents, decompose precursors and additives and strengthen
backbone/infiltrate bonds to allow for the deposition of dis-
crete particles or continuous thin films on target surfaces
(Fig. 29c, d).

Advances in the application of infiltration techniques in
cathode development have been comprehensively reviewed
by Jiang et al. [283], Vohs and Gorte [284], Jiang et al.
[285] and Ding et al. [282]. Because of this, this review
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Fig.29 Schematic of a typical

infiltration process. Reproduced (a) Backbo (b) Solution

with permission from Ref. ol e i Infiltration

[282]. Copyright 2014, Royal
Society of Chemistry

euict’r;me

will provide a brief summary of advancements in the
improvement of cathode ORR activity and stability through
infiltration.

Large triple-phase interfaces are key to effectively low-
ering SOFC operating temperatures and the infiltration of
either mixed-conducting materials into oxygen-ion-conduct-
ing porous scaffolds (usually made of electrolyte materi-
als) [268, 286] or ionic-conducting materials into porous
cathode backbones can extend ORR-active interfaces [287,
288]. In the case of cathode materials with sufficiently high
mixed conductivities such as BSCF and SrCoy gsTa; 1505_5
(SCT15), infiltrating with conventional ionic conducting
materials such as doped ceria can degrade cathode ORR
activity however. For example, our previous results [13]
revealed that although the incorporation of SDC through
both mechanical mixing and infiltration degraded the ORR
activity of SCT15 in instrument air, slight improvements
in activation energy from 102 kJ mol~! to 96-97 kJ mol ™!
for the SDC-infiltrated cathode were obtained (Fig. 30a). In
addition, the CO, tolerance of the infiltrated cathode was
improved by over five-fold at 550 °C in the presence of 10%
CO, (Fig. 30b), which can be attributed to the extended
ORR-active interface formed by the SCT15 and the infil-
trated SDC nanoparticles in which SCT15 can sustain its
electronic conductivity and SDC can sustain its ionic con-
ductivity in 10% CO, (Fig. 30c).

lactrnlvte

Thin film
coating

Particle
deposition

(d)

Electrolyte

The selection of infiltrates, scaffolds and microstructures
is limited by chemical incompatibility between scaffolds
and infiltrates such as La/Zr [289, 290], Sr/Zr [291, 292]
and BSCF/La,NiO,, s at temperatures higher than 900 °C
[270] in which the lowering of annealing temperatures or
the shortening of annealing durations are common meth-
ods used to address this challenge. For example, Zhou et al.
[270] developed a novel BSCF-based cathode protected by
a hierarchical conformal La,NiO,4, s dense coating through
the use of microwave plasma heating that allowed for rapid
heating up to 1800 °C within seconds. As a result, the infil-
trated coating only required 10 min for densification and
did not experience the formation of additional phases, both
of which are not achievable through conventional heat-
ing processes (i.e., 850 °C for 5 h). This densification of
the La,NiO,_; shell was further demonstrated to be able
to effectively improve the tolerance of the pristine BSCF
cathode, resulting in only a 1.7-fold increase in polariza-
tion resistance in 10% CO, for the first hour (likely due to
reduced oxygen partial pressure) and no degradation for the
following 24 h. Similarly, Ai et al. [293] reported that their
fast annealing procedure involving placing samples into a
preheated furnace at 800 °C followed by rapid cooling led
to a continuous shell of Laj (S, ,Co ,Fe sO;_s infiltrate
over a La 3Sr;, ,MnO; backbone (Fig. 31) and that the result-
ing dense La, (Sr, ,Co, ,Fe; 3O5_s thin shell significantly
improved the cathode performance of La4Sr,,MnO; by

