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Advanced Air Electrodes for Reversible Protonic Ceramic
Electrochemical Cells: A Comprehensive Review
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Zongping Shao, and Meng Ni*

Reversible protonic ceramic electrochemical cells (R-PCECs) have great
potential for efficient and clean power generation, energy storage, and
sustainable synthesis of high-value chemicals. However, the sluggish and
unstable kinetics of the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) in the air electrode hinder the R-PCEC development.
Durable H+/e−/O2− triple-conducting air electrode materials are promising
for enhancing reaction kinetics and improving catalytical stability. This review
synthesizes the recent progress in triple-conducting air electrodes, focusing
on their working mechanisms, including electrode kinetics, lattice and its
defect structure in oxides, and the generation and transport processes of H+,
O2−, and e−. It also examines the required physicochemical properties and
their influencing factors. By synthesizing and critically analyzing the latest
theoretical frameworks, advanced materials, and regulation strategies, this
review outlines the challenges and prospects shaping the future of R-PCEC
technology and air electrode development. Based on these theories and
multiple strategies about the bulk triple conducting properties and surface
chemical states, this review provides practical guidance for the rational design
and development of efficient and stable air electrode materials for R-PCECs
and related electrocatalytic materials.
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1. Introduction

Heavily relying on fossil fuels as the major
energy source causes energy crises, global
warming, and environmental pollution.[1,2]

To address these challenges, governments
worldwide have implemented a series
of strategies and interventions.[3] It is
increasingly evident that reducing de-
pendence on fossil fuels and limiting
carbon dioxide emissions are impera-
tive for advancing sustainable develop-
ment and achieving carbon neutrality.[4]

Therefore, it is critical to reduce the re-
liance on fossil fuels and use more renew-
able energy resources. However, renewable
energies such as wind and solar power are
fluctuating and intermittent, requiring ef-
fective energy storage. Although recharge-
able batteries are promising for small-scale
energy storage, they are not suitable for
large-scale and long-duration energy stor-
age. For comparison, reversible solid oxide
cells (R-SOCs) technology can be a promis-
ing alternative for large-scale and long-
duration energy storage. R-SOC can work as
a solid oxide electrolysis cell (SOEC) to use
excess renewable power for hydrogen (H2)

production, which can be converted back to electricity when
needed using a solid oxide fuel cell (SOFC). R-SOCs have
the merits of low material costs, high electrochemical perfor-
mance, exceptional conversion efficiency, and environmental
friendliness.[5] However, the conventional oxygen-ion conduct-
ing R-SOCs (R-SOFCs)[6] need to operate at high temperatures
(700-900 °C) to enable fast oxygen-ion conduction, which causes
degradation and increases maintenance costs. Moreover, high
operating temperature also increases thermal management re-
quirements and slows down the startup/shutdown processes.
These challenges limit its reliable large-scale and long-term ap-
plications. Reversible protonic electrochemical cells (R-PCECs)[7]

instead of R-SOCs are more promising due to the low activation
energy required for proton conduction compared to oxygen-ion
conduction in the electrolyte,[8] ensuring the sufficient ion con-
duction at reduced working temperatures. Additionally, R-PCECs
utilize and produce pure and dry hydrogen directly, which en-
hances fuel utilization and enables electrochemical compression
of hydrogen directly within the cell (without being diluted by
vapor), thus reducing system complexity and operational costs.
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Figure 1. Schematic diagram of R-PCEC in fuel cell and electrolysis operation modes.

Furthermore, they allow the synthesis of various chemicals such
as ammonia, carbon monoxide, methane, low-carbon olefins,
and aromatics through its electrolysis mode (protonic ceramic
electrolysis cell, PCEC).[9] This paves an attractive pathway for
large-scale chemical energy storage, enabling the stored chemical
energy to be converted into electricity efficiently at any time, thus
facilitating efficient energy conversion among different sources.

Unfortunately, the R-PCECs technology still encounters sev-
eral challenges. A big concern is the reduced kinetics of oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER)
on the air electrode at reduced operating temperatures. To ad-
dress this issue, various modification strategies have been de-
veloped to enhance the catalytic activity and stability of air elec-
trodes. These strategies include modifications of bulk triple-
conducting properties, surface chemical states, phase composi-
tions, and microstructures, supported by experimental evidence
and theoretical calculations.

To elucidate the current challenges and progress of air elec-
trodes, this review provides a comprehensive summary of re-
cent studies and offers valuable insights to guide the rational
design of high-performance, stable air electrodes for R-PCECs.
The review begins by explaining the operational principles of R-
PCECs in both electrolysis and fuel cell modes, with a focus on
the ORR and OER processes occurring at the air electrode. It then
presents a detailed exploration of the conduction mechanisms of
H+/O2−/e− in perovskite oxides, followed by an in-depth discus-
sion of the fundamental factors that influence the physicochem-
ical properties of air electrode materials. Moreover, this review
provides a thorough analysis of various air electrode materials
and structures reported in the literature, along with a detailed
evaluation of modification strategies for improving catalytic ac-

tivity, durability, and interfacial properties. The current state of
air electrode development for practical applications is discussed,
including their actual catalytic and electrochemical performance.
The key challenges and promising research directions for future
developments are discussed.

2. Working Mechanism and Challenge of R-PCECs

2.1. R-PCECs’ Working Mechanism

R-PCECs can flexibly switch between two operational modes for
reversible operation. Specifically, in fuel cell (FC) mode, the de-
vice efficiently converts the chemical energy of the fuel into elec-
tricity. Taking hydrogen (H2) as an example, it undergoes the
hydrogen oxidation reaction (HOR) at the fuel electrode to pro-
duce protons (H+), which are transported through the electrolyte
membrane to reach the air electrode for ORR, generating water
as the final product (Figure 1). In electrolysis cell (EC) mode, the
device can utilize electrical energy to produce high-quality chem-
icals. For instance, for H2O electrolysis, H2O is converted into
oxygen and protons at the air electrode via OER. Then the gener-
ated protons pass through the electrolyte membrane to the fuel
electrode side, where they undergo the hydrogen evolution reac-
tion (HER) to produce dry and pure H2. The detailed reactions
are shown in Equations (1–3).

Fuel electrode (HOR∕HER) : H2

(
g
)
⇌ 2H+ + e− (1)

Air electrode (ORR∕OER) : 1
2

O2

(
g
)
+ 2H+ + 2e− ⇌ H2O

(
g
)
(2)
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Overall : H2

(
g
)
+ 1

2
O2

(
g
)
⇌ H2O

(
g
)

(3)

In general, R-PCECs are composed of three key components
arranged in a sandwich-like structure: a dense electrolyte be-
tween a porous fuel electrode and an air electrode. Each com-
ponent plays a vital role in cell operation.

The main function of the electrolyte layer is to transport pro-
tons while preventing direct contact between fuel and air, requir-
ing high proton conductivity and pore-free structure. It must also
have minimal electronic conductivity to avoid current leakage
and improve efficiency.

The fuel electrode is responsible for fuel oxidation/reduction,
requiring excellent electrochemical catalytic activity, electronic
conductivity, proton generation/transport, and gas diffusion ca-
pabilities. It also needs mechanical strength, as it supports the
entire cell.

Like the fuel electrode, the air electrode also requires a porous
structure and excellent electronic conductivity to facilitate the
oxygen mass transport and electron migration. However, the air
electrode undergoes ORR/OER, good bifunctional catalytic activ-
ity for ORR/OER is essential to achieve high performance.[10]

Additionally, the stability between components is also impor-
tant, including the comparable thermal expansion coefficients
to avoid large thermal stress at the interface, avoiding adverse
thermal chemical and electrochemical reactions between com-
ponents (e.g., phase separation, cation diffusion), and ensuring
sufficient mechanical strength of the assembled cells.

2.2. One Challenge of R-PCECs—Air Electrode

The sluggish ORR/OER kinetics observed at reduced operating
temperatures predominantly stem from the higher activation en-
ergy barrier associated with oxygen ion transport compared to
proton conduction pathways.[8] Additionally, some air electrode
materials, which predominantly function as mixed oxygen ion
and electron (O2−/e−) conductors, have exhibited unsatisfactory
electrochemical performance. This limitation is largely attributed
to the restricted active reaction sites, confined primarily to the
electrolyte-electrode interface. To expand the triple-phase bound-
aries (TPBs) for ORR/OER at the air electrode, the development
of proton-conducting materials combined with O2−/e− conduc-
tivity — referred to as triple-conducting oxides (TCOs) — holds
considerable potential. It has been a focus for researchers over
the past five years. Furthermore, the air electrode must maintain
excellent stability in high-steam environments without forming
inactive phases during the reversible switching modes. This re-
quires a balance between adequate water uptake for proton gen-
eration and resistance to water vapor. Another challenge is the
thermal expansion coefficient (TEC) mismatch between the air
electrode and electrolyte, which causes cracks at the interface or
even delamination of air electrode from the electrolyte, decreas-
ing the cell performance or even causing cell failure. These issues
in air electrode performance significantly limit the overall electro-
chemical performance of R-PCEC technology. Therefore, the de-
velopment of a durable, high-performance triple-conducting air
electrode with enhanced activity and stability is essential to accel-
erate the commercialization of R-PCECs.

2.2.1. Reactions Mechanism

The rational design of high-performance air electrodes ne-
cessitates a fundamental understanding of ORR/OER mech-
anisms. Here, the specific different ORR pathways in mixed
O2−/e− conductors (MIEC) and triple oxygen ion–proton–
electron (O2−/H+/e−) conductors (TIEC) are summarized[11]

(Figure 2), and the following detailed elementary sub-steps are
displayed in Equations (4–18).

Initial steps:

O2

(
g
)
→ O2,ad (surface) (4)

O2,ad (surface) → 2Oad (surface) (5)

Surface path (MIEC):

Oad (surface) + e− → Oad
− (surface) (6)

{
Oad

− (surface) → Oad
− (TPB), Oad

− (TPB) + e− → O2− (TPB)
}

(7)

{
Oad

− (surface) + e− → Oad
2− (surface), Oad

2− (surface)

→ O2− (TPB)
}

(8)

Bulk path (MIEC):

Oad (surface) + e− → Oad
− (bulk) (9)

Oad
− (bulk) + e− → Oad

2− (bulk) (10)

Oad
2− (bulk) → O2− (TPB) (11)

TPB (MIEC):

H+ (TPB) + O2− (TPB) → OH− (TPB) (12)

Surface path-TPB (TIEC):

Oad (surface) + e− → Oad
− (surface) (6)

{Oad
− (surface) → Oad

− (TPB), Oad
− (TPB) + e−

→ O2− (TPB), O2− (TPB) + H+ (surface)

→ OH− (TPB)} (13)

{
Oad

− (surface) + e− → Oad
2− (surface), H+ (surface)

→ H+ (TPB), Oad
2− (surface) + H+ (TPB)

→ OH− (TPB)} (14)

Bulk path-TPB (TIEC):

Oad (surface) + e− → Oad
− (bulk) (9)

Oad
− (bulk) + e− → Oad

2− (bulk) (10)

H+ (interface) → H+ (bulk, TPB) (15)
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Figure 2. Detailed elementary ORR steps for a) MIEC and b) TIEC applied as R-PCEC’s air electrodes.

Oad
2− (bulk) + H+ (bulk, TPB) → OH− (TPB) (16)

Final steps:

H+ (TPB) + OH− (TPB) → H2O (TPB) (17)

H2O (TPB) → H2O
(
g
)

(18)

For MIEC-type air electrodes, the ORR processes primarily en-
compass oxygen adsorption and dissociation (Equations (4,5)),
the subsequent generation and diffusion of active oxygen ions
(Equations (6–11)), and the concurrent generation of water at
the TPBs coupled with surface dissociation (Equations (12,17,
and 18)). Similarly, the OER processes are the reverse of these
elementary sub-steps. These active oxygen ions, once generated,
can transport to the active reaction site via both surface (Equa-
tions (6–8)) and bulk (Equations (9–11)) pathways. As illustrated
in Figure 2a, the TPB of the electrode reaction is confined to the
interface between the air electrode and the electrolyte. For com-
parison, TIEC-type air electrodes introduce additional complex-
ity to the electrochemical reaction due to their augmented proton
transport capacity (Figure 2b). Specifically, the active oxygen ions
produced in TIEC-type electrodes can take part in electrode re-
actions with protons, leading to the direct generation of water ei-
ther at the electrode surface or within the bulk phase. The TPB of
TIEC-type air electrodes is expanded to the entire surface of the
catalyst, thereby significantly enhancing electrode ORR/OER ki-
netics. Accordingly, it is imperative to integrate proton conductiv-
ity into R-PCEC air electrodes in accordance with the elucidated
reaction mechanism.[12]

2.2.2. Proton Conduction Mechanism

As previously mentioned, the proton conductivity exhibited by
TIEC air electrodes is pivotal in attaining elevated catalytic ac-
tivity for ORR/OER. Hence, a thorough comprehension of the
proton conduction mechanism is imperative for the rational de-
sign of optimal air electrodes for R-PCECs. Fundamentally, pro-
tons are incapable of occupying discrete sites within the crystal

structure of perovskite oxides; instead, they tend to form bonds
with other anions, primarily in the form of hydroxide defects
(OH.).[13] Moreover, high proton conductivity requires consider-
ation of both the generation and migration of these hydroxide
defects.

To date, three possible mechanisms for proton uptake in ox-
ides under humidified atmosphere have been proposed,[14] as
shown in Equations (19–21) and Figure 3.

Hydration : O×
O + V..

O + H2O ⇌ 2OH.

O (19)

Hydrogenation : H2O + 2O×
O + 2h. ⇌ 2OH.

O + 1
2

O2 (20)

New hydration : Mn (III)×
Mn + V..

O + O.

O + H2O

⇌ Mn (IV).
Mn + 2OH.

O (21)

The hydration reaction (Equation (19) and Figure 3a) delin-
eates the proton uptake process by which a water molecule de-
composes into a proton (H+) and a separate hydroxide ion (OH−).
Subsequently, the generated H+ will combine with surrounded
lattice oxygen (O×

O) to form the OH. at the corresponding lattice
oxide ion site, while the OH− will occupy the oxygen vacancy (V..

O)
site within the lattice oxide. This mechanism emphasizes the cru-
cial role of lattice oxygen and oxygen vacancies in perovskite ox-
ides in proton absorption. The rate of the hydration process, cru-
cial for absorbing vapor from the surrounding environment, pro-
foundly reflects the concentration of protons (expressed as CH)
incorporated into the material.

Another pathway for proton uptake, as described by Equa-
tion (20) and depicted in Figure 3b, involves the hydrogenation
reaction. In this process, protons are assimilated while releas-
ing oxygen through the interaction between two lattice oxygen
atoms and steam, resulting in the depletion of holes within the
oxides. This phenomenon is inherently favorable for perovskite
oxide air electrodes possessing ample holes. Furthermore, this
mechanism suggests that the concentration of lattice oxygen and
holes may substantially influence the CH within the material,
whereas the concentration of oxygen vacancies may not play a
significant role.
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Figure 3. Three mechanisms for proton uptake:[14] a) hydration mechanism; b) hydrogenation mechanism; c) new hydration mechanism.
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Figure 4. Mechanism for protons conduction: a) Vehicle mechanism and b) Grotthuss mechanism; c) the sub-steps for Grotthuss mechanism.
a,b) Reproduced with permission.[15] Copyright 2008, American Chemical Society. c) Reproduced with permission.[16] Copyright 2020, Elsevier.

A recent proposal elucidated a third plausible pathway for pro-
ton uptake, which emerged from studies conducted on the air
electrode material La0.7Sr0.3MnO2.95 (LSM) oxide. As articulated
by Equation (21) and Figure 3c, this novel hydration reaction is
propelled by the coupling of the attraction between V..

O and H2O
molecules, alongside carrier exchange involving oxygen holes
(O.

O) and metal ions. Specifically, the OH− produced from H2O
decomposition will occupy the V..

O site, thereby inducing the ox-
idation of adjacent Mn cations within the LSM oxide lattice. Si-
multaneously, the O.

O site is substituted by the single H+ to main-
tain electrical neutrality. This reaction increases complexity due
to the involvement of redox-active metal ions in conjunction with
a substantial quantity of both V..

O and O.

O.
In addition to proton generation, the mechanisms govern-

ing proton transport are also imperative. Currently, the vehicle
and Grotthuss mechanisms, as proposed by Kreuer et al.,[17] are
widely accepted to describe the proton migration process in ox-
ides. In the vehicle mechanism (Figure 4a), oxygen ions serve
as carriers to facilitate proton transport by forming OH− species
(resulting from the bonding between oxygen ions and protons)
within the perovskite oxide lattice. This mechanism implies that
the migration rate of protons is contingent upon the diffusion
rate of oxygen ion carriers. Consequently, proton conduction via
this mechanism leads to a relatively high activation energy (Ea,
exceeding 0.4 eV) due to the limited mobility of carriers resulting
from their larger size.

On the other hand, the Grotthuss mechanism (Figure 4b) en-
tails the migration of protons or proton defects from one oxygen
ion to another through the formation and cleavage of O─H chem-
ical bonds, resulting in a lower Ea value (<0.4 eV). Thus, owing
to the reduced energy required for proton conduction, the Grot-
thuss mechanism is generally favored in proton-conducting ox-
ides. This mechanism entails two sub-steps for proton migration
(Figure 4c):[18] 1) rotation, where the formed O─H bonds are ori-
ented towards neighboring oxygen ions, and 2) hopping, where
the rotated O─H bond is broken, allowing the proton to hop from
the parent site to another oxygen ion site via the presence of pro-

ton defects. Numerous DFT studies have reported proton migra-
tion barriers, revealing that the reorientation of protons around
the oxide ion to which they are bound typically exhibits a lower
energy barrier than proton transfer to a neighboring oxide ion,
both in perovskite electrolytes and electrode oxides. The calcu-
lated proton transfer barriers generally fall within the range of
0.25–0.5 eV.[19]

2.2.3. Oxygen Conduction Mechanism

In addition to the commendable proton generation and transport
capabilities, the remarkable oxygen ion transport capacity is also
important for ORR/OER. Furthermore, owing to the larger di-
mensions of oxygen ions, their transport barriers are inherently
higher compared to those of protons. Thus, a profound compre-
hension of oxygen ion transport mechanisms is imperative to
selectively optimize diffusion pathways, thereby macroscopically
accelerating electrode reaction kinetics.

Three oxygen ion transport mechanisms are available for ox-
ides, dependent on the nature of point defects within the sys-
tems: the interstitial, interstitialcy, and vacancy mechanisms. In
the interstitial mechanism (Figure 5a), oxygen ions located at in-
terstitial sites within the oxide lattice undergo thermal activation-
induced jumps from one interstitial site to an adjacent one, thus
facilitating oxygen ion migration. Consequently, the distance and
pathway of interstitial ion jumps directly impact the rate of oxy-
gen ion migration, without the necessity for other lattice defects
to take part in this process. Additionally, upon completion of a
single jump, there is no permanent displacement of other lattice
ions from their equilibrium positions. Conversely, the intersti-
tialcy mechanism (Figure 5b) posits that interstitial ions displace
lattice ions from their equilibrium positions, prompting lattice
ions to jump to adjacent interstitial sites and thereby facilitating
oxygen ion migration within the lattice. Both mechanisms under-
score the pivotal role of interstitial oxygen ions, which represent
point defects in the lattice.

Adv. Mater. 2025, 2418620 2418620 (6 of 61) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Schematic diagrams of oxygen conduction mechanisms: a) interstitial mechanism and b) interstitialcy mechanism in R–P perovskite; and
c) vacancy diffusion mechanism in single perovskite.

On the other hand, in the vacancy mechanism (Figure 5c), oxy-
gen ions transport by jumping to a neighboring oxygen vacancy
site within the lattice. Consequently, the existence of vacancies is
critical for oxygen diffusion, and their concentration within the
lattice profoundly influences kinetics. Furthermore, it has been
documented that oxygen ion transport adheres to the vacancy dif-
fusion mechanism in single perovskites due to the close struc-
tural arrangement of lattice sites, while interstitial oxygen dif-
fusion mechanism occurs in certain layered perovskites with a
Ruddlesden-Popper (R-P) structure due to the surplus oxygen at
the rock layer.[20]

2.2.4. Electronic Conduction Mechanism

When incorporating perovskite oxides into air electrode mate-
rials, the electronic conductivity becomes a paramount consid-
eration. Presently, the conductivity range of most perovskite air
electrode materials spans from 1 to 100 S cm−1 at temperatures
ranging between 300 and 700 °C, which notably surpasses that
of protons and oxygen ions, particularly at lower temperatures.
Nonetheless, elevated conductivity can significantly contribute to
catalytic enhancement, facilitate reaction kinetics, and mitigate
overall ohmic resistance of the R-PCECs. The electronic conduc-
tivity in perovskite oxide stems from the polaron hopping mech-
anism instigated by transition metal ions with variable valence
anchored in the B-site. This mechanism entails electron defects
moving between B-site cations and oxygen ions, aligning with
the Zener double exchange process. Consequently, an enhanced
concentration of redox couples (variable valence metal ions in the
B-site) theoretically yields increased electrical conductivity, but it
also depends on the specific lattice structure. For instance, the
emergence of oxygen vacancies or heterointerfaces in multiphase
may serve as electron traps, causing a decline in conductivity. The
distinct conductivity profiles of various perovskite oxides can be
dissected using band theory, which delineates the distribution of
electronic states or the density of states (DOS), serving as pivotal

descriptors for regulating diverse physical and chemical proper-
ties both at the surface and within the bulk.

3. Factors Affecting Air Electrode Performance

Understanding the factors that govern the catalytic performance
of air electrodes is of paramount importance. The intrinsic prop-
erties of air electrodes, such as oxygen vacancy concentration,
lattice and interstitial oxygen content, phase structure, lattice-
free volume, chemical disorder, oxygen basicity, ionization poten-
tial, and metal-oxygen bonding, are critical determinants of their
triple-conductivity and stability. These factors, however, are of-
ten interdependent and may exhibit conflicting influences. This
section provides an in-depth discussion of recent progress and
insights into these intrinsic factors. Additionally, external opera-
tional conditions, including temperature, steam, and oxygen par-
tial pressures, as well as the microstructural characteristics of air
electrodes, exert a profound influence on electrode reaction ki-
netics. These effects will be further analyzed and substantiated
in the subsequent sections.

3.1. Oxygen Vacancies

The presence of oxygen vacancies (V..

O) enables high oxygen ion
mobility since they act as the active sites for oxygen absorption
and diffusion of oxygen ions according to the vacancy diffusion
mechanism. Therefore, it is generally believed that the higher V..

O
promotes oxygen and proton diffusion.[21] At the same time, the
V..

O concentration in perovskite oxides leads to the electronic, crys-
tal structure, and surface chemistry state change, thus altering
the ORR/OER catalytic performance.[22]

Specifically, to maintain the charge neutrality of the perovskite
oxide, the formation of V..