@ Springer



Electrochemical Energy Reviews (2022) 5:263-311

296
Temperature (°C)
(a) 700 650 600 550 500
0.0 r - . ; . - 1.000
m SCT15,E, = 102 kd/mol
05 ® SCT15+8DC. E, = 113 kdimol
A SCT15+8SDC+42% loading, E, = 96kJ/mol
0] ¥ SCT15+8DC+84% loading, £, = 97kJ/mol 103
15
o
§ 204 Jo135
G
x 254
7]
<
= 3.0 - 0.050
e |
354
4.0+ - 0.018
-45 T T T T T T
1.00 1.05 110 1.15 1.20 125 1.30 1.35
(c) 1000/T (K")

scT15+spc I

Fig.30 Comparison of a polarization resistance and b tolerance
against 10% CO, of SCT15, SCT15+SDC and SCT15+SDC
infiltrated with 4.2% and 8.4% SDC nanoparticles in a sym-
metrical cell. ¢ Back-scattered electron images of the microstruc-
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tures of SCT15+SDC, SCT15+SDC+4.2% infiltrated SDC and
SCT15+SDC +8.4% infiltrated SDC cathodes. Reproduced with per-
mission from Ref. [13]. Copyright 2017, American Chemical Society

Fig.31 a Schematic of the effects of annealing in determining cathode microstructure. SEM images of the LSCF infiltrate microstructure
annealed through b conventional heating and ¢ rapid heating treatments. Reproduced with permission [293], Copyright 2016, Elsevier

reducing polarization resistances from 88.2 Q cm?to 2.1 Q
cm” at 700 °C.

Another strategy to address potentially adverse effects
arising from multiple cycles of infiltration and thermal
treatment is to apply electrodeposition at room temperature
[252, 253, 271] in which the facilitation of electrochemi-
cal infiltration into the scaffold and the selection of suit-
able substrates for infiltrate deposition are key. Based on
this, Lee et al. [252, 253, 271] incorporated 3D-structured
carbon nanotubes into a porous scaffold through catalytic
chemical vapor deposition in the presence of C,H, and N,
(50:50 vol%) at 750 °C (Fig. 31) using infiltrated cobalt

@ Springer

nitrate as the catalyst for carbon formation. In one study
involving LaNi, ¢Fe, ,O5_s; deposition for example [271]
(Fig. 32), these researchers deposited Ni and Fe through
co-electrodeposition in a single chamber electrolysis cell
and La (OH); through chemically assisted electrodeposi-
tion (CAED) in a typical H-cell with the cathode and anode
chambers being separated by an anion exchange membrane
in which the CAED technique involved the use of generated
hydroxide ions (OH™) from electrochemical nitrate reduction
(Eq. 19) to form precipitates with soluble metal ions (M"*)
such as La and Co ions (Eq. 20). Here, the deposited precur-
sors were thermally converted into desired oxides, which
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ctroly

Thermal conversion

i

CAED of La(OH),

Exhaust

Electroplating Ni and Fe

Fig.32 Schematic of electrochemical deposition to prepare nano-structured LaNi, cFe( 4O;_s on a Sc, ;Ce ;Zr, 49O, scaffold. Reproduced with

permission from Ref. [271]. Copyright 2020, American Chemical Society

Pristine cathode

Salsnisieh =)

Precursor

‘e o °

Coated cathode

bbbl =

Chemisorption

Purge

Atomic layer deposition cycles

Purge
® °
°
°
oxidant

Fig. 33 Schematic of atomic layer deposition for cathode surface functionalization

avoided the long-term sintering processes of conventional
infiltration techniques and therefore prevented the potential
formation of insulating phases such as La,Zr,0,. And as a
result of the absence of Sr in LaNi (Fe, ,0;_s, the result-
ing LaNi, ¢Fe( 405_s-GDC composite showed significant
improvements against Cr poisoning and exhibited stable
operations at 750 °C for 300 h in the presence of Cr vapor
[271].

NO;J + H,0 +2¢~ — NO; + 20H™(E = 0.1 V vs. RHE)
(19)

M" + nOH~ - M(OH),, | (20)

5.2.2 Chemical Vapor Deposition

Chemical vapor deposition is an effective method to func-
tionalize substrate surfaces with heterogeneous thin films
through the thermally activated decomposition or reaction of
precursors in vapor or gas form on substrates. However, typi-
cal chemical vapor deposition methods are not commonly

@ Springer
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Table 3 Summary of common

Metal oxide Metal precursor Deposition Refer-
metal precursors used for ALD for deposition temperature ences
(X)
ZrO, Tetrakis(dimethylamido)zirconium(IV) 523 [273]
Tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionate) zirconium 523 [296]
CeO, TETRAKIS(2,2,6,6-tetramethyl-3,5-heptanedionato)cerium 673 [298]
SrO BIS(2,2,6,6-tetramethyl-3,5-Heptanedionato)strontium 463 [298]
Bis(tri-isopropyl cyclopentadienyl) strontium 473 [275]
CoO, Bis(cyclopentadienyl)cobalt (IT) 548 [295]
Bis(1,4-di-iso-propyl-1,4-diazabutadiene) cobalt 473 [275, 297]
Tris(2,2,6,6-tetramethyl-3,5-heptanedionato) cobalt(III) 437 [299]
La,0; Tris(2,2,6,6-tetramethyl-3,5-heptanedionato) lanthanum 523 [296]
Tris(isopropyl cyclopentadienyl) lanthanum 473 [275]
Fe,0; Ferrocene 573 [296]
NiO Tris(2,2,6,6-tetramethyl-3,5-heptanedionato) nickel (II) 437 [299]
Al,O4 Trimethyl aluminum 423 [300]
PdO Tris(2,2,6,6-tetramethyl-3,5-heptanedionato) palladium 453 [299]

used to decorate SOFC cathodes because of limited precur-
sor penetration into cathode active surfaces inside pores.
Nevertheless, Zhou et al. [272] demonstrated the effective-
ness of chemical vapor deposition in promoting the cath-
ode performance of SrSc,Co, ¢O;_; by depositing 5-nm-
thick amorphous iron oxide on the surface in which these
researchers found that the decorated cathode demonstrated
reduced polarization resistances of 50% at 700 °C and can
stably operate in a fuel cell configuration for at least 250 h
at 650 °C. To further address precursor transport limitations,
atomic layer deposition involving evacuation (or vacuum)
during deposition is also an emerging technique to decorate
porous cathode surfaces.

5.2.3 Atomic Layer Deposition

Atomic layer deposition (ALD) is a thin-film deposition
technique that can introduce uniform heterogeneous coatings
onto cathode surfaces with similar thicknesses (so-called
conformal coating). In typical ALD processes (Fig. 33),
deposition usually occurs in a flow reactor in which pristine
cathodes are placed in a chamber. Here, coating precursors
are introduced into the chamber in vapor form and can form
monolayers on the top of cathode surfaces in which as the
surface becomes saturated with the precursor, excess precur-
sor can be pumped away and other gas species can be intro-
duced (e.g., oxidants such as water vapor or ozone) to further
adsorb and condense the deposited monolayer. This process
can subsequently be repeated to achieve desired film thick-
nesses over cathode surfaces [294]. And because precursor
vapors can easily access the inner surface of porous cathodes
to a depth of at least 50 pm [295] using ALD, cathode with
uniform 3D hierarchal structures can be obtained [276, 295].
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Based on these advantages, researchers have attempted
to deposit several metal oxides onto cathodes, such as ZrO,
[274, 276], Fe,05 [296] and CoO, [295, 297]. Table 3 sum-
marizes common metal precursors for ALD over cathode
surfaces. Here, deposition temperatures are normally kept at
between 150 and 400 °C to facilitate the thermal decomposi-
tion of vapors in which insufficient temperatures may slow
down reaction rates, whereas excessive temperatures may
prevent the adsorption of gas species onto cathode surfaces
[294].

Not all deposited films lead to enhanced ORR activity.
Instead, cathodes deposited with metal oxides such as Al,O;
[300], ZrO, [273], La,05 and Fe,05 [296] show worse ini-
tial cathode performance than pristine cathodes, possibly
due to degradation arising from either ORR-inert overlays
that can block oxygen adsorption sites (e.g., ZrO, and Fe,O;
over La ¢St ,FeO;_s) [296] or chemical incompatibility
between overlayers and pristine cathode materials [291].
Because of this, the careful selection of materials for over-
lay is important to sustain cathode performance in which
because surface overlay dominates surface oxygen kinetics,
materials with mixed electron and oxygen-ion conductivities
that provide easy access to gases are preferred for thin film
deposition. For example, Rahmanipour et al. [296] achieved
improved ORR activity by co-depositing La,0; and Fe,0,
thin films over La, 4St, ,FeO;_;, whereas Chen et al. [276]
introduced a conformal Pt coating onto a nanoscale ZrO,
mesoporous medium to improve the performance of an
LSM-YSZ cathode by 1.5-1.7-fold at 750 °C, which these
researchers attributed to the promotion of mixed conductiv-
ity by the Pt-ZrO, nanocomposite. Choi et al. [275] fur-
ther deposited a conformal thin LSC layer (1-12 nm) over
a La (Sr, ,Co, ,Fe, gO5_5 cathode and reported enhanced
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cathode performance (0.45 lower polarization resistance
than pristine) that contributed to a 1.8-fold increase in fuel
cell power density at 600 °C. These researchers also found
that the deposited LSC film was partially amorphous and
therefore possessed an oxygen p-band center close to the
Fermi level that can contribute to improved surface oxygen
kinetics.