O is also accompanied by the genera-
tion of both electron holes and redox couples as additional charge
compensators, influencing its electronic structure.[23] Taking the
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Figure 6. The altered properties associated with oxygen vacancies: a) the formation of redox couples; b) the crystal structure and catalytic perfor-
mance; c) the crystal structure; d) the CH values. a) Reproduced with permission.[22] Copyright 2020, Royal Society of Chemistry. b) Reproduced
with permission.[31] Copyright 2013, American Chemical Society. c) Reproduced with permission.[32] Copyright 2014, American Chemical Society.
d) Reproduced with permission.[14] Copyright 2019, American Chemical Society.

case of aliovalent substitution as an example (Figure 6a), the elec-
trons of B site transition metal ions may get rid of the covalent
bond and become free electrons, thus leaving behind electron
holes and forming the redox couple of B(x+)/B(x+1)+. Furthermore,
the adjacent electrons can fill the hole with the generation of a
new hole in an electric field, leading to electron migration. Thus,
the oxides exhibit enhanced electrical conductivity[24] and lower
charge transfer resistance, which is necessary between the ac-
tive sites and oxygen species (such as O2 and ─OOH), result-
ing in fostered ORR and OER processes.[25] On the other hand,
the redox couple is also favorable for charge transfer between
the oxygen and B-site cation based on valence bond theory.[26]

For example, in Sr-doped LaCoO3, the formation of a redox cou-
ple leads to a significant overlap of the Co 3d and O 2p or-
bitals, thus decreasing the Fermi energy of the Co 3d/O 2p 𝜋*
band. This can facilitate the adsorption of oxygen and the sub-
sequent charge transfer between oxygen and metal ions, thus
improving the catalytic activity.[27] Similar results were also con-
firmed by the LaxCa0.4CoO3 and (La1-xSrx)0.98MnO3 oxides with
Co2+/Co3+/Co4+ and Mn3+/Mn4+ redox couples.[28] However, it
does not mean that the conductivity of the perovskite oxide is pro-
portional to the population of oxygen vacancies. For example, it
was found that for perovskites SrFeO3-𝛿 , its electrical conductivity
is over 1 S cm−1 when 𝛿 ≤ 0.26, while the electrical conductivity
is lower than 10−3 S cm−1 when 𝛿 is over 0.40.[29] This is mainly
due to the fact that the V..

O act as the scattering centers or random
traps for electrons.[30]

In addition, the crystal structure and surface chemistry also
change with the concentration of V..

O. For example, the crystal
structure of LaNiO3-𝛿 is transited from a rhombohedral struc-
ture to a cubic structure (Figure 6b) when the oxygen vacancy

content decreases from 0.02 to 0 by quenching at different
temperatures,[31] and the lattice of CaMnO3-𝛿 expands from the
Pnma space group to Pbma with the increasing V..

O
[32] (Figure 6c).

The distorted crystal lattice leads to changes in the lengths and
angles of the B-O chemical bonds, thus affecting oxygen ad-
sorption and intermediate/product dissociation ability.[33] Mean-
while, the surface chemistry, which include the active sites, sur-
face element composition, and charged surface cations, is al-
tered by the oxygen vacancies, thus influencing the adsorp-
tion/desorption of oxygen,[34] as confirmed by the barium cations
exuding from bulk to surface in Ba0.5Sr0.5Co0.2Fe0.8O3-𝛿 and the
different charged surface cations in La0.6Ca0.4CoO3-x and Sr-
substituted La1-xSrxMnO3 oxides.[35]

Furthermore, based on the hydration and Grotthuss mecha-
nisms, V..

O associated with B-site cations plays a crucial role in
proton uptake and conduction. For example, water uptake and
protonic conductivity are absent in stoichiometric A2(B′B″)O6
and A3(B′B2″)O9 compounds, and both increase with increasing
nonstoichiometry.[36] Additionally, the cubic La0.7Sr0.3MnO2.95 (C-
LSM73) exhibits a CH that is 10 times higher than that of the
rhombohedral La0.7Sr0.3MnO2.98 (R-LSM73) under identical con-
ditions, attributed to the greater abundance of oxygen vacan-
cies in the cubic structure[14,37] (Figure 6d). Similar behavior has
been observed in C and R-(La, Sr) (Mn, Ni) O3-𝛿 and Zr4+-doped
Sr2Fe1.5Mo0.5O6−𝛿 (SFMZ) perovskite oxides.[37,38] However, it’s
important to note that V..

O does not determine proton uptake in
oxides, as it may also occur via a hydrogenation mechanism.
Moreover, the high V..

O concentration may hinder the transport
of protons, leading to the high proton transport activation energy
and low proton conductivity, as confirmed by the Zn substituted
BaCo0.4Fe0.4Zn0.1Y0.1O3-𝛿 air electrode.[39]
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3.2. Lattice Oxygen or Interstitial Oxygen

In high-temperature bifunctional (ORR/OER) catalysts, V..

O is not
the only crucial factor for achieving high activity in both ORR and
OER. Interstitial O2− and highly active lattice oxygen also play sig-
nificant roles in enhancing ORR and OER kinetics through in-
terstitial and interstitialcy mechanisms for oxygen ion migration
and the hydrogenation mechanism for proton uptake.[40]

For example, Sr2+-doped and undoped La2CoxNi1-xO4 sam-
ples showed no distinct peaks in electron paramagnetic reso-
nance (EPR) spectra, indicating the absence of V..

O.[41] This ab-
sence is primarily due to the higher formation energy of V..

O (4.33
eV) and the lower energy barriers for interstitial oxygen ion mi-
gration (0.58 eV along the [100] direction) compared to tradi-
tional LSCF (3.47 eV) and interstitial oxygen migration across the
perovskite-like layer (1.85 eV along the [001] direction).[41] Con-
sequently, a high concentration of interstitial O2− ions in the AO
layer is more likely to exist and become the dominant pathway
for oxygen transport in RP oxides.[42] This is further supported
by experiments with low-valence Sr2+ doping at La3+ sites in
La2CoxNi1-xO4 samples, which reduced the interstitial O2− by de-
creasing the B-site valence, leading to lower oxygen conductivity
(Figure 7a,b).

Additionally, perovskite-like layers with highly active lattice
oxygen serve as important active centers for catalytic reactions.[43]

In these layers, octahedrons containing active lattice oxygen
ions can convert adsorbed O2 and H2O into ─OOH, ─OO, and
HO2

− during ORR, and transform ─OH into ─OOH, ─OO,
and ultimately O2 during OER processes.[44] Many studies have
shown that the lattice oxygen could participate in the OER
processes directly via a lattice oxygen-mediated mechanism.[45]

The catalytic efficiency of lattice oxygen in perovskite-like lay-
ers primarily depends on the rapid removal and reposition-
ing of O2− ions at the octahedral corners, which is governed
by the bonding energy of B-O chemical bonds. Moreover,
longer B-O bond lengths and larger ionic spaces between B-
site cations and oxygen ions enhance the mobility of lattice oxy-
gen, further improving catalytic performance.[44] In the mean-
time, distorting the BO6 octahedra by modulating the asym-
metric bonding in the oxygen octahedron ((A-)4O(-B)2) and en-
hancing Fe4+–O2− interaction are also feasible to activate lat-
tice oxygen (Figure 7c), thus improving the ORR/OER catalytic
performance.[46]

In proton uptake and diffusion processes, lattice oxygen plays a
key role, particularly in the hydrogenation and Grotthuss mecha-
nisms. Proton absorption at lattice oxygen sites typically requires
oxygen to exhibit significant basicity, which will be discussed in
detail later. Proton transport via lattice oxygen occurs through ei-
ther the movement of lattice oxygen or proton hopping between
adjacent lattice oxygen atoms. For efficient proton transfer, it is
expected that the high bulk or surface mobility of lattice oxygen
and shorter O-O bond lengths are essential to facilitate faster pro-
ton transport.[47] This indicates that both proton and oxygen ion
transport are closely linked to the activity of lattice oxygen under
certain conditions. Moreover, there is a strong relationship be-
tween the two active ions. For example, oxygen affinity (defined as
the energy released when an oxide ion enters a V..

O near a dopant
atom) is a critical parameter for evaluating the proton conductiv-
ity of a material[48] (Figure 7d).

3.3. Phase Structure

The phase structures of perovskite oxides are essential for
air electrode materials because they predetermine mixed elec-
tron and oxygen-proton-ion conductivity, cation segregation (e.g.,
through elastic energy minimization), and stability.[49] First, for
different types of perovskite oxides, oxygen ion migration in
single perovskite is mainly conducted by the vacancy diffusion
mechanism, while in RP oxides can occur through both oxygen
vacancy and/or oxygen interstitial processes which depend upon
the oxygen stoichiometry.[50] Moreover, the oxygen and steam are
incorporated into crystal lattice by the oxygen vacancy for sin-
gle perovskite oxide, while that can be incorporated through the
rock-salt layer for RP oxides. Specifically, the water molecules
are embedded into the sites within the rock-salt layers with-
out dissociation into H+- and OH−-ions, but hydrated as sep-
arated (H2O)n/hydroxyl layer within the lattice.[51] Meanwhile,
the flexible and deformable isolated tetrahedral units-based struc-
ture in LaVO4 series can also promoteoxygen ion and proton
transport.[52] Typically, the hydration will lead to the expansion
of interlayer space and is accompanied by the structural rear-
rangement and the increase of coordination number of A-site
cations.[53] These various oxygen-proton diffusion and incorpora-
tion paths lead to unevenness proton-oxygen kinetics within the
different lattice structures.

Furthermore, the Goldschmidt tolerance factor (𝜏) is a geomet-
ric indicator that predicts perovskite phase stability:[54] 1) 𝜏 > 1
favors hexagonal or tetragonal phases; 2) 𝜏 close to 1 promotes
cubic structures; 3) 𝜏 < 0.9 encourages orthorhombic or rhom-
bohedral phases. When 𝜏 deviates from 1, structural changes
occur, reducing symmetry by bending O–B–O bonds to align
with O–A–O bonds, leading to bond angles below 180° and re-
sulting in orthorhombic or monoclinic structures.[55] Perovskites
with high symmetry are generally believed to have superior pro-
ton and oxygen conductivity.[56] As the structure shifts from cu-
bic to less symmetric forms (orthorhombic, tetragonal, etc.), O–
O and M–O bond distances increase, extending the migration
path for oxygen ions and protons. This increased hopping dis-
tance impairs mobility and increases the activation energy for
conduction.[57] Additionally, phase distortions or lower symmetry
phases create inequivalent oxygen sites, which can form isolated
low-energy traps for protons and oxygen ions, further inhibiting
their movement.[56b] Varying hydration enthalpies, which depend
on bond distances and local environments, also impact proton
absorption and conduction, with lower enthalpies generally sup-
porting better proton conduction.[58]

3.4. Lattice Free Volume

The lattice-free volume (Vf) is defined as the unit cell volume mi-
nus the total volume of the constituent ions within the perovskite
unit cell, which is tightly related to the ionic radii of the ions in A,
B, and O sites.[59] Typically, a larger Vf is more desirable to obtain
faster oxygen ion mobility since it offers more free space for oxy-
gen ions migration[13b,60] (Figure 8a) and enhances the vacancy
diffusion coefficient to reduce the migration-energy barriers ac-
cording to DFT results[61] (Figure 8c,d). For example, the large
Gd3+ cations doped BaFe0.975Gd0.025O3-𝛿 sample displayed lower
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Figure 7. The effect of lattice and interstitial oxygen: a) interstitial O2− concentration in AO layer of LaxSr2-xCo(Ni)O4 and b) corresponding oxygen
permeation flux results; c) the accelerated ORR/OER mechanisms; d) the diagrams of local structures around a dopant atom and proton on first and
second nearest proton (NP) sites and the different proton conductivity with various oxygen affinity energies. a,b) Reproduced with permission.[41] Copy-
right 2019, Wiley. c) Reproduced with permission.[46b] Copyright 2024, Wiley. d) Reproduced with permission.[48] Copyright 2024, American Chemical
Society.

oxygen migration energy compared to that of pristine BaFeO3-𝛿
due to the expanded lattice structure (Figure 8b), achieving a
higher oxygen permeation flux of 1.37 mL cm−2 min−1 for a 1
mm thick membrane at 950 °C.[62] A similar trend was observed
when the larger Ba2+ replaced Sr2+ in the SrCoO3-based air elec-
trode. The Sr0.8Ba0.2Co0.8Sc0.1Nb0.05Ti0.05O3-𝛿 composition exhib-
ited a higher Vf compared to the Ba-free sample. The expansion of
the parent lattice created additional free space for oxygen migra-

tion, which lowered both the oxygen vacancy formation energy
and the oxygen migration barrier.[63] Interestingly, an increase in
unit cell volume was sometimes observed even when substitut-
ing a smaller ion, such as replacing Sr2+ with Pr3+ or La3+, which
seems counterintuitive.[64] This phenomenon is explained by the
formation of electron holes, which transform the (Sr, La)FeO3 se-
ries from an insulator to a p-type semiconductor.[64b] It is worth
noting that a negative linear relationship between 𝜏 and Vf was
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Figure 8. a) Dependence of Vf and 𝜏 on dopant ion radius in BaCe0.9Ln0.1O3-𝛿 oxides; b) lattice parameters of the BaFe1-xGdxO3-𝛿 samples; c) extraction
of the unit-cell volume and the effective octahedral rotation magnitude as a function of strain state; and d) Schematic illustration of the increasing cell
volume with varying strain; e) the different proton migration features in SFMO derivatives with various Vf. a) Reproduced with permission.[13b] Copyright
(2021), Elsevier. b) Reproduced with permission.[62] Copyright 2016, Royal Society of Chemistry. c,d) Reproduced with permission.[61] Copyright 2019,
Wiley. e) Reproduced with permission.[19b] Copyright 2016, American Chemical Society.

observed both in the La- and Nd-based single perovskite series.[65]

Specifically, the 𝜏 becomes smaller when Vf increases, indicating
that the deformation from the cubic lattice is more serious which
makes the oxygen ions more difficult to jump due to a local strain
of the lattice. To balance these two factors, the maximum con-
ductivity is always obtained when the optimum 𝜏 value is around
0.96 and the Vf reaches the highest value, which is further con-
firmed by the oxygen transport phenomena in cubic CaTiO3 and
SrTiO3.

[66] Moreover, lattice contraction can also be leveraged to
enhance oxygen electrode catalytic activity. For instance, doping
Ce ions into the LaCoO3 lattice induces contraction, which mod-

ulates the charge density at the active Co center. This improves
electrical conductivity, reduces the reaction-free energy, and ac-
celerates the rate-determining steps in both ORR and OER kinet-
ics, resulting in improved overall performance.[67]

Another important role of Vf is to provide free space for pro-
ton reorientation, as described by the Grotthuss mechanism.
A moderately expanded cell, primarily due to the larger ionic
radii of metal cations, can theoretically reduce the energy bar-
rier for proton rotation and enhance proton conduction. For ex-
ample, the larger ionic radii of Ba2+ (135 pm) and K+ (138 pm)
compared to Sr2+ (118 pm) can significantly reduce the proton
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conduction energy barriers, from 0.495 eV for Sr2Fe1.5Mo0.5O6-𝛿
to 0.322 eV and 0.225 eV for Ba0.25Sr1.75Fe1.5Mo0.5O6-𝛿 and
K0.25Sr1.75Fe1.5Mo0.5O6-𝛿 , respectively[19b] (Figure 8e). A similar re-
duction in energy barriers was observed for Ba0.5Sr0.5Co0.8Fe0.2O3
(0.55 eV) and Ba0.4K0.1Sr0.5Co0.8Fe0.2O3-𝛿 (0.41 eV), attributed to
the larger K+ radius.[68]

In BaZr0.8Y0.2O3, the presence of zero, one, or two Ba ion
vacancies at the A-site exhibit distinct proton dynamics.[16,69]

While A-site deficiencies increase free space for proton reori-
entation (favoring small-angle hydroxide ion rotation), they also
strengthen the bond between oxygen and adjacent A-site ions,
increasing the energy needed for large-angle hydroxide ion ro-
tation, thus inhibiting reorientation. Interestingly, A-site defi-
ciencies in some TCO air electrode materials improve proton
uptake and migration, as evidenced by the higher CH value of
Ba0.9Co0.4Fe0.4Zr0.1Y0.1O3−𝛿 (0.0232 mol unit−1) and the lower
proton migration barrier of Ba0.875FeO3-𝛿 (0.18 eV).[70] These con-
tradictory effects may result from variations in base materials,
defect concentrations, and ideal conditions in computational pro-
cesses. A-site defects in perovskites can impact more than just
free volume, influencing oxygen vacancy formation and migra-
tion, phase structure, and grain size.[69,71]

3.5. Chemical Disordering

Many studies have focused on aliovalent doping to modify carrier
content within materials and enhance their conductivity. How-
ever, chemical disorder—specifically the distribution of cations
across different sublattices in perovskite oxides—often results
in a complex potential energy landscape.[72] This impacts both
the thermodynamics and kinetics of the defects responsible for
ion transport. For example, cation disorder in GdBaCo2O5+𝛿 re-
duces oxygen diffusion coefficient and promotes diffusion along
the c-axis of the material.[73] This is attributed to defect trap-
ping, where oxygen vacancies are trapped between Ba atoms
occupying Gd sites, lowering the overall oxygen diffusion co-
efficient. Similar findings have been reported for other oxides.
In Gd0.5Ba0.5MnO3-𝛿 , the oxygen chemical diffusion coefficient
was significantly lower compared to its layered counterpart,
GdBaMn2O5+𝛿 , which exhibited enhanced diffusion due to or-
dered cations.[74] However, in Ba0.5Sr0.5Co0.8Fe0.2O3-𝛿 (BSCF), a
common air electrode material in solid oxide fuel cells, molecu-
lar dynamics (MD) simulations revealed that cation disorder in
the A-site Ba/Sr layers increased the oxygen diffusion coefficient
and reduced the activation energy for oxygen diffusion.[75] This
discrepancy can be explained by differences in the charge states
of cations. In BSCF, A-site disorder does not affect charge distri-
bution, while Gd3+/Ba2+ disorder creates charged defects (GdBa

.

and BaGd′), which trap oxygen vacancies and hinder ion migra-
tion. These insights suggest that long-range cation ordering in
perovskites with well-defined compositions, stoichiometries, and
atomic arrangements may provide more predictable control over
structural, geometric, and electronic properties, thus improving
electrocatalytic performance.[76]

Moreover, in A2(B′B″)O6 and A3(B′B2″)O9, higher protonic
conductivity is often associated with a higher degree of B-site
cation disorder.[36] This is due to several factors: 1) disorder cre-
ates B′–B′ sites that act as trapping centers for protons; 2) in

ordered structures, the energy required for protons to hop be-
tween B′ and B″ ions is greater, inhibiting proton mobility; and
3) compositional inhomogeneity arising from disorder leads to
variable proton concentrations, which provide charge compensa-
tion in non-stoichiometric compounds. Additionally, other oxides
with disordered crystal structures exhibit excellent proton con-
ductivity, emphasizing the role of structural disorder.[57,77] How-
ever, in some cases, ordered structures outperform disordered
ones in terms of catalytic activity. For instance, LaBaCo2O5+𝛿 , an
A-site-ordered air electrode material, retains a higher concentra-
tion of oxygen vacancies at low temperatures.[78] This ordering
is thought to increase the basicity of the oxygen vacancies, pro-
moting hydration and enhancing proton uptake and conductivity.
In conclusion, while disorders can enhance protonic conductivity
in certain perovskites, ordered structures may offer superior cat-
alytic performance under specific conditions by promoting oxy-
gen vacancy stability and proton transport.

3.6. Oxygen Basicity

According to proton uptake mechanisms, protonic defects are
formed by regular lattice oxygen or oxygen vacancies binding
with protons from surrounding water molecules. This hydra-
tion can be regarded as a pure acid-base reaction since no elec-
tron transfer occurs. Consequently, oxygen basicity is closely re-
lated to proton affinity and plays a critical role in proton up-
take and transport. Reducing the electronegativity of A-site and
B-site cations increases the basicity of bonded O2−, resulting
in enhanced proton conductivity.[47,79] This is because lower av-
erage cation electronegativity always leads to a larger negative
hydration enthalpy,[11c] while higher electronegativity promotes
charge delocalization, leading to proton–hole interactions that re-
duce overall proton conductivity.[80] For A-site cations, due to the
substantially lower electronegativity of Ba (0.85) compared to Sr
(0.95)/La (1.1), the Ba-based perovskites generally have a better
proton uptake ability than the Sr/La-based perovskites. For ex-
ample, the CH in Ba0.75La0.25FeO2.53 increases from 0.004 to 0.03
mol unit−1 when La is partially replaced by Ba, and the CH of
Sr0.5Ba0.5FeO2.5 is significantly higher at 0.019 mol unit−1 com-
pared to SrFeO2.5 (CH = 0.0002 mol unit−1), demonstrating Ba’s
positive impact.[80a] Similarly, K (0.82) has also been shown to
improve proton conductivity due to its high basicity[81] (Figure
9a,b). In addition, electronegativity of B-site cations also plays a
significant role in determining the oxygen basicity of perovskite
oxides. Common B-site cations follow the electronegativity order:
Ni (1.92) > Cu (1.90) > Co (1.88) > Fe (1.83) > Zn (1.65) > Mn
(1.55)>Zr (1.33)>Y (1.22)>Ce (1.12). Lower electronegativity at
the B-site correlates with higher oxygen ion basicity and greater
proton uptake ability. This is evidenced by the increased CH in
Zn-substituted Co/Fe oxides such as Ba0.95La0.05Fe0.8Zn0.2O2.4,
Ba0.5Sr0.5Fe0.8Zn0.2O2.4, and Ba0.5Sr0.5Fe0.8Zn0.2O3-𝛿,

[80a,82] and the
greater hydration ability calculated for stannate and cerate com-
pared to zirconate.[83]

Furthermore, oxygen surface exchange kinetics are strongly
linked to the basicity of perovskite oxides[84] (Figure 9c,d). More
basic oxides exhibit greater surface coverage of oxygen molecules,
as the binding strength between molecular oxygen and the ox-
ide surface increases with basicity.[85] This correlation is most
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Figure 9. a) The activation energy of proton defects transfer on the oxygen vacancy near Zn or Fe site and b) the bond lengths, oxygen vacancy formation
energy, and hydration energy of PrBaFe2O6 before and after K doping; c) the polarization resistance and d) the surface exchange coefficient k* as a function
of Smith acidity for materials. a,b) Reproduced with permission.[81b] Copyright 2022, Royal Society of Chemistry. c,d) Reproduced with permission.[84]

Copyright 2022, American Chemical Society.

evident when the oxide’s mixed conductivity—both ionic and
electronic—is already favorable, particularly in high-temperature
gas/solid reactions.[84]

However, the high basicity of the anionic network in Ba/Sr-
based materials compromises their stability. These materials
tend to decompose into impurity phases, such as BaCO3/SrCO3
and Ba(OH)2/Sr(OH)2, in the presence of acidic gases (e.g., CO2)
or high water vapor partial pressures, limiting their catalytic per-
formance and stability in practical applications.[86]

3.7. Ionization Potential

The ionization potential (IP), defined as the energy difference be-
tween the valence band (VB) maximum and the vacuum level,

is closely related to the hydration enthalpy (EH2O) of perovskite
oxides.[87] The hydration enthalpy, which reflects the material’s
ability to incorporate protons, consists of the proton and hydrox-
ide affinity, in addition to the constant gas-phase water dissocia-
tion energy (H2O → H+ + OH−). Specifically, hydroxide and pro-
ton affinity represent two distinct steps in the hydration process:
first, an oxygen vacancy is filled by a hydroxide ion from the gas
phase, followed by the attachment of the remaining proton from
H2O to an oxygen ion.[88] Proton affinity (PA) is expected to be
more favorable for oxide ions with stronger basicity, whereas hy-
droxide affinity (HA) is favored when the surrounding cations
possess a higher charge, corresponding to less basic and more
acidic oxides.