ALD can also suppress unwanted cation segregation
through cation interdiffusion at the interface between the
backbone and the deposited layer and prevent the backbone
cathode from thermal agglomeration. For example, Gong
et al. [273] deposited a nanostructured ZrO, overcoat over
a La, (Sr; ,Coq gFe( ,05_5-Gd, ,Ce(, 3O, g composite cath-
ode using a flow reactor in which tetrakis(dimethylamido)
zirconium(I'V) and water were dosed as Zr and O sources,
respectively, to the cell at 250 °C and found that the ZrO,
overcoat (~20 nm thick with nanopores, Fig. 34a) can sig-
nificantly improve the overall thermal stability (ohmic and
polarization resistances) of the cathode by fourfold for
1100 h at 800 °C despite the cathode with the overcoat ini-
tially showing inferior performance as compared with the
pristine one. Here, these researchers proposed that cation
interdiffusion (e.g., Co, Fe into ZrO, and Zr into the cathode)
across the interface between La (S, ,Co, sFe; ,05_s and the
ZrO, overcoat can suppress Sr surface segregation over long-
term annealing by alleviating electrostatic driving forces
(i.e., attraction between electron holes and Sry ,, Fig. 34b).
These researchers further used the same technique to coat
5-nm-thick ZrO, onto nanostructured La ;Sr,, ,C0oO;_; infil-
trated in a La, ¢Sr,, ,Ga, g3Mg, 1705_5 porous medium and
reported significantly enhanced thermal stability at 700 °C
for 4000 h (Fig. 34c) [274]. In this study, these researchers
similarly claimed that interfacial cation interdiffusion can
promote mixed conductivity in ZrO,, suppress Sr surface
segregation and stabilize the nanostructured cathode over
long-term operation. Despite this, the potential formation

(b)
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Fig.34 a TEM image of ZrO, porous thin film deposited using
ALD on Laj¢Sr,,CoygFeq,05 5. Reproduced with permission
from Ref. [273]. Copyright 2013, American Chemical Society. b
Proposed mechanism of a ZrO, overcoat in the enhancement of
Lag ¢St 4Co0O;_s thermal stability. ¢ Comparison of the polarization
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of additional phases such as insulating StZrO; [291, 292]
and BaZrO; [301] between cathodes and the porous ZrO,
film was overlooked by these studies and likely contributed
to the reported degradation of initial cathode performance
[273]. For example, Schmauss et al. [291] reported the for-
mation of an unwanted S1ZrO; phase between SmCoO;_s
and the ZrO, overcoat after annealing at 750 °C for only
10 h and attributed this phase as the main reason for initial
cathode performance degradation. However, these research-
ers also highlighted the potential benefits of SrZrOj; in the
suppression of Sr surface enrichment [277] and the limita-
tion of cathode coarsening over long-term operation [291].
This significant improvement to cathode performance over
long-term operation highlights the importance of nanostruc-
ture confinement and suppression of Sr surface enrichment
toward cathode thermal stability.