These characteristics result in opposing trends for PA and HA
as a function of the IP: materials with lower IP tend to exhibit
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more favorable PA but less favorable HA. Despite this, materi-
als with higher IP have a smaller distance between their O and
OH states, resulting in a steeper observed slope for PA (≈1) com-
pared to HA (≈−0.8).[87] Consequently, when considering both
PA and HA, which contribute to EH2O, materials with smaller IP
values typically display more negative EH2O, indicating enhanced
hydration ability. For instance, BaFeO3, which has a larger IP than
BaZrO3, exhibits less negative hydration enthalpy (+0.2 eV vs
−1.0 eV). A similar trend is observed when comparing BaTiO3.[87]

Furthermore, ideal dilute behavior may deviate due to interac-
tions between electronic and ionic defects, particularly in redox-
active perovskites where hole concentrations play a significant
role. The non-ideal behavior is attributed to repulsive hole-hole
interactions, which increasingly disfavor oxygen incorporation as
the hole concentration rises.[89] Since protons are bound to ox-
ide ions, the partial transfer of holes to oxygen, which alters oxy-
gen’s charge density and energy levels, also influences hydration
thermodynamics. This effect was confirmed by the proton uptake
and hydration van’t Hoff plot for Ba0.85La0.15FeO3-𝛿 , where the ob-
served reduction in proton uptake was more pronounced than the
slight decrease in oxygen vacancies would suggest.[80a,89d] This is
explained by a detrimental hole–proton interaction, where holes
are partially delocalized from B-site cations to oxygen, making
hydration less favorable.

In parallel, oxygen X-ray Raman scattering (O-XRS) measure-
ments indicated reduced delocalization of holes from Fe to O,
which was correlated with increased proton uptake.[30a] Simi-
larly, in materials such as BaZr0.88-xY0.12FexO3-𝛿 , BaZr1-xFexO3-𝛿 ,
and BaCe0.7-xZr0.2Y0.1FexO3-𝛿 , even small Fe substitutions signif-
icantly decreased proton uptake, exceeding expectations from a
strictly localized defect model.[90] These findings highlight the
beneficial effect of partially substituting B-site cations (e.g., Fe,
Co) with typically oversized, redox-inactive cations (e.g., Zn, Y,
Zr) to mitigate defect interactions.

3.8. Metal–Oxygen Bonds

The migration of oxygen ions within the perovskite lattice in-
volves the breaking and reformation of covalent bonds with metal
cations. Therefore, the strength of these metal–oxygen (M-O)
bonds determines whether they can be broken easily during
ion migration. In perovskites, where the BO6 octahedron forms
the basic structural framework (in both single and double per-
ovskites), the bonding between oxygen and the smaller, more
closely bound B-site cations is significantly stronger than that
with A-site cations. As a result, researchers often use the average
B-site metal–oxygen bond energy (B-O bond) as a proxy for the
average M-O bond energy in the perovskite lattice.[55b] Generally,
weaker M-O bonds are associated with lower oxygen migration
barriers, as previous studies have demonstrated.[91]

Efficient vacancy-mediated oxygen ion transport requires a
lower oxygen vacancy formation energy, so it is relatively easy
to break M-O bonds, a key step in oxygen migration.[92] The
lower oxygen vacancy formation energy observed in transition
metal oxides can be attributed to weaker M-O bond strength,
characterized by lower bond dissociation energy, metal ion ion-
ization potential, enthalpy of formation, Madelung potential, as
well as lower reduction potential.[93] In addition, shifting the

O 2p band center closer to the Fermi level, which corresponds
to reduced charge transfer from metal cations to oxygen and
weaker M-O bond strength, further reduces the vacancy for-
mation energy[92b,94] (Figure 10a,b). For example, in a study of
over 40 Ba/Sr/Pr/La-based perovskite oxides, it was found that
the oxygen migration barrier increased with higher vacancy for-
mation energy, while it decreased with a higher O 2p band
center energy[95] (Figure 10c). Similarly, Ni-doped lanthanum
cobaltite-ferrite exhibits high oxygen nonstoichiometry and oxy-
gen permeation due to the weak Ni-O bonds.[96] Likewise, doping
lanthanum-ferrite-based electrodes with Cu has been shown to
improve electrochemical performance[97] In general, A3+B3+O3-
type perovskites are expected to be better oxygen ion conduc-
tors, as B-O bond energy increases significantly in A2+B4+O3 and
A1+B5+O3 perovskites, which is consistent with the lower oxygen
conductivity observed in SrTi0.8Ga0.2O2.9,[55b,98] despite the simi-
lar ionic radii of Sr2+ and Ti4+ compared to the typical radii of A-
and B-site ions.[56a,65]

The lower oxygen vacancy formation energy, resulting from
weaker M-O bonds, enhances the hydration ability of oxides, as
these vacancies serve as proton uptake sites. Additionally, higher
covalency in B-O bonds often leads to increased electron transfer
from oxygen to the B-site cation, reducing the effective charge
(and basicity) of the oxide ions. This, in turn, disfavors the gen-
eration of proton defects, as demonstrated by Zn doping in the
Ba0.95La0.05FeO3-𝛿 air electrode.[99]

However, a more negative average B-site metal-oxygen bond
energy (ABE) in perovskites (indicative of stronger M-O bonds) is
associated with higher phase stability.[100] For instance, the ABE
values for SFTi, SFNb, and SFCr are -308.03, -320.96, and -294.06
kJ mol−1, respectively, compared to -284.36 kJ mol−1 for SrFeO3-𝛿 ,
indicating that doping Ti, Nb, and Cr into the perovskite lattice
increases the ABE, thereby stabilizing the perovskite structure
and enhancing its resistance to CO2 and H2O[101] (Figure 10d).

3.9. Environmental Conditions

In addition to the intrinsic physical and chemical properties of
oxides, environmental conditions during fabrication and testing,
such as temperature, water partial pressure (pH2O), and oxygen
partial pressure (pO2), significantly influence the conductivity of
oxygen ions, protons, and electrons in these materials. For in-
stance, in pure Ar gas at 900°C, the oxygen-ion conductivity of
Sr2ZnMoO6 (SZMO) increased from 0.008 to 0.450 S cm−1, while
oxygen permeability improved from 0.03 to 0.78 mL cm2 min−1

for SZMO samples fabricated in air (Air-SZMO) and hydrogen
(H2-SZMO), respectively[102] (Figure 11a–d). A similar enhance-
ment in oxygen migration was observed when the pO2 in the
testing environment was reduced. For H2-SZMO, the lower pO2
caused a reduction of Mo6+ to Mo5+/4+, generating more polaron
electrons and enhancing electronic conductivity (Figure 11e). In
addition, the increased Zn-O-Mo bond angle (due to a shorter Zn-
O bond) led to a higher lattice symmetry (Figure 11f). This greater
symmetry allowed for lattice relaxation, increasing the critical ra-
dius (rc) and creating wider pathways for O2− transport.[102]

The proton uptake and conduction in oxides are similarly in-
fluenced by environmental vapor pressure. For example, the CH
of the entire series of La2-xSrxNiO4+𝛿 (0.75 ≤ x ≤ 1.4) is no more
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Figure 10. a) Schematic diagram of a non-computationally compensated (NCC) and a computationally compensated (CC) oxygen vacancy and its
migration paths; b) the different oxygen migration barrier as a function of the energy of the O-2p and Fermi level; c) oxygen migration barrier versus
oxygen p-band center energy; d) Fourier transform infrared (FT-IR) spectra of SrFe0.8M0.2O3-𝛿 (M = Ti4+, Nb5+, and Cr6+) after treatment in CO2.
a,b) Reproduced with permission.[92b] Copyright 2024, Royal Society of Chemistry. c) Reproduced with permission.[95] Copyright 2016, Elsevier. d)
Reproduced with permission.[101] Copyright 2016, Elsevier.

than 0.005 in an atmosphere containing 1.67% H2O.[103] How-
ever, in an O2–10% H2O environment, the CH in La1.2Sr0.8NiO4+𝛿
increased to 0.02.[40] Similarly, the CH in LSM73 increased from
0.046 to 0.142 mol per unit as the water pressure (pH2O) rose
from 0.003 to 0.023 atm.[14] In Ba0.85K0.15ZrO3-𝛿 , the dominant
conduction mechanism transitioned from proton conduction to
hole conduction when the atmosphere was changed from wet N2
to wet oxidative conditions within the temperature range of 550–
700 °C.[104]

4. Advances in Air Electrodes and Modification
Strategies

4.1. Single Phase Air Electrode

In the past decades, perovskite oxides have been widely used
as promising air electrodes for energy conversion and storage

due to their outstanding catalytic activity, fine-tuned composi-
tions and structure, and compatible thermal behavior.[105] Ac-
cording to the composition of the specific perovskite oxide mate-
rials with high oxygen ion and electron conductivity (partly with
proton conductivity), the phase structure includes three types:
single (ABO3-𝛿), double (AA’BB’O6-𝛿) and Ruddlesden–Popper (R-
P) perovskite(An+1BnO3n+1+𝛿), the detailed structures are shown
in Figure 12 and the following part.

1) ABO3-𝛿 : In the single perovskite, A-site typically accommo-
dates alkaline earth or rare earth metal ions in a 12-fold co-
ordination and a valence of +1, +2, +3, exemplified by K,
Cs, Ba, Sr, Pr, La, and Ca. For comparison, the B-site is com-
monly occupied by transition metal ions featuring a coordina-
tion number of 6 and a valence from +2 to +4, including Cu,
Mg, Co, Fe, Ni, Zr, and Y. It is noteworthy that certain metal
ions may exhibit higher valence states, such as Mo (+5 or +6),

Adv. Mater. 2025, 2418620 2418620 (15 of 61) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 11. The environmental effect on the SZMO oxides: the color of samples sintered at a) air and b) H2, respectively; the results of c) oxide-ion
conductivity and d) oxygen permeability evaluated with Air-SZMO and H2-SZMO; e) the different ratio of Mo ions and the transporting mechanism for
electron and oxygen; f) the variation of band length and band angle in MoO6 and ZnO6 octahedrons. a–f) Reproduced with permission.[102] Copyright
2023, Elsevier.

Nb (+5), and Ta (+4 and +5). As illustrated in Figure 12a,
the schematic depiction of the unit cell structure portrays a
simple cubic arrangement. Oxygen atoms reside in the face-
centered positions of the cube, forming octahedral coordina-
tion with the B-site metal ions. This structural configuration
exhibits pronounced symmetry, thereby facilitating expedited
electron and ion transport within the bulk phase. Conversely,
a reduction in the symmetry of the lattice structure, as ob-
served in orthorhombic or tetragonal perovskite phases, en-
genders increased transmission distances, consequently im-
peding the efficient transmission of ions and electrons.[11c]

2) AA’BB’O6-𝛿 : The general composition of double perovskite
structure is alternately stacked layers along the c-axis direc-
tion in the form of …|AO|BO2|A’O|BO2|…, with its unit cell

structure depicted in Figure 12b. Typically, the A-sites typi-
cally accommodate trivalent lanthanide metal ions such as Pr,
Nd, Sm, and Gd, whereas the A’-sites commonly host diva-
lent alkaline earth metal ions like Ba and Sr. Transition metal
ions, like those found in simple perovskites, predominantly
occupy the B-sites within the lattice. Notably, in ordered A-
site double perovskite oxides, the larger ionic radius of A’ ions
tends to stabilize structures with a coordination number of 12,
while A-site lanthanide ions (or Y ions) tend toward lower co-
ordination numbers. Consequently, oxygen vacancies are pri-
marily concentrated within the AO layers, and upon heating,
a transition from ordered to disordered for oxygen vacancy
occurs,[106] thereby accelerating the rapid anisotropic migra-
tion of oxygen ions across the ab plane. Furthermore, recent
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Figure 12. Typical perovskite oxide phase structures of air electrodes: a) simple perovskite; b) double perovskite; c) Ruddlesden–Popper perovskite.
a–c) Reproduced with permission.[18] Copyright 2019, Elsevier.

investigations suggest that the ordered arrangement of A-site
cations in double perovskites can preserve higher concentra-
tions of oxygen vacancies while enhancing their basicity,[78]

thereby positively impacting the hydration of protons in elec-
trode reactions.

3) An+1BnO3n+1+𝛿 : For R-P type perovskite oxides, they were first
synthesized and named by S.N. Ruddlesden and P. Popper
in 1957. Specifically, the types of metal ions occupying the
A and B sites of this structure are similar to those in single
perovskite-type oxides. It can be conceptualized as compris-
ing alternating layers of perovskite structure layers (ABO3)
and rock salt layers (AO) along the c-axis with the general for-
mula An+1BnO3n+1-𝛿 , where ‘n’ represents the number of oc-
tahedral layers in the perovskite-like stack. Notably, the sim-
plest structure is A2BO4+𝛿 , as depicted in Figure 12c, wherein
the lattice is constructed using ABO3 perovskite layers sand-
wiched between AO rock salt layers. Besides, the mixed ion-
electron conductivity mainly arises from the migration of in-
terstitial oxygen ions in the AO layer and the p-type electronic
conduction of the ABO3 layer.[107] Furthermore, higher-order
R-P perovskites contain more BO6 corner-sharing octahedra,
providing additional conduction pathways and potentially ex-
hibiting higher electronic conductivity compared to low-order
R-P materials.[108]

In general, these three types of oxide materials can be mod-
ified in terms of their type, composition, preparation methods,
and phase structure through appropriate strategies to achieve en-
hanced triple conductivity for electrons, oxygen ions, and pro-
tons, as well as improved surface properties. This enhancement
significantly improves their catalytic activity for ORR and OER,
as well as their long-term operational stability.

4.1.1. Single Perovskite Phase

In the early development of R-PCECs technology, the
traditional R-SOCs air electrode materials (MIEC), in-

cluding La0.8Sr0.2CoO3-𝛿 (LSC), Sm0.5Sr0.5CoO3-𝛿 (SSC),
La0.6Sr0.4Co0.2Fe0.8O3-𝛿 (LSCF), and Ba0.5Sr0.5Co0.8Fe0.2O3-𝛿
(BSCF), were investigated as the initial air electrode candi-
dates due to the excellent oxygen ion and electron conduc-
tivity characteristics. However, Han et al. confirmed that the
systems of La1-xSrxCo1-yFeyO3-𝛿 (x = 0.1-0.7, y = 0–1) and
Ba0.5Sr0.5Co1-yFeyO3-𝛿 (y = 0.2-0.8) were difficult to hydrate, and
the CH value was not higher than 0.002 mol unit−1 at 600 °C.[109]

This intrinsic limitation in proton conductivity hampers the
kinetics of electrode reactions, thus resulting in relatively low
overall electrochemical performance of R-PCECs. Consequently,
extensive endeavors have been directed towards enhancing the
proton conductivity of the conventional air electrodes to foster
hydration/protonation.

In 2014, Poetzsch et al. found that Ba0.5Sr0.5Fe0.8Zn0.2O3-𝛿
(BSFZ), which can be construed as a strategic substitution of Zn
for Co within the BSCF material system, was a mixed triple –
electron, O2−, and H+ conductor.[110] The hydration property of
this electrode material was experimentally corroborated through
characteristic mass relaxation signals observed upon reversible
alterations in pH2O levels within the testing environment main-
tained at 400 °C (Figure 13a). However, despite these advance-
ments, under identical testing conditions, the concentration of
protonic charge carriers remained notably lower by 1–2 orders
of magnitude compared to the concentration of oxygen vacan-
cies and hole charge carriers, as depicted in Figure 13b. Sub-
sequently, the enhancing effect of zinc ions on proton con-
ductivity was confirmed within the perovskite family (Ba, Sr,
La)(Fe, Co, Zn, Y)O3-𝛿 .

[80a] This enhancement primarily arises
from the significant elevation of oxygen vacancy concentration,
the presence of a redox-inactive cation, potential local lattice
distortions, and the reduced electronegativity associated with
Zn2+. For comparison, the incorporation of Co ions at the B-
site is observed to detrimentally influence proton absorption
due to the diminished basicity of oxygen ions resulting from
the strong covalent nature of Co-O chemical bonds, as shown
in Figure 13c. Moreover, this study also suggests that A-site Ba
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Figure 13. a) Exemplary mass relaxation curves at 400 °C; b) defect concentrations (% per BSFZ formula unit); c) effect of Zn and Co substitution on
the B-site; d) variation of La and Sr content on the perovskite’s A-site; e) schematic illustration of H+ on Fe-O-Co in BSCFF cell; f) comparison of O···H
formation energy and distance for BSCF(F) samples. a,b) Reproduced with permission.[110b] Copyright 2014, Royal Society of Chemistry. c,d) Reproduced
with permission.[80a] Copyright 2018, Wiley. e,f) Reproduced with permission.[112] Copyright 2023, Elsevier.
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Figure 14. a) The ASR values for BCFZ and LSCF samples in dry and wet air; b) the ASR values for BCFZYx samples; c) terminal voltage and power density
at a current density of 0.3 A cm−2 at 500 °C for BCFZY over 1100 h; d) the total conductivity (in 5%H2/95%N2) and e) proton conductivity (hydrogen
permeation flux) for BCFZYx samples; f) fitting kOH-OD values for BCFZYx at 500–700 °C. a) Reproduced with permission.[114] Copyright 2013, Royal
Society of Chemistry. b,c) Reproduced with permission[115] Copyright 2015, The American Association for the Advancement of Science. d–f) Reproduced
from ref. [116] with permission from the Royal Society of Chemistry.

ions are more conducive to proton absorption compared to other
ions (Sr, La), owing to the lower electronegativity (Figure 13d).
Ultimately, the Ba0.95La0.05Fe0.8Zn0.2O3-𝛿 material exhibits the
highest proton concentration, measured at 0.1 mol unit−1

at 250°C.
In addition to substituting metal ions at the A and B sites

of simple perovskite phases to enhance the triple conductiv-
ity of air electrodes, the substitution at appropriate O sites has
also been demonstrated as an effective strategy. Xia et al. suc-
cessfully synthesized F−-doped Ba0.5Sr0.5Co0.8Fe0.2O3-𝛿 (F-BSCF)
air electrodes,[111] revealing improved catalytic performance at-
tributed to the presence of more oxygen-active species and faster
oxygen ion transport pathways. Furthermore, this type of air elec-
trode can mitigate the diffusion of halogens, a common issue
with F-doped electrolyte materials, under operating conditions
(from electrolyte to air electrode), thereby exhibiting enhanced
long-term stability. Ni et al. introduced different anions (F−, Cl−)
into the lattice oxygen sites of BSCF air electrodes through a sim-
ple anion engineering approach,[112] resulting in accelerated elec-
trode reaction kinetics. It is noteworthy that due to the distinct
physicochemical properties of anions (ionic radius, electronega-
tivity), F-doped BSCF air electrodes demonstrate the most robust
catalytic performance for ORR/OER. Experimental and theoret-
ical calculations reveal that this enhancement primarily stems
from the significantly improved surface generation and bulk-
phase transport processes of oxygen ions and protons, as illus-
trated in Figure 13e,f.

Furthermore, Tong et al. discovered that Zr-doped
BaCo0.4Fe0.6O3-𝛿 perovskite oxide (BaCo0.4Fe0.4Zr0.2O3-𝛿 , BCFZ)
serves as highly stable and active oxygen permeation membranes
due to their elevated mixed oxygen ion and electron conductivity,
coupled with outstanding chemical and structural stability.[113]

More importantly, this material exhibits stronger hydration
capabilities compared to traditional LSCF, as evidenced by the
reduced area-specific resistance (ASR) values upon introduc-
ing water vapor (Figure 14a).[114] Consequently, when directly
employed as air electrodes in proton-conducting fuel cells,
BCFZ yielded significantly higher electrochemical performance
compared to traditional MIEC electrodes. Subsequently, aiming
to further enhance its proton conductivity, considering the lower
valence state of Y3+ compared to Zr4+, Duan et al. partially
substituted Y3+ for Zr4+ in BCFZ and designed a new class of
air electrode, BaCo0.4Fe0.4Zr0.2-xYxO3-𝛿 (BCFZYx) (Figure 14b).
Among the compositions investigated, BaCo0.4Fe0.4Zr0.1Y0.1O3-𝛿
(BCFZY) exhibited the lowest ASR value and activation energy
at a temperature down to 500 °C, as well as an exceptional
durability over 1100 h (Figure 14c).[115] Moreover, the bulk
proton conductivity and surface kinetics of these materials were
systematically investigated through hydrogen permeation and
electrical conductivity relaxation (ECR) measurements. Through
three different types of conductivity relaxation measurements,
including oxidation, hydration, and isotope exchange, it was
observed that Y doping significantly improved proton dynam-
ics under humidified oxidation conditions. The 10% Y-doped
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BCFZY oxide exhibited the highest proton conductivity (0.0032
S cm−1 at 600 °C) (Figure 14e) approximately four times that
of the parent material BCFZ, while further incorporation of Y
slightly decreases conductivity (Figure 14d).[116] Furthermore,
its proton surface kinetics were significantly accelerated, as
evidenced by the kOH-OD,chem values obtained from an ECR
experiment by switching atmospheric conditions from H2O
to D2O ((Figure 14f)). Since then, BCFZY is regarded as a
representative single perovskite phase air electrode with triple
conductivity capabilities, and extensive research based on it has
been conducted.

To further fine-tune the triple-conducting properties, an A-
site deficiency strategy was employed to fabricate new per-
ovskite oxides, BaxCo0.4Fe0.4Zr0.1Y0.1O3-𝛿 (x = 1, 0.95, 0.9).[70a]

As a result of the higher concentration of oxygen vacancies
and the enhanced oxygen-ion bulk diffusion and proton hy-
dration kinetics, Ba0.9Co0.4Fe0.4Zr0.1Y0.1O3-𝛿 exhibited the low-
est ASR value (0.52 Ω cm2) at 500 °C. Moreover, the no-
ticeable weight gain peak (0.11% of weight) observed in the
thermogravimetric relaxation curves further indicated the en-
hanced generation ability of hydroxide defects for B0.9CFZY
compared to the stoichiometric composition sample (0.07%).
Furthermore, Shao et al. employed B-site doping to en-
hance the triple conductivity of BCFZY, synthesizing a se-
ries of air electrode materials, Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95M0.05O3-𝛿
(M = Ni, Mn, Zn, Cu).[117] Based on ECR experiments and
oxygen and hydrogen permeation tests, it was demonstrated
that Ni-doped BCFZY (Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05O3-𝛿) air
electrodes exhibited enhanced oxygen ion and proton trans-
port characteristics and surface exchange kinetics, thereby
displaying enhanced ORR activity, with the ASR value de-
creased from 1.75 to 1.50 Ω cm2 at 550 °C. In addition,
partial doping of the BCFZY parent lattice with lower va-
lence state Mg2+ (Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Mg0.05O3-𝛿) and Zn2+

(BaCo0.4Fe0.4Zr0.1Y0.1-xZnxO3-𝛿) was also demonstrated to effec-
tively to improve its triple conductivity characteristics.[118] Inter-
estingly, despite the lower electron conductivity of BCFZY and its
modified samples, which varies from 1 to 2 S cm−1 at 600 °C, their
electrochemical performance is varied. This implies that air elec-
trodes may not necessarily require a very high hole conductivity,
but rather, achieve a balance between ion and hole conductivity
and catalytic activity is more meaningful.

4.1.2. Double Perovskite Phase

The cation-ordered double-perovskite structures have gained sig-
nificant attention owing to their facilitated oxygen ion diffusion,
accelerated surface oxygen exchange, and enhanced electrical
conductivity at lower temperatures.[119] In addition, as indicated
by Grimaud et al.,[120] these layered perovskite materials demon-
strated higher proton conductivities to some extent. Therefore,
layered perovskites are promising candidate materials for air elec-
trodes in R-PCECs.

Currently, the most commonly used double-perovskite air elec-
trode for R-PCECs is PrBa0.5Sr0.5Co1.5Fe0.5O5+𝛿 (PBSCF), orig-
inating from the triple-conducting NdBa0.5Sr0.5Co1.5Fe0.5O5+𝛿
(NdBCSF) layered oxide reported by Kim in 2014.[121] The PB-
SCF air electrode was developed as an air electrode since the

Pr analog offers higher electronic conductivity than Nd in the
layered perovskite structure.[106] Moreover, the PBSCF exhibited
excellent ORR/OER catalytic performance when it was exposed
in steam atmosphere. For instance, the R-PCEC fabricated by
Haile et al. achieved a current density of ≈0.65 A cm−2 at 0.7 V
in FC mode and ≈-0.70 A cm−2 at 1.3 V in EC mode with an
excellent reversibility over 50 h (Figure 15a).[122] This outstand-
ing performance may be due to the suitable chemical compat-
ibility with the electrolyte and the special H2O uptake charac-
teristics for PBSCF. As shown in Figure 15b.,[123] the CH val-
ues determined by the difference H2O uptake thermogravimetric
profiles on cooling in dry and wet air ranges from 3.5 mol% at
200 °C to 1.7 mol% at 600 °C, which is much higher than that
of BCFZ (0.5 mol% at 400 °C) and BCFZn (1.5 mol% at 350
°C). The higher proton concentration observed in PBSCF can be
ascribed to its lower hydration entropy of -63 J mol−1 K−1 com-
pared to -103 ± 5 J mol−1 K−1 in BCFZ and -140 ± 30 J mol−1 K−1

in BCFZn, respectively (Figure 15c), enabling PBSCF to main-
tain elevated proton levels under high-temperature conditions.
Specifically, the proton solubility for the PBSCF was directly ob-
served through dynamic secondary ion mass spectrometry and
time-of-flight secondary ion mass spectrometry.[124] The depth
profile (≈3.5 μm) and 3D map (50× 50× 1 μm3) of 2D element for
PBSCF bulk in D2O-humidified air confirmed that the protons
were spatially uniformly distributed without any segregation in
a specific region such as grain boundary (Figure 15d). From the
returned relativity precise values of 𝛼 determined by the conduc-
tivity change (Figure 15e), it is confirmed that the proton uptake
in PBSCF mostly occurs by the hydration reaction at 400–700°C.
Despite the proton uptake mechanism, the migration kinetics of
these protonic defects during hydration/dehydration is also in-
vestigated by employing the isotope exchange diffusion profile
(IEDP) method,[125] in which deuterium is used as a tracking in-
dicator of proton diffusion via time-of-flight secondary ion mass
spectrometry (ToF-SIMS), as shown in Figure 15f. The surface
exchange coefficient (k*

H) and diffusion coefficient (D*
H) of pro-

tons were 2.60 × 10−7 cm s−1 and 1.04 × 10−6 cm2 s−1 at 550 °C
(Figure 15g), respectively, much higher than most reported air
electrodes (Figure 15h).[125] These results robustly confirmed the
excellent triple-conducting properties of PBSCF family materi-
als, which offer promising air electrode candidates. Moreover, re-
ducing the high TEC caused by the higher Co concentration,[126]

as well as minimizing the segregation of undesired elements
and heterophase formation due to the high basicity of Ba and Sr
in CO2 or H2O-containing atmospheres,[127] would improve its
practical applicability.

4.1.3. R-P Perovskite Phase

Recently, there has been a growing interest in utilizing R-P type
perovskite oxides as air electrodes for R-PCECs. The distinctive
lattice arrangement of these materials, characterized by consecu-
tive layers resembling perovskite structures comprised of corner-
sharing BO6 octahedra nestled between two layers of rock-salt,
facilitates the existence of at least two distinct chemical envi-
ronments within a two-dimensional layered framework, namely
the perovskite slab and the rock-salt slab. This architectural ar-
rangement facilitates anisotropic transport of charge carriers,
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Figure 15. a) Cyclic operation modes for PBSCF at 550 °C; b) thermogravimetric profiles on cooling in dry and wet air and implied proton concentration;
c) summarized entropy values for different air electrodes; d) 3D map of 2D distribution; e) the degree of hydration, 𝛼, from the conductivity difference;
f) schematic illustration of preparation and incorporation of D2O for the ToF-SIMS measurement; g) the diffusion and surface kinetics coefficient of
proton (D*

H and k*
H) values for PBSCF; h) comparison of D*

H with different materials. a) Reproduced with permission.[122] Copyright 2019, Royal
Society of Chemistry. b,c) Reproduced with permission.[123] Copyright 2018, Springer Nature. d,e) Reproduced with permission.[124] Copyroght 2022,
Royal Society of Chemistry. f–h) Reproduced with permission.[125] Copyright 2021, Wiley.

including O2− and proton defects.[128] Such transport dynam-
ics differ significantly from the migration mechanism observed
in conventional perovskite oxides, wherein oxide ions transport
pathways connecting oxygen vacancies. In R-P perovskite ox-
ides, particularly those featuring an excess of oxygen (as com-
monly encountered in the n = 1 referred as K2NiF4 structure),
interstitial oxide ions within the rock-salt layers[107a,108] facili-
tate rapid and anisotropic conduction of oxide ions through a
push-pull mechanism within the rock-salt layers. Such enhanced
ion transport dynamics hold the potential to accelerate elec-
trochemical processes, such as ORR/OER, at lower operating
temperatures.

Initially, the excellent hydration and protonic defects transport
ability were demonstrated in the Pr2-xSrxNiO4+𝛿 (x ≤ 0.50) oxides
with the K2NiF4 structure (Figure 16a,b).[129] Considering the po-
tential detrimental effects of Sr2+ incorporation on hydratable
characteristics and the overall stability of the material, Pr2NiO4+𝛿
has been selected for utilization as the air electrode, showcasing

commendable chemical stability and outstanding electrochem-
ical performance (0.06 Ω·cm2 and 0.82 W·cm−2 at 650 °C).[130]

Furthermore, in the Ln1.2Sr0.8NiO4+𝛿 (Ln = La, Pr) system, dif-
ferent A-site cations also affect the catalytic activity of the air
electrode reaction. Specifically, compared to Pr1.2Sr0.8NiO4+𝛿 ,
La1.2Sr0.8NiO4+𝛿 exhibits higher electrochemical performance in
both FC and EC modes.[131] This difference is likely attributed
to the lower electronegativity of La3+ compared to Pr3+ and the
different oxygen chemical environment due to the difference for
La and Pr-based R-P oxides, which may adversely affect pro-
ton/oxygen absorption and transport capabilities.[130] Besides,
the introduction of Fe ions into B-site can further enhance its cat-
alytic performance, as evidenced by La1.2Sr0.8Ni0.6Fe0.4O4+𝛿 .

[132]

Furthermore, the layered architecture inherent to R-P-type
oxides imparts unique cation coordination environments and
distinct manifestations of anion defects.[133] Modulating the
number of layers, denoted as ‘n’, imparts changes to the
dimensional characteristics of the layered structure, thereby
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Figure 16. a) Schematic representation of the oxygen reduction and formation of water for TCO; b) weight change measured at decreasing temperature
for Pr2NiO4+𝛿 under air containing 0.002 up to 0.095 bar H2O; c) design sketch from R-P-SF to SEFC; d) electrochemical performance for SEFC air elec-
trode; e) ASR values for SF, SFN, and D-SFN air electrodes. a,b) Reproduced with permission.[129] from the Royal Society of Chemistry. c,d) Reproduced
with permission.[86a] Copyright 2018, American Chemical Society. e) Reproduced with permission.[138] Copyright (2024), Springer Nature.

expanding the chemical diversity within the realm of R-P per-
ovskites. Consequently, variations in stoichiometry are observed.
For instance, low n-value R-P oxides tend to exhibit a prevalence
of interstitial oxygen over oxygen vacancies, while high-order R-P
oxides typically manifest oxygen-deficient configurations. Specif-
ically, oxygen vacancies are localized within the perovskite lay-
ers (A’O), while interstitial oxygen is situated within the rock-
salt layers (AO).[107a] The different oxygen contents affect crys-
tal symmetry and oxidation states of B-site transition metal ions
within the bulk lattice, thereby shaping the pathways for ion
transport. Experimental investigations and theoretical analyses
corroborate the notion that higher-order R-P oxides exhibit en-
hanced facilitation of oxygen ion and proton transport within
the lattice structure.[134] Moreover, they demonstrate heightened
chemical and thermal stability, attributes conducive to augment-
ing catalytic performance of air electrodes.[134,135]

A novel double-layer R-P oxides with the composition of
Pr2BaNiMnO7-𝛿 (PBNM) was reported as a preeminent, highly ac-
tive low-temperature air electrode.[135a] In the selected Pr3Ni2O7
system, simultaneous introduction of Ba2+ into the A-site and
Mn3+/Mn4+ into the B-site serves to enhance both stability (ow-
ing to the greater propensity of Ba ions for 12-coordination with
oxygen) and catalytic performance (facilitated by the octahedral
distortion induced by Mn ions in BO6 to promote ion trans-
port). Moreover, the tetragonal PBNM phase with I4/mmm space
group symmetry exhibits exceptional chemical compatibility and
performance, as evidenced by its notably low TEC (10.35× 10−6

K−1) and ASR (0.084Ω cm2 at 700 °C) value. Moreover, signifi-
cant water intercalation, alongside potential proton defects, has
also been identified in the double-layered R-P Sr3Fe2O7-𝛿 (R-P-
SF), resulting in the formation of hydrated derivatives under hu-
mid conditions.[136] In response, Lu et al. pioneered its utilization

Adv. Mater. 2025, 2418620 2418620 (22 of 61) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202418620 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

N
G

 H
O

M
 - E

A
L

0000776, W
iley O

nline L
ibrary on [27/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

as an air electrode, substantiating its proficiency as an effective
oxygen ion-electronic conductor in dry atmospheres through EIS
results. Furthermore, employing first-principal calculations, R-P-
SF was found to possess a low proton formation energy (≈−0.23
eV) and a low proton migration energy (≈0.62 eV) in humid
atmospheres.[137] However, R-P-SF exhibits chemical instability
in atmospheres involving Lewis acids (steam/CO2) due to the
high basicity of Sr. Consequently, the introduction of the lan-
thanide element Eu in partial replacement of Sr in the A-site of
R-P-SF was proposed to mitigate this basicity at the cost of oxy-
gen vacancies. To address this vacancy, Co was partially substi-
tuted for Fe, yielding SrEu2Fe1.8Co0.2O7-𝛿 (SEFC), as illustrated
in Figure 16c,d.[86a] By employing the SEFC air electrode, the R-
PCEC button demonstrated smooth transitioning between FC
and EC modes without any discernible degradation over a 135-
hour long-term test.

Recently, Ni et al. devised a method involving the concur-
rent introduction of A-site deficiency and partial Nb-substitution
to synthesize Sr2.8Fe1.8Nb0.2O7-𝛿 (D-SFN).[138] This approach
effectively restrained the formation of the secondary phase
Sr3Fe2(OH)12, thus stabilizing the lattice structure. In addi-
tion, partial Sr defects were intentionally introduced to elevate
the concentration of oxygen vacancies. The resulting D-SFN
air electrode exhibited markedly heightened electrocatalytic ac-
tivity and stability (Figure 16e), demonstrating remarkable re-
silience under both FC and EC modes, including their switching
mode.

Three-layered R-P oxides also serve as promising candidates
for R-PCEC air electrodes. For instance, a novel single-phase air
electrode, Sr3EuFe3-xCoxO10-𝛿 (3-SEFCx, x = 0.0, 0.5, 1.0, 1.5), was
synthesized through a co-doping approach involving Eu and Co
(similar to the SEFC air electrode).[30c] This electrode demon-
strated higher oxygen non-stoichiometry and favorable structural
thermal stability. This active and stable single-phase air electrode
exhibited lower polarization resistances and relatively improved
peak power densities compared to the double-layered SEFC air
electrode, which was ≈0.030 Ω cm2 and 900 mW cm−2 at 700 °C,
respectively.

The tunability afforded by the composition and structure of
R-P perovskites engenders unique electronic configurations and
an array of captivating physicochemical properties unattainable
by traditional perovskite compounds or many other crystalline
metal compounds. Thus, this presents promising avenues for the
strategic design of electrocatalysts based on the distinct chemical,
structural, and electronic attributes inherent to R-P perovskites.

Furthermore, some single-phase air electrodes designed for
proton-conducting electrolytes, such as Zn (or Ce/Y) doped
BSCF, PBSCF-based, and BCFZY, are also applicable to oxygen-
ion-conducting solid oxide fuel cells.[139] This is primarily at-
tributed to their outstanding oxygen-ion conductivity and supe-
rior compatibility with conventional oxygen-ion-conducting elec-
trolytes, such as yttria-stabilized zirconia (YSZ) and gadolinium-
doped ceria (GDC).

4.2. Composite Air Electrode

Due to the challenges posed by homogeneous oxides, achiev-
ing a balance in triple-conducting properties can be difficult.

For instance, most high-performance MIECs often exhibit pro-
ton blocking and limited proton absorption and transport ca-
pabilities. Furthermore, excellent proton conductor electrolyte
phases may lack sufficient electronic/oxygen ion transport capa-
bilities. Consequently, there is a need to fabricate composite elec-
trodes with coexisting phases possessing different functionalities
to simultaneously achieve excellent conduction of oxygen ions,
electrons, and protons.

4.2.1. Mechanical Mixing

Mechanical mixing is a physical technique that is commonly em-
ployed for the preparation of triple-conducting composite elec-
trodes due to its cost-effectiveness and simplicity. This method in-
volves minimal alteration to the sample composition while allow-
ing for particle size reduction to the nanoscale. This reduction is
achieved by controlling parameters such as milling speed, dwell
time, ball-to-powder ratio, and milling media, ensuring thorough
grinding of bulk samples (Figure 17a).

In the early stage, the composite air electrode was commonly
fabricated by mixing a MIEC and a protonic conductor via me-
chanical milling. Compared with single-phase air electrodes, the
use of proton-conducting composite electrodes can effectively ex-
pand the reaction sites to the entire air electrode surface, greatly
accelerate the charge transfer process, and more importantly, im-
prove the thermal matching with the electrolyte (Figure 17b). One
of the early composite electrodes reported was Sm0.5Sr0.5CoO3-𝛿
(SSC) mixed with a proton conductor of BaCe0.8Sm0.2O3-𝛿
(BCS20).[140] When the composite ratio of SSC reaches 60%,
its ASR reaches the lowest (0.21 Ω cm2 at 700°C). In addition,
SSC was also used to mix with some other proton-conducting
phases, such as BaCe0.5Zr0.3Y0.16Zn0.04O3-𝛿 ,

[141] BaZr0.8Y0.2O3-𝛿
(BZY20)[142] and BaZr0.1Ce0.7Y0.2O3-𝛿 .

[143] A similar trend was
observed in Ca0.3Y0.7Fe0.5Co0.5O3-𝛿 -BaZr0.1Ce0.7Y0.2O3 (CFYC-
BZCY)[144] composite air electrode (Figure 17c,d). As a result,
the enhanced electrochemical performance varies from 277 to
445 mW cm−2 at 600 °C due to the different proton conductors
and mixing ratios. As another classic MIEC, LaxSr1-xCoyFe1-yO3-𝛿
family oxides have also been widely utilized as the primary
phases of proton-conducting composite air electrode, such as
La0.6Sr0.4Co0.2Fe0.8O3-𝛿 (LSCF) – BaCe0.9Yb0.1O3–𝛿 (10YbBC),[145]

LSCF – BaCe0.9Y0.1O3-𝛿 ,
[146] LSCF-Ba(Zr0.1Ce0.7Y0.2)O3−𝛿

(BZCY),[147] and La0.6Sr0.4CoxFe1-xO3-𝛿 – BaZr0.8Yb0.2O3-𝛿
(BZYb).[148] These air electrodes exhibit enhanced electrode
catalytic performance compared to single-phase MIEC elec-
trodes due to the additional proton conductor. Besides, the most
popular MIEC air electrode, Ba0.5Sr0.5Co0.8Fe0.2O3-𝛿 (BSCF), is
often applied to form composite air electrode due to the excellent
oxygen/electron conductivity. Similar to SSC and LSCF oxides,
BSCF was used to mix with the proton conductor to enhance the
hydration and proton mobility ability, which can be evidenced in
BSCF-BaZr0.1Ce0.7Y0.2O3-𝛿 ,

[149] BSCF-BaZr0.1Ce0.7Y0.1Yb0.1O3–𝛿
(BZCYYb),[150] BSCF-BaZr0.65Ce0.20Y0.15O3.[151] In addition to the
typical single perovskite oxides, the double and R-P perovskite ox-
ides and their novel derives were also used to fabricate composite
air electrode via ball mixing, such as PrBa0.9Ca0.1Co2-xZnxO5+𝛿
(x ≤ 0.2) – BZCYYb,[152] Nd(Ba0.4Sr0.4Ca0.2)Co1.6Fe0.4O5+𝛿 –
BZCYYb,[153] Sr2Fe1.5Mo0.5O6-𝛿 – BaZr0.1Ce0.7Y0.2O3−𝛿 ,

[154]
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Figure 17. Mechanical mixing: a) a schematic sketch of high energy ball-milling treatment; b) the electrode reaction processes proposed for the LSCF
and LSCF-BCY composite air electrode; c) the oxygen diffusion and transfer on CYFC air electrode and d) ASR values for CYFC and CYFC-BZCY;
e) macroscopically averaged electrostatic potential curves and planar-averaged charge density difference of SSC-SBC interface; f) in situ DRIFT test-
ing for 0.5B-PN air electrode in wet (top) and dry (bottom) air; g) Gibbs free energy required for the ORR process on PN and 0.5B-PN surfaces and
h) the lattice-structures of the intermediates; i) schematic diagram of activation of the PN surface by B. b) Reproduced with permission.[146] Copyright
2024, Springer Nature. c,d) Reproduced with permission.[144] Copyright 2019, Elsevier. e) Reproduced with permission.[157] Copyright 2020, Elsevier.
f–i) Reproduced with permission.[159] Copyright 2023, American Chemical Society.
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Pr2NiO4+𝛿 - BaZr0.2Ce0.6Y0.2O3-𝛿,
[155] Lа2Ni1–хCuxO4+𝛿 (x ≤ 0.4) –

BaCe0.5Zr0.3Dy0.2O3-𝛿 .
[156]

Furthermore, triple-conducting air electrodes can also be syn-
thesized by combining other different perovskite oxides. For ex-
ample, a composite oxide formed by mechanically mixing SSC
and SmBaCo2O5+𝛿 (SBC) has demonstrated higher oxygen re-
duction capabilities and structural robustness.[157] This compos-
ite achieves a peak power density of 1.57 W cm−2 and ASR of
0.021 Ω cm2 at 750°C. DFT calculations indicate that upon con-
tact, the SBC surface acquires electrons from the SSC. This in-
terfacial electron transfer and redistribution promote electron-
hole separation. As a result, the unstable bonding significantly
increases the energy associated with the occupation of 𝜋* or-
bitals by surface peroxide species originating from the tensile-
strained interface (Figure 17e). This enhancement improves both
the bulk and surface diffusion rates of oxide ions, thereby accel-
erating the electrochemical reactions. Additionally, inspired by
the observation that isolated boron species in borosilicate form a
─B[OH…O(H)─Si]2 structure, which efficiently activates molec-
ular oxygen and propane to promote dehydrogenation, the sur-
face of the air electrode can be modified with boron species to
enhance surface proton acidity.[158] By mechanically ball-milling
a trace amount of boric acid (0.5 at. %) with Pr4Ni3O10+𝛿 (PN),
a 0.5B-PN composite air electrode was successfully prepared
(Figure 17f–i).[159] DFT calculations indicated that boron effec-
tively reduces the formation energy of oxygen vacancies. Fur-
thermore, the introduction of boron on the surface significantly
enhances the CO2 tolerance, surface hydration capacity, and
Brønsted acid site (BAS, ─OH) content of the PN material,
thereby boosting the surface ORR kinetics and stability. At 600 °C,
the maximum power density of a cell using the 0.5B-PN air elec-
trode was 149.5% higher than that of a cell using the PN air
electrode.

These findings emphasize the effectiveness of mechani-
cal mixing as a simple and efficient method for fabricating
triple-conducting composite electrodes. By thoroughly blend-
ing different materials, the synergistic interactions between
phases enhance the electrocatalytic activity. The smaller parti-
cle size achieved through mixing also increases the surface area
and facilitates better phase integration at the nanoscale. However,
the thermodynamic and electrochemical properties of the result-
ing composite electrodes are highly dependent on the specific
physicochemical characteristics of the constituent phases (typ-
ically representing oxygen-ion/electron-conducting and proton-
conducting phases) and their synergistic blending effects, includ-
ing phase ratios, interfacial properties, chemical and thermody-
namic compatibility, and the grain size of each phase. This is re-
flected in the varying electrochemical performances and thermal
expansion behaviors observed in different composite electrode
formulations. Thus, careful selection of phase compositions and
proportions, coupled with control of milling parameters such as
rates and durations, is imperative to engineer composite elec-
trodes via mechanical mixing, as these critical parameters exert
significant influence on the ultimate performance of the com-
posite electrode. Most composites prepared by physical mixing
methods also have some disadvantages, such as inhomogeneity,
micron-sized phases, high thermal expansion coefficients, un-
desired phase chemical interactions, and limited contact area of
each phase, which will greatly decrease the air electrode reactivity.

4.2.2. Impregnation Engineering

In contrast to conventional mechanical mixing approaches, im-
pregnation entails dispersing nano-catalysts onto a pre-prepared
scaffold, which is a simple and effective approach for prepar-
ing composite air electrodes. The process involves infiltrating a
porous framework with a precursor solution, followed by ther-
mal treatment to convert the precursor into the corresponding
phase or composition on the surface. Simultaneously, the mor-
phology of the impregnated coating can be tailored by the in-
terplay of metal ion adhesion within the precursor solution and
the capillary forces of the substrate.[160] These surface nanoparti-
cle coatings exhibit efficient catalytic activity and stability, there-
fore significantly enhancing the surface microstructure of the
porous framework through the nano-size effect, which in turn
increases its surface area to expand the triple-phase boundary
and enhance surface exchange kinetics.[161] Moreover, impregna-
tion coatings can introduce additional nanophases, significantly
amplifying the conductivity of frameworks. For instance, impreg-
nating a nano-MIEC into a porous proton-conducting phase elec-
trolyte scaffold or impregnating a proton-conducting phase onto
a MIEC scaffold effectively constructs highly efficient and stable
triple-conducting composite air electrodes.[162] Lastly, impregna-
tion can introduce stable materials into the electrode, enhancing
its long-term stability.[163] Compared to other nanotechnologies,
such as chemical vapor deposition and electrospinning, the im-
pregnation method is simpler in terms of process and equipment
and requires less active raw material to achieve the same loading.