5.2.4 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a commonly used deposi-
tion technique to prepare thin films that is particularly useful
to probe the fundamental mechanisms of cathode materi-
als at operating conditions. PLD involves the application of
pulsed laser beams to excite targets in ultra-high vacuum to
generate energy such as thermal, chemical and mechanical
energy that can in turn generate fumes from metal targets
[302]. These generated fumes can subsequently condense
and form dense thin films on substrates (e.g., electrolyte or
cells). PLD can also allow for the co-evaporation of multiple
materials including refractory materials (e.g., Nb and Ta)
and rare-earth elements in short durations [303] to synthe-
size ORR-active materials that contain multiple elements.
Dense thin films fabricated by using PLD can also pro-
vide a platform for the investigation of intrinsic ORR activi-
ties, surface exchange kinetics and surface cation enrichment
by ruling out potential effects from the grain boundaries

0 1000 2000 3000 4000
Time (h)

resistance between ZrO, coated and pristine La ¢Sr, ,CoO5_s cath-
odes in a symmetrical cell at 700 °C for 4000 h. Reproduced with
permission from Ref. [274]. Copyright 2013, American Chemical
Society
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and microstructures of conventionally fabricated cathodes
in which the surface segregation mechanisms as discussed
in Sect. 2 were uncovered based on thin-film perovskite
materials prepared by using PLD [20, 22, 29, 51, 54]. The
selection of substrates or modifications for PLD can fur-
ther affect the surface orientation of thin films [304, 305].
By varying the electrolyte substrate for example, Zhu et al.
[305] deposited (110) faceted Sr,Sc, ;Nb ;Co, sFeq30¢_s5
thin films onto (100)-oriented YSZ and the (100) facet on
the (100)-oriented SDC/YSZ substrate using PLD, followed
by annealing at above 600 °C. The authors reported a much
higher ORR activity (ASR=30.9 Q cm™2) over (110) facets
than over (100) facets (ASR=45.6 Q cm™2) at 650 °C. The
improvement of the ORR activity arises from a less Sr sur-
face enrichment and a higher concentration of redox-active
Co ions over (110) facets as compared to over (100) facets.
The surface composition of the thin film cathode can also
be modified after PLD deposition. For instance, Tsvetkov
et al. [23] modified the deposited La St ,Co0Oj5 thin films
into aqueous solutions containing metal (i.e., Co, V, Nb, Zr,
Ti, Hf and Al) chloride precursors. Interestingly, the authors
found an increase of cobalt oxidations states at the thin film
when the surface was doped with cations such as Ti and Hf,
which likely arise from the diminishment of surface oxygen
vacancies. The reduced oxygen vacancy level, as imparted
by surface doping, alleviates the Sr surface segregation and
thus benefit the oxygen surface exchange kinetics.

The PLD also enables the formation of well-defined
hetero-interfaces, which allows one to explore the roles of
the heterostructures such as perovskite (e.g., LSC/RP (e.g.,
(La, Sr),Co0,) phases in boosting the ORR activity [279,
306-308]. For more detailed advances in heterointerface
engineering, we refer readers to the very recent review by
Zhao et al. [15]. Well-defined interfaces are also beneficial
in the study of the role of interfaces in long-term cathode
stability. For example, Bagarinao et al. [309] studied the
oxygen-ion blocking effects of SrZrO; that contributed to
cathode performance degradation by an order of magni-
tude by intentionally depositing a ~20-nm-thick SrZrOj; in
between La, (St ,Co0O;_s and GDC, which further clarified
the negative effects of SrZrO; formation at the interfaces
between Sr-containing cathodes and Zr-containing materials.

5.2.5 Sputtering

Sputtering is another deposition technique that involves the
use of plasma to bombard target atoms to form vapors that
can subsequently condense onto desired substrates [302].
Commonly used sputtering techniques include direct-cur-
rent, radio-frequency and magnetron sputtering in which
direct-current sputtering is the simplest, involving the use
of direct current power to create plasma over flowing Ar.
Alternatively, radio-frequency sputtering alternates current
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to sputter at typical frequencies between 0.5 and 30 MHz
[302], whereas magnetron sputtering uses magnetic fields
to create high-density plasma to accelerate sputtering rates.