Infiltrating traditional MIEC materials into proton-
conducting phases stands as a prevalent methodology
for crafting triple-conducting air electrode. For instance,
when Ba0.95La0.05Fe0.8Zn0.2O3-𝛿 is infiltrated onto a BZCYYb
scaffold,[164] the resulting nano-structured active layer, endowed
with commendable proton conductivity and electrocatalytic
prowess, effectively enlarges the proton-accessible area at the
electrode/electrolyte interface, thereby showcasing enhanced
ORR kinetics. Another composite air electrode, prepared by
impregnating BCFZY into a porous BaCe0.6Zr0.3Y0.1O3-𝛿 pro-
ton conductor carrier (Figure 18a,b), also exhibited superior
electrochemical performance compared to the single-phase
BCFZY electrode, evidenced by the lower ASR value of the
assembled symmetrical cell.[115] Considering the superior oxy-
gen ion transport capability of R-P-type perovskites, an R-P
oxide (Pr0.9La0.1)2(Ni0.74Cu0.21Nb0.05)O4+𝛿 (PLNCN)-infiltrated
BaZr0.1Ce0.7Y0.2O3-𝛿 air electrode has been developed. Benefiting
from the enhanced oxygen surface exchange process, the overall
electrode reaction kinetics were accelerated with optimized
loading (46.1 wt%).[165]

Similarly, the composite electrode decorated by infiltrating
sub-100 nm Ba0.5Gd0.8La0.7Co2O6−𝛿 (BGLC) nanocatalysts onto
a porous BaZr0.8Y0.2O3-𝛿 backbone manifests robust OER elec-
trocatalytic activity.[166] Moreover, upon transforming the surface
impregnation layer into LaCoO3,

[167] the electrocatalytic perfor-
mance undergoes further enhancement, yielding an ASR value
of only 2.18 Ω cm2 at 500°C, and ensuring sustained opera-
tion for 900 hours under a 10% humidity air. The disparities in
catalytic performance stemming from the impregnation of di-
verse nano-coatings primarily depend on discrepancies in the ion
or electron conductivity of the coatings, the adhesion between
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Figure 18. a) Fabrication process of infiltrated air electrode; b) corresponding SEM images of infiltrated composite air electrode; c) schematic illustration
of the fuel cell and air electrode in the presence of contaminants (Cr and steam); d) Raman spectra of bare PBSCF and infiltrated PBSCF electrodes after
exposure to wet air with direct Cr alloy contact; e) minimum energy pathways of the transformation of CrO3 to CrO2(OH)2; f) Crystal structures of parent
BCPY and infiltrated PNC; g–i) SEM images of bare and infiltrated electrodes. a,b) Reproduced with permission.[115] Copyright 2015, The American As-
sociation for the Advancement of Science. c–e) Reproduced with permission.[172] Copyright 2022, Wiley. f–i) Reproduced with permission.[173] Copyright
2023, Elsevier.

nanoparticles and the scaffold, and variances in the size and dis-
persion of nanoparticles. This underscores the importance for
impregnation methods to select appropriate nano-coatings to fa-
cilitate superior design of triple-conducting air electrodes.

Moreover, depositing perovskite nanoparticles onto the surface
of mixed oxygen/electron ion conductor frameworks can effec-
tively enhance catalytic activity. By impregnating BaCoO3-𝛿 (BCO)
nanoparticles onto conventional LSCF air electrode surfaces,[168]

the kinetics of the surface oxygen exchange process enabled by
BCO are further enhanced, leading to notable improvements in

the electrochemical performance and durability of BCO-LSCF.
DFT calculations have revealed that BCO nanoparticles preferen-
tially deposit by binding with Fe ions on the surface of LSCF (lat-
tice plane: 001), thus utilizing Co ions as active oxygen adsorption
centers on LSCF with an energy barrier of -0.81 eV. Furthermore,
impregnating Pr0.5Ba0.5CoO3-𝛿 (decomposes into Pr1-xBaxCoO3-𝛿
and BCO phases) onto the surface of LSCF has also significantly
enhanced its ORR/OER catalytic performance.[169]

Perovskite nanoparticle coating can also be used to sup-
press segregation trend of the A-site elements in the perovskite
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oxide backbones. For instance, given the fact that the PBC oxides
with favorable ORR/OER catalytic activity often suffer from Ba-
enriched surface segregation, leading to faster degradation under
high steam-containing atmosphere. A fluorite structure nanocat-
alyst of Pr0.1Ce0.9O2+𝛿 is coated on a PBC surface to fabricate a
composite air electrode,[170] resulting in enhanced ORR/OER cat-
alytic activity and durability as the coating layer provided more
active reaction sites and prevent the segregation of Ba. More-
over, as the Cr-containing metallic interconnects can degrade the
performance of Ba/Sr-containing electrodes by forming SrCrO4,
BaCrO4, or BaCr2O4 on the electrode surface,[171] a Ba/Sr-free
catalyst coating-Pr0.9Fe0.7Co0.3O3 (PFC) was applied to the sur-
face of the PBSCF electrode to enhance ORR activity and Cr-
poisoning tolerance (Figure 18c–e).[172] Raman spectroscopy and
DFT calculations confirmed that the PFC coating effectively di-
minishes the formation of Cr species, such as (Ba1-xSrx)CrO4, on
the electrode surface. Similarly, to enhance the surface oxygen
exchange process and tolerance against steam and CO2 of the
BaCe0.5Pr0.3Y0.2O3−𝛿 (BCPY) support, the catalyst PrNi0.5Co0.5O3
(PNC) was coated by infiltration (Figure 18f–i).[173] PNC exhibited
superior catalytic performance and excellent tolerance against
steam and CO2 due to its high ionic-electronic (H+/O2−/e−) con-
ductivity and absence of alkaline earth metals. CO2-TPD and EIS
results indicated that the PNC-BCPY showed the lowest CO2
absorption and a slight increase in ASR value in a CO2-H2O-
containing atmosphere, mainly due to the effective coverage of
the alkaline earth metal (Ba) in BCPY by PNC. This high activity
and stability are attributed to the synergistic effect between the
BCPY support and PNC nanoparticles, where BCPY provides a
main proton path, and PNC nanoparticles facilitate surface oxy-
gen exchange and steam adsorption/desorption processes due to
enriched surface oxygen vacancies.

In addition to the incorporation of perovskite oxide nanopar-
ticles, the deposition of metal oxide nanoparticles on the sur-
face of triple-conductive air electrodes has emerged as a promis-
ing strategy for enhancing electrode reaction kinetics. Specifi-
cally, the impregnation of thermodynamically stable NiO onto
the well-known BCFZY triple-conductive air electrode surface
has been shown to significantly enhance its surface exchange
kinetics.[174] The NiO nanoparticles, characterized by the high
adsorption and rapid dissociation ability of oxygen molecules, fa-
cilitate the enlargement of active sites for surface-exchange re-
actions without compromising the integrity of the BCFZY sur-
face or the triple-phase boundaries where the H2O is formed.
Consequently, the incorporation of NiO nanoparticles into the
air electrode results in a substantial reduction in polarization re-
sistance, accompanied by a superior power density of 780 mW
cm−2 at 600°C. Moreover, a multi-cationic oxide nano-catalyst
is introduced, denoted as PCNCFO with a nominal composi-
tion of Pr0.2Ce0.2Ni0.2Co0.2Fe0.2Ox, for coating onto the surface
of the typic PBC air electrodes.[175] The exceptional proton con-
ductivity and high catalytic activity of PCNCFO nanoparticles
(≈40 nm) enable perfect adhesion or even embedding onto PBC
backbone. Notably, the Ce oxide component within the nano-
catalyst coating can react with segregated Ba species to form ac-
tive BaCeO3-𝛿 phases, while other constituent elements such as
Pr, Ni, Co, and Fe exist on the PBC particle surface in the form
of their respective oxides. Consequently, the PCNFO-PBC com-
posite exhibits significantly enhanced hydration performance,

attributed to the excellent proton conduction characteristics of
BaCeO3-𝛿 , along with activated surface properties facilitated by
nanoscale metal oxide catalysts. On the other hand, the metal-
oxide precursor solution used for impregnation may undergo
chemical reactions with the backbone, resulting in the formation
of perovskite phase nanoparticles on the surface, thereby con-
stituting a composite electrode. For instance, when a Co(NO3)2
precursor solution is impregnated onto the surface of R-P-type
La1.2Sr0.8NiO4+𝛿 (LS8N) oxide and subjected to high-temperature
calcination, the deposited solute reacts with the LS8N matrix
to form LSC nanoparticles, leading to the construction of an
LSC/LS8N hetero-interface.[176] The exposed LSC/LS8N hetero-
geneous interface comes into contact with oxygen gas, signifi-
cantly enhancing the ORR activity of the electrode, as evidenced
by the sharply reduced ASR from 4.22 Ω cm2 for the bare elec-
trode to 0.49 Ω cm2 for the LSC/LS8N (treated with 0.2 mol L−1

Co(NO3)2) air electrode.
Surface decoration of air electrode materials with nonreactive

insulators, such as carbonates and metal oxides, has proven to
be an effective method for regulating the electronic structure
of oxides and modifying reaction kinetics. For instance, inac-
tive insulators like MgO, CaO, and BaCO3 have been shown to
significantly enhance the catalytic activity of air electrodes.[177]

Recently, the effect of coating carbonates and oxides, including
Y2O3, BaCO3, SrCO3, and Al2O3, on the surface of the air elec-
trode PrBaFe2O5+𝛿 (PBF) was studied to explore the impact of
the nonreactive insulator/ MIEC interface on catalytic activity.[178]

The results revealed that insulators with work functions lower
than that of the PBF electrode, such as Y2O3 and BaCO3, accel-
erated ORR kinetics by donating electrons to the PBF surface, as
confirmed by Bader charge analysis. In contrast, insulators with
higher work functions, such as Al2O3, hindered ORR kinetics by
extracting electrons from the PBF oxides.

It is worth noting that the impregnation process cannot control
the size and uniform distribution of nanoparticles on the scaf-
fold. Additionally, the adhesion between the impregnated layer
and the scaffold may be compromised by differences in TEC and
electrochemical reactions, leading to delamination. These issues
inevitably result in lower electrode performance and limited long-
term stability. Furthermore, the high-temperature re-sintering af-
ter impregnation and the multiple impregnation steps needed to
achieve the desired loading significantly increase both economic
and time costs, while also introducing defects and damage to the
material’s structure and composition. In conclusion, while the
impregnation method can enhance electrode performance, it still
presents challenges and shortcomings that need to be addressed.

4.2.3. Core-Shell Microstructure

The core-shell architecture, incorporating additional phases as
the shell to cover the core material, also plays an important role in
fabricating composite electrodes via modifying the surface prop-
erties. By incorporating a shell structure on the electrode surface,
which functions as a nanocatalyst or protective layer, the reactive
surface area of porous air electrode materials (core) can be sig-
nificantly enhanced, leading to improved stability against H2O,
CO2, and Cr.[179] Furthermore, when an adequate amount of shell
nanoparticles with superior mixed ionic/electronic conductivity
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forms a continuous charge transport pathway, the electronic and
ionic conductivity of the nanocomposite electrode is substantially
increased. This heterojunction structure also facilitates grain re-
finement, preventing excessive agglomeration of internal nano-
metal particles during high-temperature sintering.[180] These
beneficial effects contribute to the development of nanocom-
posite air electrodes with exceptional electrocatalytic activity and
stability.

Many studies have demonstrated that the synergistic effects
of core-shell heterostructure exhibit higher electrochemical per-
formance than the bare air electrode material.[181] For instance,
shaped coatings are used to inhibit the thermal expansion of
grains and the chemical reaction with pollutants to improve
the stability of electrodes.[182] Based on these conclusions, a
triple conductive air electrode material with a core-shell struc-
ture by impregnating Co onto BaZr0.4Ce0.4Y0.2O3-𝛿 (BZCY) sup-
ports was prepared. The core is BZCY framework, and the outer
shell layer contains cubic phase Ba(Zr0.4Ce0.4Y0.2)1-xCoxO3-𝛿 , cubic
spinel phase Co3O4 and cubic fluorite phase (Ce, Zr, Y)O2.

[181b]

This electrode displayed a good match with the electrolyte and
exhibited a stable and efficient ORR catalytic performance in
an aqueous atmosphere. In addition, the LSCF (surface layer)-
LSM (core) composite electrode with core-shell structure was also
synthesized.[181a] The high coverage of the highly active LSCF
film shell on the LSM particles not only enhanced the oxygen
surface exchange by providing high surface area properties and
active surface sites, but also significantly enhanced the ionic con-
ductivity of the electrode due to the formation of a connected
ion-conducting network. These factors help to significantly en-
hance the dissociation and surface diffusion processes of oxygen
associated with the electrode reaction, thus showing better cat-
alytic activity for ORR. In addition, Li et al.[181c] studied a com-
posite electrode with a modified La2NiO4+𝛿 shell structure on a
PBSCF support (core layer) and found that the surface of this
core-shell structure is rougher, which provides more activity for
the cathode surface reaction. At the same time, the alkaline-earth
element-free nature of the La2NiO4+𝛿 layer alleviates the perfor-
mance degradation of the electrode due to pollutants.

Moreover, considering that perovskite SrFeO3−𝛿 has higher
oxygen ionic and electronic conductivity, while the R-P type
Sr3Fe2O7-𝛿 shows potential for proton conducting ability due to
its unique layered structure, a strategy was proposed to create a
heterostructure junction by partially converting SrFe0.9Nb0.1O3-𝛿
(SFN113) to Sr3Fe1.8Nb0.2O7-𝛿 (SFN327) on its surface to fab-
ricate a core-shell microstructure (Figure 19a).[183] Specifically,
SFN113 powder was mixed with Sr(NO3)2 at a mass ratio of
1:0.4 in a solution using urea as a chelating agent, Triton X-
100 as a dispersant, and deionized water as the solvent. The
Sr-species on the SFN113 surface can react with its bulk to in-
situ generate R-P type SFN327, forming a heterostructure triple-
conducting air electrode with an SFN113 core and a tetrago-
nal SFN327 shell (SFN113@327) through sintering at differ-
ent temperatures. This synthesized core-shell microstructure
was confirmed by SEM, XRD, and TEM results. Furthermore,
electrochemical performance tests indicated that the core-shell
SFN113@327 exhibited superior electrochemical performance
compared to the parent SFN113, attributable to the synergis-
tic effects of the heterostructure and the proton conductivity of
the SFN327 shell. Similarly, the core-shell was also observed

in the Ba(Co0.4Fe0.4Zr0.1Y0.1)0.9Al0.1O3-𝛿 (BCFZYA) (10%Al doped
BCFZY) air electrode due to the rearrangement of atoms in the
several nanometer depth surface regions (Figure 19b,c).[184] Inter-
estingly, perovskite oxide electrode materials can develop in situ
double-shell structures, enhancing electrocatalytic performance
beyond the typical single-shell configurations. For instance, the
K2NiF4-type La1.2Sr0.8Ni0.5Mn0.5O4+𝛿 (LSNM) air electrode, when
annealed in air at 1200 °C, forms a dual-layer shell structure fea-
turing a B-site deficient LSNM and a new perovskite phase on
its surface.[185] This distinctive tri-layer architecture (core-shell B-
shell A) arises from concurrent atom rearrangement and dopant
segregation during calcination (Figure 19d), driven by the elastic
and electrostatic interactions of the dopant with the surrounding
lattice in the perovskite-related R-P phase oxide LSNM.[127b,186]

Cation segregation occurs within a 4.5 nm depth surface region
(Figure 19e), while segregated atoms (La, Sr) accumulate within a
2 nm depth surface region, resulting in a bi-shell microstructure.
The B-site over-deficient structure in the A-shell facilitates the for-
mation of Ni or Mn vacancies, ensuring abundant oxygen vacan-
cies and providing pathways for various oxygen species. Simul-
taneously, the B-site deficient perovskite LSNM-B in the B-shell
offers substantial capacity for accommodating oxygen species
and electron mobility, promoting efficient oxygen charge trans-
fer (Figure 19f,g). These attributes are highly advantageous for
oxygen-related reactions. Consequently, this core/bi-shell LSNM
air electrode demonstrates remarkable electrochemical perfor-
mance, achieving a PPD of 799 mW cm−2 at 600 °C, surpassing
many reported Ln2NiO4-based air electrodes.

Although two-phase air electrode materials with a core-shell
structure have the above-mentioned advantages due to the pro-
tective layer on the surface, it cannot be ignored that the rate-
controlling step of the ORR/OER is still mainly limited by the
gap of charge transfer sub-step between the electrode bulk phase
and the core-shell layer. How to effectively reduce the interphase
charge transport resistance is still a key issue in the modifica-
tion of cathode materials with core-shell structures. At present,
researchers mainly improve the charge transfer step by reducing
the thickness of the core-shell layer, such as combining multi-
step penetration methods to control the thickness of the core-
shell layer.[182]

4.3. Nanocomposite Air Electrode

Nanocomposites refer to materials that are composed of two
or more distinct constituents at the nanoscale (i.e. less than
100 nm). Unlike composite electrodes fabricated through con-
ventional mechanical blending or impregnation methods, the
formation of nanoscale composites offers an expanded inter-
face between these various phases. This heterojunction interface,
which is generated during the material compounding process,
exhibits enhanced uniformity and robustness. These character-
istics yield numerous advantageous effects for electrochemical
reactions, including higher catalytic activity, improved electronic
and ionic conduction, and superior stability. Furthermore, these
nanocomposite electrodes are typically comprised of a combina-
tion of materials with diverse functionalities, such as catalysts,
conductors, and stabilizers. The integration of these phases at the
nanoscale facilitates shorter paths for charge/mass transfer and
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Figure 19. a) Schematic diagram of the core−shell structure SFN113@327; b) the enlarged core-shell surface region at the air electrode/electrolyte
interface; c) HR-TEM image of the core-shell structure for BCFZYA ai electrode; d) schematic diagram and e) HR-TEM of the core/bi-shell structure for
LSNM air electrode; f) the formation energy of oxygen vacancies comparison of LSNM-A in A-shell, LSNM-B in B-shell, LSNM in C-core and the proton
rotating and jumping energy barrier; g) the phase conversion process for core-bi-shell structure for LSNM material. a) Reproduced with permission.[183]

Copyright 2021, American Chemical Society. b,c) Reproduced with permission.[184] Copyright 2023, Elsevier. d–g) Reproduced with permission.[185]

Copyright 2023, Elsevier.

provides a larger surface area for reactions. Owing to these ben-
efits, nanocomposite electrodes have been garnering increasing
attention.

4.3.1. Self-Assembly Strategy

Self-assembly refers to the process whereby a disordered sys-
tem spontaneously forms an organized structure through in-
teractions among its fundamental building blocks, such as at-
traction, repulsion, and chemical bonding, without external
intervention.[187] This technique promotes the development of
nanocomposite materials with multifunctional features through
precise design and control of their properties.

For nanocomposite electrodes, the one-pot synthesis method
is a crucial self-assembly strategy for obtaining nanocrystalline

phases with complementary functions.[188] During this process,
all components are synthesized simultaneously within the same
reaction environment without additional treatment. The inter-
actions between different phases can generate enhanced con-
tact and smaller particles, ensuring intrinsic chemical cooper-
ation among the components, uniform distribution, expanded
heterointerfaces, enhanced three-phase boundaries, and robust
interfacial cohesion.[189] These strong synergistic effects signifi-
cantly enhance the electrochemical performance and durability,
establishing self-assembly as a vital method in the preparation of
nanophase catalysts.

Self-assembly technology is commonly employed to fabricate
nanocomposite electrodes that possess both proton/electron-
conducting phases and oxygen ion/electron-conducting
phases to ensure high triple conductivity. For example,
BaCo0.7(Ce0.8Y0.2)0.3O3-𝛿 (BCCY) will spontaneously reconstruct
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Figure 20. a) The electrode reaction processes for self-assembled nanocomposite electrode; b) refined XRD profiles and c) HR-TEM image of one-pot
synthesized composite; d,e) schematic diagram of hydrated electrode interface and f) hydration energy of BCCY and BCZY electrodes; g) comparison
of the proton concentration of two-phase nanocomposites; h) lattice parameters as functions of the Fe and Ce contents; i) the phase diagram shows
the miscibility gaps. a–c) Reproduced with permission.[190] Copyright 2019, Elsevier. d–f) Reproduced with permission.[191] Copyright 2023, Elsevier.
g–i) Reproduced with permission.[193] Copyright 2022, Royal Society of Chemistry.

into a Ce-rich H+/e− conducting phase close to BaCe0.8Y0.2O3-𝛿
(P-BCCY) and a Co-rich O2−/e− conducting phase close to
BaCo0.9(Ce0.8Y0.2)0.1O3-𝛿 (M-BCCY) after one-pot sintering
(Figure 20a–c).[190] Furthermore, these two phases are well-
mixed and intimately connected within the micrometer-sized
grains (0.5-1.0 μm) at the nanoscale (P-MCCY-155.2 nm and M-
BCCY-132.8 nm). Such nanocomposite also holds a high triple
conducting capability. When the operating temperature ranges
from 525 to 650 °C, the proton and oxygen ion conductivities
measured using hydrogen and oxygen permeation reached 0.07–
0.10 S cm−1 and 0.01–0.03 S cm−1, respectively. Moreover, when
the Ce was totally replaced by Zr for BCCY, the nanocomposite
BaCo0.7(Zr0.8Y0.2)0.3O3-𝛿 (BCZY) would self-assemble into three
functional phases: a major cubic Co-rich phase (59.4 wt%, space
group: Pm-3m), a minor cubic Zr-rich phase (35.6 wt%, space

group: Pm-3m), and a very small amount of hexagonal Co-rich
phase (5.0 wt%, space group: P63/mmc) (Figure 20d–f).[191] The
catalytic activity and stability are enhanced due to the strongly
interacting interface introduced by the interdiffusion of Co and
Zr ions. A similar phenomena have been observed in cobalt-
free materials, as the nanocomposite electrode BaCexFe1-xO3-𝛿
(x = 0.36, 0.43, and 0.50) self-assembles into two phases af-
ter high-temperature sintering: the cubic perovskite (CP) and
orthorhombic perovskite (OP) structures.[192] The CP phase
BaFeO3-𝛿 demonstrates high oxygen ion permeability and elec-
tron conductivity, while the OP phase BaCeO3-𝛿 acts as a proton
conductor. The self-assembled CP/OP mixture can be controlled
by adjusting the Ce/Fe ratios to tailor the in-situ heterojunction
structure and triple conductivity. Furthermore, the nominal
composition BaCe1-(x+0.2)FexY0.2O3-𝛿 (0.1 ≤ x ≤ 0.6) with Y sub-
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stituting for Ce also self-assembles to form a Fe-rich cubic
phase and a Ce-rich orthorhombic/trigonal phase via one-pot
sol-gel method (Figure 20g–i).[193] The proton concentrations
of the two-phase composite BaCe0.4Fe0.4Y0.2O3-𝛿 in 17 mbar
pH2O reached 1.4 mol% due to the suitable ratios of different
phases. A similar trend was also observed in the optimized
BaCe0.16Y0.04Fe0.8O3-𝛿 nanocomposite electrode, which was com-
posed of a cubic BaFex(Ce/Y)1-xO3-𝛿 phase (Pm-3m, 98.6wt%)
and orthorhombic Ba(Ce/Y)xFe1-xO3-𝛿 phase (Pmcn, 3.4wt%).[194]

Additionally, nanocomposite-Ba(CeCo)0.4(FeZr)0.1O3-𝛿 (BC-
CFZ), containing both Ce-Zr and Co-Fe, also underwent a
self-construction process, and a 40wt% mixed ion and electron-
conducting phases of BaCo1-(x+y+z)CexFeyZrzO3-𝛿 (M-BCCFZ,
Pm-3m) and another dominant (60%) proton-conducting phase
of BaCe1-(x+y+z)CoxZryFezO3-𝛿 (H-BCCZF) were formed.[195]

This low-cobalt-content self-assembled cubic-rhombohedral
nanocomposite material exhibits suitable triple-conducting
properties with a low enthalpy of protonation of −30 ± 9 kJ
mol−1 and a low thermal expansion coefficient (TEC) of 9.6 ×
10−6 K−1. Such phase separation may derive from the significant
differences between the B-site (Ce/Zr and Co/Fe) ionic radii,[193]

this leads to automatic restructuring within the parent lattice to
achieve a thermodynamically stable structure.

4.3.2. In Situ Exsolution Strategy

Exsolution is a controlled phase separation technique used to uni-
formly grow nanoparticles on a support, with perovskite oxides
often serving as the host materials due to their good stability un-
der redox conditions and high temperatures, as well as their abil-
ity to be doped and maintain non-stoichiometry. These nanoparti-
cles (NPs), dispersed across the surface of oxide supports, signifi-
cantly enhance catalytic activity through improved surface and in-
terface properties, such as increased active surface area and phase
boundaries. Additionally, exsolved nanoparticles are strongly an-
chored to the oxide support, creating robust particle-substrate in-
teractions. This anchoring results in exceptional resistance to ag-
glomeration, carbon coking, and sulfur poisoning, enabling long-
term stable operations.[196] However, exsolution primarily occurs
in reducing atmospheres (e.g., H2) and, in oxidizing environ-
ments like the air electrode working atmosphere at high tem-
peratures, these nanoparticles may gradually re-dissolve into the
parent lattice, raising stability concerns for air electrode mate-
rials. Therefore, efforts are ongoing to identify suitable driving
forces for exsolution and develop stable nanoparticles that can
withstand wet air conditions to fabricate the nanocomposite air
electrode for R-PCECs.

Utilizing H2O as a mediator to induce the in-situ forma-
tion of active catalytic nanoparticles has demonstrated signifi-
cant potential for enhancing electrochemical reactions. For exam-
ple, when the highly moisture-tolerant layered perovskite oxide
PrBa0.8Ca0.2Co2O5+𝛿 (PBCC) is exposed to wet air (3 vol% H2O–
air), Ba ions segregated by H2O spontaneously combine with Co
ions from the host oxide through topotactic cation exchange, re-
sulting in the in-situ generation of BaCoO3-𝛿 (BCO) catalysts on
the bulk PBCC (Figure 21a–c).[197] This process leads to a hetero-
geneous catalyst-coated surface, as evidenced by the SEM, TEM,
EDX, and Raman profilometry of the protonated PBCC sample

((Figure 21a).[197] Furthermore, the oxygen surface exchange ki-
netics are significantly improved due to the lower activation en-
ergy required for BCO nanoparticles (0.60 eV versus 1.42 eV),
as revealed by DFT calculations.[197a] Detailed examination of
the OER processes using DFT and density of states (DOS) re-
veals that H2O adsorbs on the BaCoO3 (110) surface and dis-
sociates into surface species (i.e., OH* and H*). The OH* in-
termediate then dissociates into O* and H*, leading to the for-
mation and desorption of O2 on PBCC (010) (Figure 21b,c).[197b]

As a result, the BCO-PBCC exhibited excellent electrochemi-
cal performance- the ASR value is only 0.02-0.035 Ω cm2 at
700°C. This exceptional activity is attributed to the rapid water
dissociation on BCO nanoparticles and efficient oxygen desorp-
tion on PBCC. BCO nanoparticles stand out as superior cata-
lyst particles, maintaining stability in high steam and CO2 atmo-
spheres, and ensuring robust performance in both FC and EC
modes.[197b] The in-situ exsolution of BCO NPs was also observed
in a Pr1-xBaxCoO3-𝛿 thin film coated (La0.6Sr0.4)0.95Co0.2Fe0.8O3-𝛿
(LSCF) air electrode exposed to high concentrations of water.[169]

This heterogeneous catalyst coating significantly enhanced the
electrocatalytic activity and stability of the LSCF electrode, at-
tributed to improved surface oxygen exchange, rapid proton dif-
fusion, and efficient H2O and O2 dissociation on the catalysts, as
confirmed by DFT analyses. Similarly, PrBaCo1.6Fe0.2Nb0.2O5+𝛿
(PBCFN) can interact with steam to generate Nb-deficient par-
ticles PrBaCo1.6Fe0.2Nb0.2-xO5+𝛿 on its surface.[198] SEM images
of the PBCFN electrode before and after testing revealed the
presence of these nanoparticles, confirmed by HAADF TEM re-
sults, which indicated they are Nb-deficient and provide more
active reaction sites in wet air. Comparable Nb-deficient NPs
were also formed on the Ba0.9Co0.7Fe0.2Nb0.1O3-𝛿 (BCFN) air elec-
trode skeleton via a water-promoted surface restructuring pro-
cess (Figure 21d,e).[199] Calculations of segregation energy (Esegt)
for co-dopant cations and their interaction with steam indicated
a segregation order of Co > Fe > Nb (Figure 21f), leading to Nb-
deficient NPs.

When a novel air electrode material, Ba1-xGd0.8La0.2+xCo2O6-𝛿
(BGLC), was used in R-PCEC in electrolysis mode at 600 °C un-
der 1.5 bar of steam for 72 h, partial substitution of Ba with La
(x < 0.5) resulted in two phases: double perovskite and hexag-
onal BCO.[200] Indeed, XRD analysis showed that BGLC with
50% Ba substitution (x = 0.5) remained stable under these con-
ditions, without BCO precipitation. These findings may sug-
gest that both high steam concentrations and the unique lattice
structure (segregation cations and their interactions with neigh-
boring atoms and oxygen vacancies) contribute to in situ ex-
solution of NPs. Another sample is the A-site doping air elec-
trode. Specifically, BaCo0.4Fe0.4Zr0.18Y0.02O3-𝛿 , a well-known TCO
air electrode, remains stable in wet air. However, partial replace-
ment of Ba with monovalent alkali metals (Li, Na, K) to fabri-
cate K0.05Ba0.95Co0.4Fe0.4Zr0.18Y0.02O3-𝛿 (KBCFZY) led to the exso-
lution of BaOx on the surface in humidified air (Figure 21g–i).[201]

This exsolution is driven by the formation of barium and oxy-
gen vacancies facilitated by A-site acceptor doping, and DFT re-
sults showed a decrease in oxygen vacancy formation energy
from 0.10 to -0.20 eV after K-doping (Figure 21i). Additionally,
water vapor likely contributes to this process through hydration
and hydrogenation reactions that redistribute holes and redox-
active elements, triggering BaOx exsolution via lattice cation
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Figure 21. a) SEM, TEM, and EDX mapping images of the air electrodes before and after testing in humid conditions; b) Gibbs free energy changes
for the OER on the exsolved air electrode surface; c) proposed OER mechanism; d) elemental profile along the scanning line shown in the TEM im-
age; e) models of segregated Nb from the bulk to the surface; f) calculated segregation energy; g) reaction mechanism of ABCFZY in humidified air;
h) BaOx exsolution onto KBCFZY (FE-SEM, TEM, HR-TEM, and FFT pattern) and the mapping results; i) the DFT calculated oxygen vacancy formation
energy; j) schematic diagram of water-mediated ex-solution; k) water uptake and thermogravimetric profiles of dense BCFZY-Ag pellets; l) HRTEM im-
age of exsolved Ag nanoparticles, (inset) magnified image. a–c) Reproduced with permission.[197b] Copyright 2021, American Chemical Society. d–f)
Reproduced with permission.[199] Copyright 2022, Springer Nature. g–i) Reproduced with permission[201] Copyright 2024, Royal Society of Chemistry.
j–l) Reproduced from ref. [202] with permission from the Royal Society of Chemistry.
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vacancy formation. Additional factors such as relaxation of lat-
tice strain and defect interactions may also contribute. Moreover,
the highly basic BaOx phases can act as catalysts for acid-base
reactions, particularly hydration, enhancing the electrode’s activ-
ity by facilitating proton incorporation. This feature ensured the
KBCFZY air electrodes demonstrated higher activity and stabil-
ity for both ORR and OER, achieving over 1.65 W cm−2 PPD in
FC mode and over 6.5 A cm−2 in EC mode at 1.3 V at 650°C. An-
other instance of water-mediated exsolution involves Ag-doped
BaCo0.4Fe0.4Zr0.1Y0.1O3-𝛿 (BCFZY-Ag).[202] Specifically, when ex-
posed to a humid atmosphere, the redox-active elements (Ag+

in this case) in protonic conducting oxides reacted with water
through hydrogenation, consuming electron holes generated by
the exsolution process (Figure 21j,k). This promoted the exsolu-
tion of Ag+ with extreme reducibility, resulting in in situ forma-
tion of Ag nanocatalysts on the BCFZY surface without additional
treatment (Figure 21l). Notably, unlike other metal oxide catalysts
with generally low electronic conductivity and thus slow down the
charge transfer process on the electrode surface, Ag exhibits out-
standing electronic conductivity, which facilitates charge transfer
in triple-conducting electrodes. Furthermore, it is stable under
high oxygen partial pressure conditions and maintains excellent
gas adsorption/desorption and anti-poisoning properties, result-
ing in the Ag-BCFZY air electrode exhibiting robust dual catalytic
performance and stability for both ORR and OER processes.

Additionally, the lattice strain in perovskite oxides also
plays a critical role in regulating the size and distribution
of exsolved nanoparticles. For instance, studies on 100 nm
La0.2Sr0.7Ni0.1Ti0.9O3-𝛿 thin films revealed that compressive strain
produces smaller nanoparticles with higher population densities
compared to tensile strain. This phenomenon is attributed to the
relaxation of lattice misfit strain energy, which promotes surface
nucleation kinetics under compressive conditions. However, con-
trasting behavior has been observed in La0.6Sr0.4FeO3 (LSF) thin
films, where tensile strain enhances oxygen vacancy formation,
favoring Fe nanoparticle exsolution. These findings highlight the
importance of tailoring the inherent structural properties of per-
ovskite oxide supports to optimize strain-induced behaviors in
thin-film systems.

4.3.3. Self-assembly-triggered in-situ exsolution

Furthermore, the self-assembly process of materials can initi-
ate the exsolution of nanoparticles, as confirmed by the influ-
ence of sintering temperature control on the air electrode. For
instance, under high-temperature firing conditions (1100 °C for
10 h), the air electrode Ba2Co1.5Mo0.25Nb0.25O6-𝛿 (BC1.5MN) de-
composes into a single-perovskite phase BaCoO3-𝛿 (SP-BCO, 55
wt%) and a double-perovskite phase Ba2-xCo1.5-xMo0.5Nb0.5O6-𝛿
(DP-BCMN, 45 wt%) (Figure 22a–c).[203] The exsolved BCO phase
enhances surface catalytic activity for the ORR and the hydra-
tion reaction for steam splitting (OER), as evidenced by the lower
valence state of Co cations (Figure 22d), a reduced Co-O coor-
dination number observed in X-ray absorption near edge struc-
ture (XANES), and increased H2O adsorption shown in H2O-
TPD plots (Figure 22e). The interaction between SP-BCO and
DP-BCMN improves structural stability and facilitates the diffu-
sion of triple-ions, resulting in excellent cycling stability of 220 h

and outstanding performance with a PPD of 1.17 W cm−2 and an
electrolysis current density of 2.04 A cm−2 at 650°C. Similarly, the
double perovskite oxide PrSrCo1.8Nb0.2O6-𝛿 (PSCN) in-situ gen-
erates SrCo0.5Nb0.5O3-𝛿 (SCN) NPs on its surface during calcina-
tion (900 °C for 2 h) and maintains stability throughout anneal-
ing (Figure 22f–i).[204] XRD and SEM results at different sinter-
ing temperatures (800-1000°C), along with corresponding DFT
calculations, suggest that the presence of a metastable structure
during calcination triggered exsolution (Figure 22h–i). Electro-
chemical measurements and DFT calculations indicate that the
improved OER and ORR activities of the air electrode are due to
the fast kinetics of surface oxygen exchange, low oxygen forma-
tion energy, and low dissociation energy for H2O and O2 induced
by the SCN clusters and their strong interface with PSCN.

Finally, specific lattice regulation techniques, such as the
introduction of A-site defects and the modulation of M-O bonds
within the bulk phase, can facilitate the in-situ generation of
NPs through a self-assembly transformation process under dry
air conditions. The prepared precursor, Sr0.9Ce0.1Fe0.8Ni0.2O3-𝛿
(SCFN),[205] undergoes automatic reconstruction into multi-
ple phases: a tetragonal SrFeO3-𝛿 (SF)-based phase (I4/mmm,
77.4wt%) and an R-P-based phase (I4/mmm, 11.7wt%) with
surfaces decorated by CeO2 (Fm-3m, 4.8wt%) and NiO (Fm-3m,
6.1wt%) nanoparticles. Mass spectrometry (MS) and Fourier
transform infrared (FTIR) spectroscopy, coupled with theoretical
calculations, demonstrate that the RP phase enhances hydration
and proton transfer, while NiO and CeO2 nanoparticles facilitate
O2 surface exchange and the transfer of O2− from the surface to
the primary perovskite phase. The synergistic effect among these
phases ensures rapid triple conduction (H+/O2−/e−), thereby
enhancing ORR/OER activities. Similar research was conducted
on synthesizing precursors with the nominal composition
Ba0.95(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05O3-𝛿 (BCFZYN-095). Under
an oxidizing atmosphere, the material self-assembled to form
a major perovskite phase (m-BCFZYN, Pm-3m) and a minor
NiO phase (Fm-3m) (Figure 22j–l).[206] The in-situ generation
of nanoparticles on the surface of the parent perovskite oxide
is driven by several factors: A-site cation deficiency, the low
co-segregation energy of Ni ions, and a spatial effect related to
the ionic radius difference between Ni3+ (0.56 Å) and Ni2+ (0.69
Å).[206a,207] The major perovskite phase, achieved through precise
cation non-stoichiometric manipulation, enhances bulk proton
conduction and O2 desorption. The hydration energy (Ehydr) of
D-BCFZYN is only -0.155 eV, which is significantly lower than
that of the pristine BCFZY (0.117 eV). Concurrently, the NiO
nanoparticles facilitate the oxygen and steam surface exchange
processes, as demonstrated by the notable lower energies for
steam and oxygen adsorption on the NiO(111) surface (−1.679
eV and −3.301 eV) (Figure 22k). These positive effects result
in improved ORR and OER catalytic performance. Moreover,
when the stoichiometric Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05O3-𝛿
perovskite oxide without deficiency was further modi-
fied by the anion F− with greater electronegativity, the
nanocomposite-Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05F0.1O2.9-𝛿 (N-
BCFZYNF) also exhibited a major cubic perovskite phase
(99.0 wt%, Pm-3m) and a minor NiO phase (1.0 wt%,
Fm-3m) (Figure 22m,n).[208] The nanoparticle genera-
tion can be associated with the low co-segregation energy
of Ni ions and attenuated metal-oxygen chemical bonds
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Figure 22. a) Rietveld results of B1.5MN; HRTEM images of b) BCO and c) BC1.5MN; d) Co valence state from XANES and XPS; e) H2O-TPD signal
for BCM, BCM, and BC1.5MN; f) phase transition process; g) variation of lattice parameters of PSCN at increasing temperatures; h) SEM images of
powders; i) energy profiles along the different reaction coordinate; j) ORR/OER reaction paths and calculated free energies; k) adsorption of H2O and O2;
l) proposed ORR/OER process for D-BCFZYN air electrode; m) mapping results n) active M-O and MO for N-BCFZYN air electrode. a–e) Reproduced
with permission.[203] Copyright 2022, Wiley. f–i) Reproduced with permission.[204] Copyright 2024, American Chemical Society. j–l) Reproduced with
permission.[206a] Copyright 2024, Elsevier. m,n) Reproduced with permission.[208] Copyright 2024, Wiley.

in the lattice. Consequently, the synergistic optimization
effects weaken bulk-phase metal-oxygen bonds and surface
formation of metal oxide nano-catalysts substantially improved
oxygen adsorption/desorption and hydration rates, as well
as capabilities of O2−/H+ migration, resulting in better per-
formance in FC and EC modes. Interestingly, the Ni-doped
PrBaFe1.9Mo0.1O6-𝛿 (PBFMN) air electrode also in situ generated
the NiO partially via self-assembled process.[209] The bulk Ni-
modified PBFMN promoted oxygen vacancy formation and thus

enhanced the proton migration rate while NiO NPs improved
oxygen surface exchange by facilitating oxygen adsorption and
dissociation.

4.4. High Entropy Air Electrode

It is widely accepted that excess energy in a system typi-
cally drives spontaneous transitions to low-energy steady states,
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increasing the overall entropy of the system. Inspired by this
phenomenon, researchers have developed high-entropy per-
ovskites (HEPs) (Figure 23a). These materials utilize the high
configurational entropy of perovskite to enhance thermodynamic
stability, surpassing conventional materials in this regard. No-
tably, HEPs retain robust structural stability without compromis-
ing their catalytic activity (Figure 23b).[210]

High-entropy materials were first introduced as high-entropy
alloys (HEAs) in 2004.[211] HEAs contain five or more principal
elements at near-equimolar ratios, typically ranging from 5% to
20% molar ratio. The defining characteristic of HEAs is their high
configurational entropy, which can be expressed as Equation (25):

Sconfig = −R

(
n∑

i=1

xiln
(
xi

))
(25)

where R is the ideal gas constant, 𝑥𝑖 represents the molar frac-
tion of elements, and n is the number of elements. The higher
the value of the configurational entropy, the greater the likelihood
of forming a stable single-phase crystal structure. According to
this equation, the maximum configurational entropy occurs in
systems with equal atomic fractions, and the maximum Sconfig
values are1.61R and 2.30R when n is 5 and 10, respectively. Ac-
cording to published results,[212] materials with an Sconfig of 1.5R
or greater are classified as “high entropy,” those with Sconfig val-
ues between 1.0R and 1.5R are categorized as “medium entropy,”
and those with Sconfig values of 1.0R or less are considered “low
entropy.” Consequently, high-entropy oxides typically consist of
at least five principal metallic elements in equal or near-equal
proportions.[213]

Like HEAs, the configurational entropy of HEPs utilized as the
air electrode can also be defined by taking both cations and anions
into consideration, which is given by Equation (26).

Sconfig = −R
[(∑A

a = 1
xalnxa +

∑B

b = 1
xblnxb

)
cation−site

+
(∑M

j = 1
xjlnxj

)
anion−site

]
(26)

Here, A, B, and M refer to the number of elements present at
the A-site, B-site, and anion positions, respectively; 𝑥a, 𝑥b, and 𝑥j
indicate their corresponding mole fractions; and R is the univer-
sal gas constant (R = 8.314 J (mol K)−1).

The HEP materials, with configurational entropy (Sconfig) equal
to or greater than 1.5R (Figure 23c), typically feature A-sites oc-
cupied by alkali, alkaline earth, or rare earth metal cations, B-
sites occupied by transition metal cations, and M-sites by halo-
gen, oxygen, nitrogen, or sulfur anions[210b] Unlike conventional
perovskites, HEPs exhibit greater lattice distortion due to the sub-
stitution of multiple elements with differing ionic radii.[214] The
increase in configurational entropy can lead to the entropy sta-
bilization of HEPs, resulting in a high probability of stabiliz-
ing a single-phase crystal structure when the entropy exceeds
1.5R, thus classifying them as entropy-stabilized perovskites.[215]

Although not all HEPs are entropy-stabilized, the high entropy
imparts four main effects: high-entropy effect, severe lattice dis-
tortion, sluggish diffusion, and cocktail effect.[216] Consequently,
HEPs possess significant advantages over traditional materials,

such as superior mechanical strength, structural stability, high-
temperature stability, and exceptional magnetocaloric effects.[217]

4.4.1. High Entropy Oxides

Due to the attractive properties of high-entropy materials, signif-
icant efforts have been dedicated to employing this strategy to de-
sign efficient air electrodes for R-PCEC. The first reported high-
entropy air electrode for proton-conducting fuel cells was the
spinel ceramic oxide, Fe0.6Mn0.6Co0.6Ni0.6Cr0.6O4 (FMCNC).[218]

High-temperature and in-situ X-ray diffraction (XRD) results
demonstrated that FMCNC exhibits excellent phase stability dur-
ing high-temperature sintering and in CO2-containing atmo-
spheres. Atomic-level studies, conducted using first-principle cal-
culations, indicate that the high-entropy structure merges the
benefits of the individual oxides. This results in a lower O2 ad-
sorption energy for FMCNC, specifically −2.85 eV on the ex-
posed (001) surface, suggesting that O2 adsorption is thermo-
dynamically favorable, thereby enhancing catalytic activity. Fur-
thermore, compared to traditional spinel oxides, the high-entropy
FMCNC exhibits lower hydration energy (−2.85 eV) and a p-
band center for oxygen that is closer to the Fermi level (p-DOS,
−2.56 eV). These features indicate improved protonation and
oxygen migration characteristics in the high-entropy oxide. Con-
sequently, by incorporating high-entropy into spinel oxides, the
high-performance FMCNC air electrode demonstrated signifi-
cantly reduced polarization resistance of 0.057 Ω·cm2 at 700 °C,
which is half of that observed in traditional Mn1.6Co1.4O4 (MCO)
without the high-entropy design.

4.4.2. High Entropy Perovskite Oxides—B Site

Moreover, the high-entropy perovskite oxides (HEPOs)
have also been extensively investigated as air electrodes for
RePCC. For instance, the B-site HEPO with the composition
BaCo0.2Fe0.2Zr0.2Sn0.2Pr0.2O3-𝛿 (BCFZSP) was meticulously de-
signed (Figure 23d–f),[219] and the estimated atom ratio was
further confirmed by the X-ray spectroscopy mapping results.
Compared to the typical BCFZY, which possesses triple con-
ducting properties, the high-entropy BCFZSP material exhibits
significantly stronger hydration and dehydration capabilities.
This is evidenced by the higher proton concentrations, reaching
6.92 mol% vs 1.34 mol% at 500 °C. Furthermore, ECR mea-
surements indicated that both the oxygen and proton surface
exchange and bulk migration kinetics were enhanced in the
BCFZSP electrode. This enhancement contributes to superior
catalytic performance, as demonstrated by the polarization
resistance of BCFZSP (0.448 Ω·cm2), which is approximately
half that of BCFZY (0.932 Ω·cm2). Notably, BCFZSP maintains
a pure cubic phase in a highly concentrated steam atmosphere
with p(H2O) as high as 50% atm, indicating its excellent struc-
tural stability under high-steam conditions. To address the
issue of interface degradation and separation between the
cobalt-based perovskite air electrode and the proton-conducting
electrolyte, another B-site HEPO, BaCo0.2Zn0.2Ga0.2Zr0.2Y0.2O3-𝛿
(BCZGZY),[220] was designed with a cubic phase structure. The
incorporation of Zn, Ga, and Y cations not only reduces the
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Figure 23. a) Schematic diagram of the HEPO lattice structure; b) the four core effects of high-entropy strategy; c) the relationship between entropy
value and the number of cations; d) TGA plots in dry and wet atmospheres; e) calculated proton concentrations in the BCFZSP and BCFZY samples;
f) thermogravimetric relaxation curves based on switching from dry to humid condition; g) EDX spectra of prepared PLNBSCC powder and its h) IR
spectra in dry air and 5% H2O–air; i) the Rietveld refinement of the PBSLCC sample; j) schematics of the experimental settings used for in situ XRD
measurement and k) the corresponding patterns. a) Reproduced with permission.[212a] Copyright 2023, Elsevier. b) Reproduced with permission.[230]

Copyright 2021, Royal Society of Chemistry. d–f) Reproduced with permission.[219] Copyright 2023, Elsevier. g,h) Reproduced with permission.[222]

Copyright 2022, Springer Nature. i–k) Reproduced with permission.[223] Copyright 2023, Wiley.
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average valence state of Co3+/4+ but also increases the ionic
radius at the B-site within the perovskite structure. This mod-
ification weakens the Co-O bond strength, thereby facilitating
the generation of oxygen vacancies in BCZGZY. Consequently,
BCZGZY exhibits enhanced hydrophilicity, as indicated by the
noticeable mass variation in wet air (0.75%), and a lower TEC
value of 12.75×10−6 K−1. These attributes promote the formation
of protonic defects and cohesion robust interface, which are
beneficial for ORR/OER catalytic activity and stability.