Unlike PLD, sputtering can easily manipulate cathode
microstructures. For example, Lee et al. [280] recently
obtained a power density of ~1.7 W cm™2 at 600 °C for a
3-pm-thick all-sputtered SOFC cell with nanostructured
Lay ¢St 4Coy ,Fe 30, 95/ YSZ composite cathodes and sug-
gested that the direct-current sputtering of Y/Zr alloys can
allow for the easy formation of a porous columnar struc-
tured thin film (Fig. 35a), whereas the sputtering of ceramic
La 451, 4Co, ,Fe( 3O, 95 usually results in a dense thin film
(Fig. 35b). These researchers also reported that the co-
sputtering of both the Y/Zr alloy and the ceramic material
led to a highly porous columnar structured nanocomposite
(Fig. 35¢). And because of the low temperatures required
for the sputtering processes and the relatively low annealing
temperature (600 °C), these researchers further reported the
lack of insulating phases such as StZrO; or La,Zr,0, form-
ing, highlighting the advantages of sputtering in the fabrica-
tion of nanostructured composite cathodes over conventional
procedures that involve high-temperature thermal treat-
ments. In another example, Yun et al. [281] recently studied
the interaction between Cu cations of a PrBaCo; 4Cu,,O5 s
substrate and sputtered Au nanoparticles at SOFC operat-
ing temperatures that involved Cu localization at depos-
ited Au sites as revealed by EDS elemental mapping. And
based on their results, these researchers suggested that this
interaction can confine surface Au nanoparticles to~25 nm
to promote oxygen surface kinetics and therefore led to
a~60% improvement in cathode performance. In addition,
Choi et al. [310] sputtered Sc stabilized ZrO, to successfully
prevent their porous sputtered Ag electrode from thermal
coarsening at below 500 °C, allowing this confinement effect
as a result of the sputtered coating to contribute to a signifi-
cantly improved peak power density of 59.3 mW cm~2 and
much higher cathode stability at 0.4 V for 25 h at 450 °C as
compared with bare Ag and Pt electrodes.

6 Conclusions and Perspective

The surface and bulk properties of perovskite oxides are
essential for ORR activity and stability in cathodes at inter-
mediate temperatures. The surface of cathodes determines
the availability of active sites for oxygen adsorption, charge-
transfer and oxygen surface migration and react dynamically
to external conditions such as contacting materials (e.g.,
electrolytes) and contaminants (e.g., CO,, water vapor and
Cr vapor). Alternatively, cathode bulk can determine both
electron and oxygen-ion conductivities that are important
for efficient ORR activity at reduced temperatures. Interplay
also exists between the bulk and surface of cathodes. For
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Fig. 35 Schematics of sputtering a metals and b ceramics and ¢ co-
sputtering metals and ceramic as well as SEM images of the corre-
sponding cross-sections and top-view microstructures of the sputtered

example, bulk properties such as increased lattice strain, cat-
ion dopant/host size mismatch and cation non-stoichiometry
can all contribute to cation levels (e.g., Sr surface enrich-
ment) and surface oxygen vacancies. Alternatively, surface
oxygen vacancies as determined by lattice structures, com-
position and operating conditions constitute a major driving
force for cation segregation from bulk and surface. Moreo-
ver, surface cation segregation can alter bulk lattice compo-
sition and consequently significantly impact bulk properties.
As such, current strategies to improve cathode perfor-
mance and stability involve either the manipulation of bulk
properties through doping or the introduction of heterogene-
ous phases through mechanical mixing or surface deposition.
The key information presented in this review is as follows:

1. Cation size is essential for crystal structures, oxygen
transport kinetics and cation surface segregation.

e Increases in A-site cation size and/or decreases in
B-site cation size can shift the Goldschmidt tolerance

materials. Reproduced with permission from Ref. [280]. Copyright
2020, American Chemical Society

factor toward higher values to alter crystal structures
from orthorhombic/rhombohedral symmetry to cubic
or even hexagonal/tetragonal phases.

e Relatively large A-site cations can increase lattice
sizes to expand the ionic size of B-site redox-active
cations such as Co ions and increase oxygen vacan-
cies. Enlarged lattices can also enhance oxygen-ion
migration in lattices.

e Dopant/host size mismatch, particularly for relatively
large A-site cations, can induce lattice strain that can
drive dopant segregation from bulk to the surface.

2. Cation oxidation state determines crystal structure, cat-
ion surface segregation and oxygen vacancy concentra-
tion.

e High oxidation state B-site cations (such as Nb>*
and Ta>") can exert strong electrostatic repulsion
between adjacent octahedra and can therefore effec-
tively stabilize beneficial cubic perovskite structures.
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e Dopant/host oxidation state mismatch (e.g., Sr**
dopants at La>* sites) constitutes the electrostatic
driving force for cation segregation.

e The introduction of low oxidation state A-site
dopants such as alkaline-earth or alkali metals can
either increase the oxidation state of B-site cations
or induce more oxygen vacancies to compensate for
overall charge imbalance. The effectiveness of this
strategy to enhance oxygen vacancies is believed to
depend on the redox activity of B-site cations, which
has a general trend: Mn > Fe > Co > Ni.