Recently, high-entropy R-P oxides with a K2NiF4-type structure
have also been developed as air electrode materials. Specifically,
the novel HEPO La1.2Sr0.8Mn0.2Fe0.2Co0.2Ni0.2Cu0.2O4+𝛿 (LSM-
FCNC) was synthesized via B-site entropy engineering.[221] The
LSMFCNC exhibited a single tetragonal layered K2NiF4 structure
with I4/mmm space group symmetry and demonstrated excel-
lent chemical compatibility with the BZCY electrolyte. Notably,
by leveraging the unique properties of the multiple elements Mn,
Fe, Co, Ni, and Cu, the B-site transition metals in LSMFCNC
evolved into a lower average B-site valence state and increased
bond length. This results in the expansion of the crystal structure
and a reduction in the bond strength between cations and oxy-
gen ions. Consequently, this promotes the formation of oxygen
vacancies and achieves high proton and oxygen diffusion rates.

4.4.3. High Entropy Perovskite Oxides—A Site

In perovskite oxides, the B-site transition metal ions are typically
regarded as catalytic active sites for electrode reactions. Conse-
quently, increasing the configurational entropy at the B-site can
inevitably reduce electrocatalytic activity, even though it effec-
tively enhances the structural stability of electrode materials. To
address this issue, A-site configuration HEPOs have also been de-
signed, offering abundant opportunities for improved design and
customization of bifunctional catalysts for ORR/OER. The novel
A-site HEPO, specifically Pr1/6La1/6Nd1/6Ba1/6Sr1/6Ca1/6CoO3-𝛿
(PLNBSCC) (Figure 23g,h), derived from the PrBaCo2O5+𝛿 (PBC)
prototype, has been reported as a highly active and stable air elec-
trode for ORR and OER in R-PCEC.[222] While the composition
of the material was not explicitly determined via inductively cou-
pled plasma (ICP) analysis, its atomic composition was corrob-
orated by the EDX spectrum results, which indicated a strong
correlation with the theoretical values. The increased configura-
tional entropy (Sconfig = 1.79R) enables the stable formation of a
cubic structure in PLNBSCC oxide at lower temperatures, pre-
venting impurity phases and poor crystallinity compared to PBC
oxide. The synergistic strengthening from the abundant trivalent
rare earth elements and divalent alkaline earth metal elements
at the A-site in PLNBSCC significantly enhances the triple con-
ductivity (e−: 950–2038 S cm−1 at 800–500 °C; O2−: 0.064 S cm−1

at 750 °C) and hydration ability, as evidenced by the prominent
hydroxyl characteristic peak in high-temperature in situ IR spec-
tra. These significant improvements in the PLNBSCC air elec-
trode, driven by the increased configurational entropy, result-
ing in excellent performance in single cells, demonstrating long-
term stability (500 hours), thermal cycling tolerance (nearly 1000
min), high water pressure tolerance (pH2O = 30% in air), and
bifunctional cycling tests (1120 minutes, 43 cycles). Similarly,
another A-site HEPO air electrode, with the detailed composi-

tion Pr0.2Ba0.2Sr0.2La0.2Ca0.2CoO3−𝛿 (PBSLCC) (Figure 23i–k), was
meticulously designed.[223] This design capitalizes on the excep-
tional conductivity and expansion coefficient of Pr2+/3+, the active
oxidation reactivity and reduced B-O bond strength imparted by
La3+, and the stable chemical properties and cost-effectiveness of
Ca2+. The construction of this high-entropy system ensured that
the cubic phase structure and morphology of PBSLCC remained
stable even after treatment in wet air with a high steam concentra-
tion (pH2O = 20%) at 650 °C for 100 h. Furthermore, STEM–EDS
mapping of PBSLCC after 600 h of treatment in wet air demon-
strated that the elements Pr, Ba, Sr, La, Ca, and Co were uniformly
distributed within the grains, suggesting a robust crystal struc-
ture without phase segregation (e.g., SrO, SrCoO3, or BaCoO3).
The composition of the PBSLCC sample was confirmed to be
Pr0.2Ba0.19Sr0.19La0.19Ca0.23CoO3-𝛿 through ICP analysis, demon-
strating a close alignment with the intended stoichiometric ra-
tio following steam treatment. Additionally, PBSLCC exhibited
superior oxygen-steam reaction kinetics and excellent durability,
with a low Rp value of 2.13 Ω cm2 at 500 °C and stable opera-
tion at 550 °C for 600 h in wet air, showing a deterioration rate
of only 0.013 Ω cm2 per 100 h—significantly lower than the par-
ent oxide PrBa0.8Sr0.2Co2O6−𝛿 (PBSC), which exhibited an ASR of
2.13 Ω cm2 at 500 °C and a deterioration rate of 0.21 Ω cm2 per
100 h at 550°C. Consequently, the R-PCEC with the HE-PBSLCC
air electrode demonstrated a high peak power density of 1.51 W
cm−2 in FC mode and a remarkable current density of −2.68 A
cm−2 at 1.3 V in EC mode at 650 °C, with reasonable Faradaic ef-
ficiencies. Importantly, these cells exhibited excellent operational
stability in both FC and EC modes for 270 and 500 h, respectively,
and maintained stability in cycling mode for 70 h. The superior
performance can be attributed to the efficient mass and charge
transfer properties of the high-entropy structure, as well as its
ability to maintain structural integrity in humid environments.

Furthermore, in addition to equimolar high-entropy
materials, there exist non-equimolar high-entropy com-
positions. An example is the A-site HEPO air electrode,
Ce0.2Ba0.2Sr0.2La0.2Ca0.2CoO3-𝛿 (CBSLCC).[224] Although it was
designed with equimolar proportions, analysis through ICP
and XRD reveals that CBSLCC exhibits a multiphasic structure,
including a major cubic perovskite phase with cerium deficiency,
designated as Ce0.2−yBa0.2Sr0.2-xLa0.2-xCa0.2CoO3-𝛿 (CD-CBSLCC),
a secondary oxide phase of cerium dioxide (CeO2) and a minor
tetragonal perovskite phase of La0.5Sr0.5CoO3-𝛿 (LSC). The result-
ing three-phase heterostructures, endowed with multifunctional
capabilities, effectively enhance the catalytic activity for ORR
and OER under humidified air conditions for R-PCECs. Conse-
quently, this cell achieved an exceptional fuel cell performance of
1.66 W cm−2 at 600 °C, alongside a high current density of −1.76
A cm−2 at 1.3 V and 600 °C, while demonstrating stable opera-
tion over a period of 200 hours. Moreover, several additional air
electrodes can be classified as non-equimolar HEPOs including
compositions such as LnBa0.5Sr0.5Co1.5Fe0.5O5+𝛿 (where Ln repre-
sents Pr, Nd, or Gd) and Ba0.5Sr0.5(Co0.7Fe0.3)0.6875W0.3125O3-𝛿,

[225]

both of which exhibit structural entropy values exceeding 1.50
R. However, the design of these air electrode materials has
primarily focused on investigating the effects of specific A
or B-site cations, such as Pr, Nd, Gd, and W, on the overall
catalytic performance of the electrodes, with comparatively
less attention given to the implications of entropy variations.

Adv. Mater. 2025, 2418620 2418620 (37 of 61) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202418620 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

N
G

 H
O

M
 - E

A
L

0000776, W
iley O

nline L
ibrary on [27/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Nevertheless, it is important to acknowledge that the high
stability of these materials may be influenced by the inher-
ent effects of high entropy. In contrast to the application of
non-equimolar design in air electrodes, this approach is more
prevalently utilized in electrolyte materials, as demonstrated
by examples such as BaSn0.15Ce0.35Hf0.25Y0.1Yb0.1Ho0.05O3-𝛿 ,
BaSn0.16Zr0.24Ce0.35Y0.1Yb0.1Dy0.05O3-𝛿 , and BaCe0.4Zr0.4Y0.15Ni0.01
Cu0.01Co0.01Fe0.01Zn0.01O3.

[226] This observation suggests that fu-
ture research could benefit from the exploration of rational
non-equimolar designs for high-entropy materials, as well as
the investigation of the potential effects of entropy variations in
non-equimolar high-entropy air electrodes.

In a word, HEPOs have gained attention for their potential
as air electrodes in R-PCECs due to their multiple cation sites
that enable complex atomic arrangements and extensive com-
position tuning, but further exploration and improvement are
needed. The multi-element composition results in complex struc-
tures and compositions, making the catalytic active sites, typ-
ically formed by metal elements, complicated in the reaction
processes.[227] Therefore, it is crucial to understand the factors
that ensure stable HEPO formation across various crystal struc-
tures and compositions, investigate individual cation contribu-
tions to overall properties, and elucidate the relationships be-
tween crystal structure, phase, and microstructural properties
and their impact on ORR and OER catalytic performance.[228] Cer-
tainly, other materials with high stability and excellent proton or
oxygen ion conductivity prepared using high-entropy strategies,
such as high-entropy alloy catalysts and high-entropy ceramics
with fluorite, rock-salt, and spinel structure,[229] also offer valu-
able insights for designing triple-conducting air electrodes that
better meet the requirements.

4.5. Unique Morphological Air Electrode

In addition to regulating the specific composition (such as ele-
mental, surface, and phase composition) of air electrode mate-
rials to alter their physicochemical properties, precise control of
their microstructure is also a crucial approach for further per-
formance enhancement.[231] Specifically, the microstructure of
air electrodes significantly influences their catalytic performance
through the following parameters:

1) Porosity and pore size distribution: For air electrode mate-
rials, appropriate porosity enables rapid gas diffusion while
maintaining pathways for electron and ion conduction. Exces-
sive porosity may reduce the number of ion transport paths
(reducing active sites), whereas insufficient porosity can de-
crease gas transport rates, increasing ohmic polarization re-
sistance and lowering the electrochemical reaction rate.

2) Thickness: The thickness of the air electrode typically affects
its mass transport rate. Like porosity, an overly thick air elec-
trode can hinder gas transport to active sites, while an overly
thin electrode may not provide sufficient catalytic activity and
mechanical strength.

3) Particle size: Generally, smaller particle sizes after high-
temperature sintering result in larger surface areas, pro-
viding more active reaction sites. However, during high-
temperature calcination, electrode particles, especially nano-
sized particles, may agglomerate, reducing catalytic activity.

Therefore, avoiding high-temperature calcination or prevent-
ing microstructural changes of nano-sized particles in humid
or CO2 conditions is crucial for improving the stability and
activity of air electrodes.

Therefore, regulating the microstructure of air electrodes re-
quires careful attention to these critical parameters. Below, two
structural optimization techniques, nano-fiber formation and
three-dimensional microstructure tailoring, are discussed.

4.5.1. Nanofiber and Insert Layer Microstructure

Unlike traditional sol-gel methods for preparing cathode ma-
terials, the thin-film air electrode layers produced by electro-
static spray deposition (ESD), pulsed laser deposition (PLD), and
atomic layer deposition (ALD) exhibit smaller particle sizes and
higher porosity. This significantly enhances charge and ion trans-
port pathways and improves gas diffusion, resulting in excellent
oxide ion conductivity and superior power output capabilities,
providing a novel approach for the fabrication of high-efficiency,
low-cost air electrodes.[232]

In 2018, one-dimensional air electrode fibers composed of
LSCF-BaCe0.5Zr0.35Y0.15O3-𝛿 (BCZY) were successfully synthe-
sized using ESD technology (Figure 24a).[233] These highly
porous electrodes with continuous fiber microstructures and
well-developed perovskite structures ranged from 90 to 150 nm
in diameter (Figure 24b,c), effectively promoting gas diffusion
and charge transfer processes. Subsequently, Sm0.5Sr0.5CoO3-𝛿
(SSC) fibers embedded with BCZY particles were also fabricated
as composite air electrodes via ESD technology.[234] By electro-
spinning the obtained mixture with SSC solution, continuous
and elongated fibers were produced, with fiber diameter of 150
to 200 nm after calcination. Single-cell measurements indicated
that the fibrous composite air electrode exhibited significantly
higher electrochemical properties than a typical nanocomposite
electrode across the entire operating temperature range of 550
to 700 °C. Notably, the Rp of the fibrous air electrode was 0.186
Ω·cm2 at 700 °C, lower than that of a conventional electrode.
Moreover, ESD technology ensures the pure phase structure of
the electrode at a low sintering temperature of 700 °C,[235] effec-
tively suppressing adverse chemical reactions between the elec-
trode and electrolyte phases at high temperatures and mitigating
excessive nanoparticle grain growth. Despite the excellent poros-
ity of nano-fiber electrodes, the physical mixing or grinding with
organic binders during electrode preparation can alter the mor-
phology of the fibers, making it challenging to preserve the orig-
inal microstructure.

In addition to ESD technology, PLD technology is also exten-
sively utilized to enhance the surface structure of air electrodes.
For instance, a thin-film air electrode consisting of nanoporous
LSCF combined with highly ordered, self-assembled nanocom-
posite layers of LSCF and Ce0.9Gd0.1O2-𝛿 (GDC) was developed us-
ing PLD for O-SOFCs.[236] In this heterogeneous porous nanos-
tructure, the porous LSC layer (≈1 μm) covers the entire up-
per surface of the air electrode, facilitating efficient gas diffu-
sion and providing a high surface area for ORR active sites.
Simultaneously, the nanoscale stripe distribution of the LSCF-
GDC nanocomposite (≈0.3 μm) offers high interfacial density,
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Figure 24. a) Schematic microstructures of BCZY particles embedded LSCF fiber; b) SEM and c) TEM images and element distribution of LSCF-BCZY
composite electrode prepared by ESD; d) PCFC with ultra-thin PBSCF prepared by PLD; i-V-P curves of a representative cell e) without and f) with a
PLD layer; g) SEM and schematic diagram of the overall microstructure of PCFC with LSC-coated composite electrode prepared by PLD technique;
h) performance comparison; i) schematics of a thin-film PCFC with a non-proton-conducting ceramic matrix phase. a–c) Reproduced with
permission.[233] Copyright 2018, Elsevier. d–f) Reproduced with permission.[123] Copyright 2018, Springer Nature. g,h) Reproduced with permission.[237]

Copyright 2017, Springer Nature. i) Reproduced with permission.[238] Copyright 2016, Royal Society of Chemistry.

while the underlying GDC interlayer functions as a cath-
ode buffer layer with numerous heterointerfaces. For proton-
conducting fuel cells, PLD technology is also employed effec-
tively. One notable example is the deposition of a highly ac-
tive air electrode, PrBa0.5Sr0.5Co1.5Fe0.5O5+𝛿 (PBSCF), as a thin
dense interlayer film between the air electrode and the electrolyte
(Figure 24d–f).[123] This method significantly reduced the con-
tact resistance caused by electrode-electrolyte mismatch and was
made feasible by the proton permeability of PBSCF. The po-
larization behavior demonstrated exceptionally high activity for
the PBSCF air electrode, with the PPD at 600 °C exceeding 800
mW cm−2 (Figure 24f). Another instance involves incorporating
a La0.6Sr0.4CoO3-𝛿 air electrode into the dense electrolyte layer us-
ing PLD technology (Figure 24g–i).[237] This approach simulta-
neously fabricated the dense electrolyte and nano anode func-
tional layer (nano-AFL). Due to the columnar structure tightly
integrated with the nanogranular air electrode and nanoporous
anode supports, the cell achieved a record high-power output
performance.

Moreover, a thin-film PCFC with a total thickness of less than
10 μm was also fabricated on rigid Ni–YSZ cermet supports us-
ing PLD,[238] exhibiting promising fuel cell performance with a
power output of 742 mW cm−2 at 650 °C.

Moreover, ALD technology is particularly well-suited for ce-
ramic cell electrodes due to its capability of controlling deposi-
tion thickness at the atomic level to form sub-nanometer films
and achieving uniform coatings on complex surfaces.[239] For in-
stance, high-performance CoOx active materials can be uniformly
deposited onto the surface of porous PBSCF materials using ALD
technology to create composite air electrode, thereby maximiz-
ing surface activity.[240] Additionally, the coated NPs can inhibit
the formation of secondary phases through Ba or Sr aggregation
and prevent deformation through electrostatic attraction between
oxygen vacancies and cations, thus enhancing the stability of the
composite electrode.

4.5.2. Three-Dimensional Microstructure

Designing unique three-dimensional (3D) morphological elec-
trodes through structural optimization, intended to enhance gas
diffusion rates and extend the TPB length, is an effective strat-
egy to advance the oxygen reaction process and enhance low-
temperature kinetics.[241]

Inspired by the advantages of highly porous electrodes and the
exceptional performance of PrBa0.5Sr0.5Co2-xFexO5+𝛿 (PBSCFx),
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Figure 25. a) Processes for fabricating SAUP 3D PBSCF textile steam electrode; SEM image near steam electrode/electrolyte interface (b) before and
(c) after steam electrolysis; schematic diagrams of steam electrode/electrolyte interface before (d) and (e) after electrolysis present the interface reor-
ganization bridging process; f,g) SEM images of the electrode mesh with different magnification; h) performance comparison of representative FCs at
electrolysis voltage of 1.4 V; (i) elemental distribution in EC-800 sample. a–e) Reproduced with permission.[242] Copyright (2018), Wiley. f–h) Reproduced
with permission.[19d] Copyright (2018), Springer Nature. i) Reproduced with permission.[243] Copyright (2021), Wiley.

a self-architecture ultra-porous (SAUP) 3D air electrode using
PBSCFx materials was developed for water splitting (Figure
25a–e).[242] The ceramic framework was created through a
template-derived and self-architecture process (Figure 25a). A
fabric textile was immersed in the PBSCFx precursor solution
overnight, followed by firing at 750 °C for 4 hours to form the
PBSCFx ceramic textile. Subsequently, the punched ceramic tex-
tile coupon was affixed to the top of a prepared half-cell and

co-sintered at 750 °C for 2 hours. The textile-like microstruc-
ture (Figure 25b–e), consisting of bundles of fibers, provides
the framework with sufficient mechanical strength and flexibil-
ity compared to randomly aligned nanofiber electrodes, as well
as adequate porosity (57.7%) to ensure fast mass transfer and an
enlarged surface area for steam electrolysis reactions. This en-
hancement enables the 3D PBSCFx air electrode to exhibit sig-
nificant electrolytic performance of about -0.54 A cm−2 at 1.6 V
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(500°C), surpassing the regular PBSCF counterpart electrode.
Furthermore, the electrolysis current of PCEC with the SAUP 3D
air electrode showed no degradation during the entire 78-hour
steam electrolysis process, attributed to the bridging effect be-
tween electrode fibers and interface reorganization. Similarly, the
triple-conducting air electrode PrNi0.5Co0.5O3-𝛿 (PNC) perovskite
was developed as an R-PCEC air electrode with an SAUP 3D mi-
crostructure (Figure 25f,g).[19d] Each bundle consists of hollow
PNC fibers with through holes (≈3 μm in diameter) to facilitate
gas diffusion across the nanoparticle-structured surface where re-
actions occur. Each fiber comprises nanoparticles ranging from
20 to 50 nm. Incorporating this nanostructured electrode into the
cell resulted in higher performance, evidenced by an increase in
electrolysis current density from 0.85 A cm−2 (regular PNC) to
1.18 A cm−2 at 1.3 V at 600°C, as well as a 15.7% increase in PPD
(Figure 25h).

However, while the high porosity of the air electrode structure
facilitates the generation and migration of Oad- from catalytic
sites to triple-phase boundaries, excessive porosity can lead to
a loss in surface area, affecting charge transfer in mixed ionic
and electronic conducting electrodes. Inspired by this, phase
field modeling and experimental verification were conducted
to analyze charge and mass transfer inside the 3D-engineered
PBSCF air electrode (Figure 25i).[243] By calcining the fabri-
cated PBSCF with a 3D microstructure at different tempera-
tures (700, 800, 900 °C), varying porosities and morphologies
of the air electrode were obtained. According to actual electro-
chemical performance results, the EC-800 sample (fabricated at
800°C) achieved the best performance with a porosity of 52.1%
and average particle size of around 80 μm, aligning with phase
field simulation results. These findings suggest that the bal-
ance of charge and mass transfer is best achieved at 800°C, re-
sulting in the highest oxygen ion generation rate and perfor-
mance. Similarly, another TCO air electrode, BCFZY, exhibited
comparable results. Ion beam-scanning electron microscopy in-
dicates that BCFZY prepared at 800 °C shows the largest spe-
cific surface area and air electrode/electrolyte contact area, lead-
ing to more catalytically active sites and the best electrochemical
performance.[244]

3D microstructure tailoring has shown significant potential by
improving surface properties compared to conventional air elec-
trodes. However, it is important to note that these 3D microstruc-
ture electrodes typically consist of porous materials, which often
exhibit reduced mechanical strength. Issues such as breakage
and distortion are significant concerns. Therefore, maintaining
the morphology and electrochemical stability of these air elec-
trodes remains a substantial challenge.

4.6. Robust Air Electrode–Electrolyte Interface

To achieve the excellent electrochemical performance of R-
PCECs, it is crucial to not only adjust the composition and struc-
ture of the air electrode but also to enhance the interface between
the air electrode and the electrolyte.[245] Since the ORR/OER
in the air electrode requires sufficient proton transfer from/to
the electrolyte, increasing the contact area between the elec-
trode and electrolyte provides more pathways for proton trans-
port. Additionally, mismatched thermal expansion properties be-

tween most air electrodes (specifically for Co-based materials)
and electrolytes often result in poor interfacial contact, lead-
ing to issues such as delamination and peeling. These issues
significantly increase contact resistance and reduce mechanical
strength, thereby diminishing the overall catalytic activity and
lifespan of the cell. Improving the surface properties of the elec-
trolyte and introducing functional layers between the electrolyte
and air electrode are current key strategies for enhancing the
interface.