3. Dopant electronegativity is a key factor for B-site cation
states and therefore plays a vital role in ORR catalysis
in which low electronegativity B-site dopants (e.g., Ta)
generally lead to increased oxygen vacancies by affect-
ing neighboring hosts such as Co.

4. The polarization power of cations is essential in deter-
mining cathode stability. Here, large-sized cations with
low oxidation states normally show weaker polariza-
tion power, which will lead to strong bonding with
anions such as CO32_ and explains the susceptibility
of alkali-earth metals at A-sites to contaminants. How-
ever, large-sized A-site cations with low oxidation states
can enhance oxygen vacancies at B-sites and therefore,
increases to the bond energy between B-site cations and
oxygen can enhance perovskite stability and contami-
nant poisoning resistance.

5. Surface modification is an effective approach to address
the limitations of doping and can both increase oxy-
gen vacancy and promote cation surface segregation in
which various surface deposition methods such as infil-
tration, atomic layer deposition and sputtering can coat
heterogeneous layers over pristine structures to result
in the constraining of unwanted surface segregation,
enhancement of oxygen kinetics and resistance to nega-
tive impacts from contaminants.**

In general, these strategies have multiple impacts on
cathode properties, making the investigation of underlying
mechanisms challenging. Nevertheless, they provide oppor-
tunities to overcome the limitations of catalyst design due
to trade-offs between cathode activity and stability if single
strategies are applied. A typical example involves the depo-
sition of thin films over pristine Sr-doped perovskite surfaces
to suppress St surface enrichment and take advantage of the
beneficial effects of Sr on bulk oxygen kinetics.

Despite seminal efforts in cathode development however,
the detailed relationship between ORR mechanisms and
oxygen-ion transport in cathode surfaces and bulk is under-
explored. However, several recent studies have reported the
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nonlinear relationship between ORR activity and oxygen
vacancy concentration. For example, Tsvetkov et al. [23]
found that surface exchange kinetics does not increase with
oxygen vacancy concentration and attributed this nonlinear
trend to Sr surface enrichment. Mayeshiba and Morgan [126]
further calculated oxygen vacancy and mobility over an
array of doped perovskites and found local nonlinear trends
for samples with ORR-active elements including cobalt,
nickel, iron and manganese ions at B-sites, meaning that the
easy formation of oxygen vacancies may not necessarily lead
to high oxygen mobility. Our results [12, 117, 118, 138] on
Nb and Ta-doped perovskites also presented similar trends in
which perovskite activities were much higher than BSCF but
with significantly lower bulk oxygen vacancies. Overall, all
of these recent experimental and theoretical findings high-
light the fact that these nonlinear behaviors likely originate
from both the surface and bulk properties of perovskites.
Despite this, the role of cathode surfaces and bulk in overall
performance remains unclear.

The rational modulation of interactions between cathode
surfaces and bulk also shows promise to further improve
cathode performance, particularly for cobalt-free perovskite
oxides in which our team [18] demonstrated an effective
method to in situ promote A-site alkali metal surface seg-
regation so as to create A-site deficiencies in the bulk to
improve electron and oxygen-ion conductivity and surface
CO, poisoning resistance. Alkali metals themselves also pre-
sent interesting behaviors at SOFC operating temperatures in
which peroxides and sesquioxides of Na and K can release
local oxygen partial pressures if reacting with gaseous con-
taminants such as CO,.

Recent advancements in perovskite deposition techniques
(e.g., atomic layer deposition, electrochemical deposition
and sputtering) can further enable the practical application
of nanostructured cathodes at elevated temperatures. More
importantly, these techniques can be tailored to avoid poten-
tial side reactions between different phases through either
the shortening of annealing durations or the reduction of
annealing temperatures, both of which are not easily achiev-
able through conventional cathode preparation methods.
These techniques also hold great promise in the develop-
ment of next generation composite cathodes with high den-
sity active sites and optimal porous structures.
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