A robust interface can be achieved by acid-treating the elec-
trolyte surface (Figure 26a–e). Specifically, the electrolyte sur-
face of the co-sintered hydrogen electrode-electrolyte bilayer un-
dergoes nitric acid treatment before bonding with the oxygen
electrode.[246] This etching process removes surface impurities
and creates a roughened texture (increasing surface roughness
from 0.28 to 0.77 μm) (Figure 26a–d), thereby enhancing bond-
ing and adhesion between the electrolyte and oxygen electrode,
as well as removing segregating elements and promoting atomic-
scale diffusion and reactions at the interface. These enhance-
ments lead to increased mechanical strength (as evidenced by an
increase in peeling strength from 18.6 N for the untreated to 23.5
N for the 10-minute treated sample) (Figure 26e), restored proton
conductivity (as confirmed by conductivity measurements), and
improved electrochemical efficiency (fuel efficiencies exceeding
98% for all measured cells). These results lead to superior elec-
trochemical performance in both FC and EC modes for R-PCECs,
with a PPD of 300 mW cm−2 at a low temperature of 350 °C
and stable electrolysis operations with current densities above
3.9 A cm−2 at 1.4 V. Additionally, a chevron-shaped electrolyte was
successfully fabricated using a novel imprinting-assisted trans-
fer technique (Figure 26f–h), as confirmed by SEM and EDX
images.[247] Compared to traditional flat cells, the micropatterned
cells exhibit over a 40% increase in electrode-electrolyte interface
areas and more electrochemical reaction sites, significantly en-
hancing performance in both fuel cell (with an increase of over
45%) and electrolysis cell (with an increase of 30%) modes. How-
ever, these methods also have limitations. For instance, the nitric
acid treatment necessitates precise regulation of key parameters,
such as treatment duration, the contact area with the electrolyte
surface, and acid concentration. Inadequate control of these fac-
tors may result in localized overconsumption of electrolyte, lead-
ing to leakage issues.

4.7. Machine Learning and Kinetics Simulations for Air
Electrodes

In the development of novel air electrode oxides, the vast number
of potential material combinations makes traditional experimen-
tal approaches—characterized by high costs, labor intensiveness,
and trial-and-error processes—resource-demanding and time-
consuming. Recently, the application of machine learning (ML)
in materials science has gained momentum, offering significant
potential to accelerate material discovery, reduce experimental
costs, and optimize material design.[248] By applying ML algo-
rithms to large datasets, researchers can uncover correlations
between composition, structure, and performance, enabling the
identification of optimal material combinations from numerous
candidates.
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Figure 26. SEM images for a) untreated and b) 10-min treated electrolyte surface; c) atomic force microscope for the untreated (c) and 10-min treated
d) electrolyte surface; e) peeling strength of air electrode–electrolyte interface (lower panel); Schematic illustration of the f) fabrication processes by the
imprinting-assisted transfer technique and g) its working mechanism; h) the SEM image of patterned (left) and flat (right) R-PCECs. a–e) Reproduced
with permission.[246] Copyright 2022, Springer Nature. f–h) Reproduced with permission.[247] Copyright 2022, American Chemical Society.

However, the application of ML to predict the catalytic perfor-
mance of perovskite materials is still in its early stages. Few stud-
ies have employed ML to predict key properties such as ASR and
oxygen conductivity. Traditionally, descriptors like the oxygen p-
band center, derived from DFT calculations, have been used to es-
tablish relationships between various perovskite properties, such
as oxygen surface exchange rates and electron work functions.
While useful, these correlations are based on a relatively simple

ML model that relies on moderately costly DFT computations,
limiting the speed at which new materials can be proposed or
property trends understood.[249] As a result, there is a need to ex-
plore more advanced data-driven approaches, such as ML, to fa-
cilitate the discovery of high-performance air electrode materials.

A recent study by Ni and colleagues used a dataset of 85 ASR
values, a neural network-based ML model, elemental features,
and a newly proposed ion Lewis’s acidity (ISA) descriptor to
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screen for promising new perovskite air electrode materials.[250]

They screened 6,871 possible compositions and identified four
materials with low predicted ASR values. Subsequent experimen-
tal validation confirmed that one of the ML-screened materials,
Sr0.9Cs0.1Co0.9Nb0.1O3 (SCCN), exhibited superior ORR catalytic
activity, with the lowest ASR value (0.01 Ω cm2 @ 700 °C).

ML models for ASR prediction have also been developed and
evaluated. For example, by incorporating elemental features, one-
hot encoding of electrolyte types, and a separate ML model pre-
dicting ASR activation energy barriers as input, a more accurate
ASR prediction model was developed.[249a] This approach enabled
low-error predictions and allowed for temperature-dependent
ASR forecasts. This model was subsequently employed to ex-
plore a large compositional space of approximately 19 mil-
lion perovskites, identifying BaFe0.75Cu0.125Zr0.125O3 ($1.15/kg,
log(ASR) = 0.12 Ω cm2 @ 500 °C), BaFe0.5Co0.25Mo0.25O3
(18.0 meV/atom, log(ASR) = -0.02 Ω cm2 @ 500 °C), and
SrCo0.75Nb0.125Ta0.125O3 (SCNT) (log(ASR) = -0.43 Ω cm2 @
500 °C) as the most cost-effective, stable, and active materials,
respectively. The model demonstrated strong predictive capa-
bility for identifying promising materials based on time-cross
validation.

Accurately measuring the intrinsic oxygen ion and proton con-
ductivities of air electrodes remains challenging, as these val-
ues are significantly lower than electronic conductivity. While ex-
isting methods, such as hydrogen/oxygen permeation tests us-
ing palladium membranes, secondary ion mass spectrometry
(SIMS), and conductivity relaxation techniques, have been em-
ployed to characterize ionic conductivity, they come with limita-
tions related to equipment, experimental procedures, and the in-
trinsic ionic transport properties of materials.[251] ML techniques
present a potential solution to these challenges. For instance, in
2021, a machine learning model based on the XG-Boost algo-
rithm was successfully developed to predict the conductivity of
97625 perovskite oxides under various temperatures and envi-
ronmental conditions, such as in humid (3% H2O) hydrogen and
humid air.[252] These oxides were classified into H+ conductors,
O2− conductors, H+/e− conductors, and O2−/e− conductors, as
illustrated in Figure 27a,b.

In addition to direct predictions of proton conductivity, proton-
conducting ability can also be inferred from a material’s hydra-
tion capability. Since hydrated proton concentration (HPC) is a
critical factor in determining proton conductivity, a random for-
est (RF)-based ML model was successfully employed to predict
HPC for 3,200 air electrode materials across the 50–700 °C tem-
perature range,[253] as shown in Figure 27c. The results indi-
cated that (La,Ca/Ba)(Co,Ni/Fe/Mn/Zn/Cu)O3 oxides containing
Co, Ni, or Cu in the B-site showed good performance, with Ni
demonstrating superior performance. Furthermore, Ca as the A-
site element had a more significant influence than Ba in the 400–
500 °C range. The optimal composition, (La0.7Ca0.3)(Co0.8Ni0.2)O3
(LCCN7382), was identified, exhibiting excellent electrochemi-
cal performance, with a peak power density of 719 mW cm−2 at
650 °C in fuel cell mode and a current density of 1420 mA cm−2

at 1.3 V in electrolysis mode.
While ML presents numerous advantages in materials sci-

ence, several challenges remain in using ML to develop high-
performance TCO air electrode materials for R-PCECs. A key
obstacle is the availability and quality of data required for train-

ing ML models. The reliability of predictions depends heavily
on data quality; however, it is resource-intensive and costly to
gather and manage these specialized datasets. Issues such as
data inconsistency, errors, and missing values further compli-
cate the process. Additionally, the complex and diverse physic-
ochemical properties of materials often involve multiple descrip-
tors that impact performance simultaneously. Accurately trans-
lating these key descriptors into inputs for ML algorithms and
ensuring they are interpreted correctly is a significant challenge.
Furthermore, while ML models can generate valuable predictions
and insights, experimental validation is essential to confirm and
refine these findings. Aligning computational predictions with
experimental results can be difficult, given the experimental con-
straints, limitations, and uncertainties that must be considered in
practice.

In the context of R-PCEC air electrode reactions, kinetic simu-
lations play an essential role in elucidating reaction mechanisms
and enhancing electrode design. By conducting microscopic-
scale simulations of electrode kinetics, one can examine pro-
cesses such as the adsorption of oxygen and vapor, the for-
mation and migration of oxygen ion and proton defects, as
well as electron transport within the air electrode kinetics.
When integrated with DFT calculations, the energy require-
ments for each of these processes along different paths (e.g.,
surface and bulk, different crystal planes, various metal ions)
can be quantitatively assessed. This approach facilitates the iden-
tification of optimal reaction pathways (which require mini-
mal energy) and the kinetic processes that can ameliorate rate-
limiting steps (lowering energy demands). For example, through
molecular dynamics (MD) simulations and ab initio calcula-
tions, crucial data regarding hydration energies, oxygen va-
cancy formation energies, defect formation energies, and pro-
ton transfer barriers for various co-substituted BaFeO3-𝛿 air
electrodes were obtained, which ultimately guided the selec-
tion of the optimal composition, Ba0.875Fe0.875Zr0.125O3-𝛿 , for air
electrodes.[70b]

In contrast to MD, Kinetic Monte Carlo (KMC) represents
a stochastic approach that generates a series of microscopic
states without the need to consider the equations governing
particle motion.[254] This characteristic enables the execution of
larger time steps in KMC modeling, which has been widely
adopted in SOC technology to investigate ion diffusion kinetics
and associated mechanisms. Furthermore, diffusion simulations
of the proton-conducting BaZr0.8Y0.2O3-𝛿 system utilizing KMC
methodology were performed, considering various local configu-
rations of Y on the Zr sites.[255] The findings indicated that pro-
tons are more frequently located in clusters containing a min-
imum of three YO6 units, and the proton transfer energies de-
rived from the nudged elastic band (NEB) method corroborated
favorable percolation and elevated proton conductivity in Y-doped
BaZrO3-𝛿 . Analogously, by integrating KMC with DFT theoret-
ical calculations, diverse 1D, 2D, and 3D Y superstructures in
BaZr0.8Y0.2O3-𝛿 were successfully simulated,[256] thereby elucidat-
ing the correlation between average proton mobility and doping
concentrations.

Recently, a comprehensive array of perovskite oxides was con-
structed as candidates for air electrodes in protonic ceramic cells,
achieved by selecting three A-site ions (Ba, Sr, Pr0.5Ba0.5) and
combining them with five catalytically active B-site ions (Mn, Fe,
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Figure 27. The predicted a) proton-conducting and b) oxide-conducting oxides in wet air based on eXtreme Gradient Boosting (XGBoost) model;
c) research process illustration of screening air electrode with high HPC by ML model. a,b) Reproduced with permission.[252] Copyright 2021, Springer
Nature. c) Reproduced with permission.[253] Copyright 2022, Wiley.

Co, Ni, Cu), in addition to 37 distinct B-site dopants.[257] Notably,
the optimal elemental distribution for each candidate was de-
termined through molecular dynamics–Monte Carlo (MD–MC)
simulations. The Ehull value, a pivotal descriptor of thermody-
namic stability, was established through structural relaxation and
static calculations. To prevent excessive reliance on Ehull values,
which could potentially bias assessments of material stability,
a data-driven material analysis method termed decomposition
analysis (DA) was proposed. Subsequent refinement through
DA and experimental validation culminated in the identification
of a highly durable composite air electrode, PrBaCo1.9Hf0.1O5+𝛿 ,
which demonstrates exceptionally high electrocatalytic activity.

5. The Electrochemical Performance of Current Air
Electrodes

5.1. Symmetrical Cell Performance

To facilitate a more direct comparison of the catalytic activities
of different air electrodes, we have compiled electrochemical per-
formance data from recent studies on symmetric cells based on
proton-conducting materials and advanced air electrodes. This
approach ensures a more accurate assessment of the intrinsic
properties of these electrodes since it mitigates the performance
variations of other components.
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Our analysis focuses on the most advanced triple-conducting
air electrodes developed over the past five years, providing in-
sights into the current status of air electrode technology for R-
PCECs. As shown in Table 1 and Figure 28a, ≈50% of air elec-
trodes tested at 550 °C in wet air exhibit ASR values between
0.40 and 0.80 Ω·cm2, while 20% display values below 0.40 Ω·cm2,
and the remaining 30% show poorer performance with ASR val-
ues exceeding 0.80 Ω·cm2. The lowest ASR, recorded at 0.21
Ω·cm2, was observed in BLCF0.95, a single perovskite oxide with
B-site deficiency coupled with A-site La doping. Similar low ASR
values were reported for BSTC, BCFZY-Ag, and BCFZYMg ox-
ides, which achieved 0.29, 0.24, and 0.26 Ω·cm2, respectively.
Moreover, the evaluation of electrode materials reveals a no-
table correlation between Co content and ASR values. Specifi-
cally, electrodes with elevated Co concentrations, such as BSTC,
BCFZY-Ag, BCFZY-Mg, BCT20, PNC73, and BSGC-BSPY, ex-
hibit significantly lower ASR values than their counterparts. Con-
versely, Co-free Fe or Ni-based materials demonstrate inferior
electrochemical performance. For instance, materials such as
NSTF0.3, U-BFZ-NM, P2.7NCNO, PSFN/Fe2O3, D-SFN, PBF-
06Y2O3, and BLFZ0.95 consistently present ASR values above
0.70 Ω·cm2 at 550 °C, reaching a maximum of 6.43 Ω·cm2. Addi-
tionally, the phase composition of these electrode materials plays
a critical role in their electrocatalytic activity. Pure single-phase
electrodes or nanocomposite materials characterized by surface-
exsolved nanoparticles (or secondary phases) demonstrate en-
hanced electrocatalytic properties. In contrast, conventional me-
chanically mixed composites, such as PSFN/Fe2O3, 2W-PBSCF,
BCFN-BZCYY, LBSCF-BZCY, BZFN-BZCY, BSGC-BCPY, and
SSC-SBC, exhibit suboptimal electrochemical performance, with
ASR values predominantly surpassing 1.0 Ω·cm2 at 550 °C. This
indicates that the microstructural and compositional character-
istics of the electrode materials are paramount in determining
their electrochemical efficacy.

However, as illustrated in Table 1 and Figure 28b, limited ASR
data are available for temperatures below 550 °C, particularly at
450 °C or even lower, likely due to the significant decline in cat-
alytic performance at lower temperatures. In the reported 2024
studies, only two oxides-BSTC and N-BCFZYN-showed ASR val-
ues at 450 °C, measuring 1.87 and 4.78 Ω·cm2, respectively. De-
spite the substantial improvement in air electrode performance
over the past 5 years through various modification strategies
in the 650–550 °C range, further research is required to eluci-
date the rate-limiting steps in the reaction kinetics at even lower
operating temperatures. This would be crucial for enhancing
ORR/OER catalytic performance in air electrodes under reduced
temperature conditions.

Air electrode stability is another critical factor in advancing R-
PCEC technology. Table 2 and Figure 28c summarize degradation
rates (DR) for advanced air electrodes tested in wet air, reflect-
ing the real operational conditions. Notably, novel HE-PBSLCC
and BC1.5MN air electrodes demonstrated low DR, ≈1.0 × 10−4

Ω·cm2·h−1, in steam-containing environments (up to 20%) at
550 °C. In contrast, conventional single-phase and composite
air electrodes, such as PBC, LSCF, PBSC, and BB-PC, exhib-
ited much higher DR, exceeding 12.0 × 10−4 Ω·cm2·h−1. More-
over, the comparative analysis of air electrodes fabricated via the
BB-OPS and BB-PC reveals a notable disparity in their perfor-
mance decay rates. Specifically, the BB-OPS electrodes exhibit

a remarkably reduced decay rate, decreasing from 27.2 to 4.9
× 10−4 Ω·cm2·h−1, whereas the BB-PC electrodes demonstrate
a more pronounced degradation. This disparity underscores the
superiority of the one-pot self-assembly technique in mitigating
performance degradation, thereby enhancing the overall efficacy
and durability of the air electrodes. Moreover, regarding PNC
air electrodes, the application of the SAUP method, compared
to the conventional glycine-citrate combustion method, signifi-
cantly enhances both porosity and the distribution of nanoparti-
cles. This enhancement results in a marked reduction in the ASR
value, which decreases from 0.13 to 0.055 Ω cm2 at 500 °C (single
cell). Indeed, there are circumstances in which the performance
of electrode materials synthesized through different methodolo-
gies is comparable. For instance, the ASR values of NiO-BCFZY
electrodes fabricated via both the impregnation method and in
situ exsolution are found to be ≈0.36 Ω·cm2 at 550 °C. This parity
in performance can also be ascribed to several factors, including
the specific quantity of impregnation utilized and the extent of
A-site defects present in the nanoparticles generated during the
fabrication process.

A significant concern is the lack of sufficient data on air elec-
trode stability under conditions of high steam pressure. As pre-
viously mentioned, higher water vapor pressure is often required
for air electrodes, as it promotes proton conductivity, thereby en-
hancing ORR/OER catalytic activity. Additionally, when air elec-
trodes operate in electrolysis mode, elevated water vapor pres-
sure tends to improve Faradaic efficiency and hydrogen produc-
tion rates. While some air electrode materials exhibit good proton
uptake capacity, they are prone to phase segregation under high
water vapor pressure, which can adversely impact their overall
catalytic performance. Future research should prioritize investi-
gating the stability of air electrode materials in high-moisture en-
vironments, focusing on factors such as phase structure, surface
chemistry, and catalytic behavior.

5.2. Electrochemical Cell Performance

To comprehensively assess the electrocatalytic activity of air elec-
trodes under practical operating conditions, this review compiles
and analyzes the electrochemical performance of representative
air-electrode-based R-PCECs in FC, EC, and reversible modes.
It is important to recognize that actual electrochemical perfor-
mance is influenced by various factors, including other cell com-
ponents such as fuel electrode materials, electrolyte composi-
tion and thickness, and operational environmental conditions.
Therefore, relevant experimental parameters are provided in
the analysis.

In FC mode (Figure 29a and Table 3), R-PCECs exhibit fa-
vorable electrochemical output within the operating temperature
range of 650 °C to 450 °C, regardless of whether the air electrode
operates in dry or humid (up to 10% H2O) air. For instance, at
550 °C, ≈41% of R-PCECs report peak power densities (PPDs)
exceeding 0.60 W cm−2, while around 90% of them achieve PPDs
above 0.30 W cm−2, indicating that the ORR catalytic activity of
these air electrodes is sufficiently high at or above 550°C. How-
ever, at lower temperatures, such as 350 and 400 °C, performance
data are scarce, and the PPDs of advanced air electrodes often
fall below 0.35 W cm−2. This decline is largely attributed to the
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Table 1. The ASR values of advanced air electrodes based on proton-conducting symmetrical cells in wet air at 450–650 °C.

Air Electrodes Electrolyte Atmosphere ASRs [Ω cm2] Refs.

650 °C 600 °C 550 °C 500 °C 450 °C

NSTF0.3 BZCYYb1711 5%H2O–air 0.19 0.33 0.77 1.82 / [258]

PCNCFO- PBC BZCYYb1711 3%H2O–air 0.09 0.18 0.43 1.20 / [175]

SCM- BCFZY BZY0.15 3%H2O–air / 0.18 / / / [259]

C/H-BSCF BZCYYb1711 3%H2O–air 0.11 0.26 0.68 2.13 / [260]

U-BFZ-NM BZCYYb1711 3%H2O–air 0.38 1.03 2.71 / / [261]

CBSLCC BZCYYb1711 3%H2O–air / 0.23 / 1.65 / [224]

BCFT10 BZCYYb1711 3%H2O–air 0.12 0.24 0.51 1.28 / [262]

BSCFEr0.1 BZCYYb1711 5%H2O–air 0.10 0.16 0.32 0.70 / [263]

BSTC BZCYYb4411 3%H2O–air 0.08 0.15 0.29 0.56 1.29 [264]

PNCO64 BZCYYb1711 3%H2O–air 0.12 0.27 0.73 2.31 / [265]

N-BCFZYNF BZCYYb1711 3%H2O–air 0.08 0.17 0.41 1.34 4.78 [208]

PBCCHf0.1 BZCYYb1711 3%H2O–air 0.11 0.27 0.55 / / [266]

P2.7NCNO BZCYYb1711 3%H2O–air 0.10 0.25 0.67 / / [267]

PBCCPd BZCYYb1711 3%H2O–air 0.11 0.26 0.62 1.82 / [268]

PSFN/Fe2O3 BZCYYb1711 3%H2O–air 0.16 0.35 0.92 2.66 / [269]

D-SFN BZCYYb1711 3%H2O–air 0.15 0.40 1.21 4.81 / [138]

PBF-06Y2O3 BZCYYb1711 Wet air 0.79 2.65 6.43 / / [178]

BLFZ0.95 BZCYYb1711 Wet air 0.07 0.12 0.21 / / [71b]

2W-PBSCF BZCYYb1711 3%H2O–air 0.24 0.36 0.80 1.39 / [270]

PCO-LSCF BZCYYb4411 3%H2O–air 0.14 0.32 0.79 / / [271]

HE-PBSLCC BZCYYb1711 3%H2O–air 0.12 0.26 0.75 2.13 / [223]

PBCsC BZCYYb1711 3%H2O–air 0.16 0.28 0.53 1.53 [272]

PNCO-64 BZCYYb1711 3%H2O–air 0.14 0.34 0.82 / / [273]

BCFN-BZCYY BZCYYb1711 3%H2O–air 0.71 2.20 6.64 / / [274]

BSCFC BZCYYb1711 3%H2O–air 0.10 0.23 0.53 1.37 4.37 [112]

BCZY BZCYYb1711 3%H2O–air 0.15 0.25 0.56 1.42 / [191]

PNC-BCPY BZYb82 3%H2O–air 0.06 0.18 0.49 / / [173]

BCFNS BZCYYb1711 3%H2O–air 0.08 0.23 0.51 1.80 / [275]

BSCFN-F0.1 BZCYYb1711 Wet air 0.11 0.23 0.53 1.51 5.11 [276]

LBSCF-BZCY BZCY352 3%H2O–air 0.12 0.42 1.53 / / [277]

BCCFYb BZCYYb1711 2.5%H2O–air 0.08 0.26 0.68 2.23 / [278]

NBSCFN5 BZCYYb1711 3%H2O–air 0.71 1.58 4.26 11.33 / [279]

BCT20 BZCYYb4411 3%H2O–air 0.12 0.23 0.39 0.65 1.20 [280]

PBCFN BZCYYb1711 Wet air 0.23 0.80 / / / [198]

BCYF BZCYYb1711 5%H2O–air 0.60 1.02 1.88 3.85 8.40 [194]

BCFZY-Ag BZCYYb1711 3%H2O–air 0.06 0.11 0.24 0.59 1.83 [202]

BCFZYMg BZCYYb1711 3%H2O–air 0.06 0.14 0.26 0.48 1.17 [118b]

BC1.5MN BZCYYb1711 3%H2O–air 0.13 0.24 0.47 1.08 3.26 [203]

PLNBSCC BZCYYb1711 5%H2O–air 0.16 0.35 0.81 2.09 / [222]

PNC73 BZCYYb4411 3%H2O-O2 / 0.12 0.30 0.87 2.82 [281]

BGPC BZCYYb1711 3%H2O–air 0.14 0.27 0.67 1.88 / [282]

BCFZnY BZCYYb1711 5%H2O–air 0.13 0.19 0.29 0.57 1.55 [39]

BSCFP0.05 BZCYYb1711 5%H2O–air 0.24 0.38 0.66 1.53 / [283]

BZFN-BZCY BZCY172 Wet air 0.81 1.98 5.66 / / [284]

BB-OPS BZCYYb1711 5%H2O–air 0.09 0.16 0.30 0.66 / [285]

D-BFZ BZCYYb1711 3%H2O–air 0.11 0.23 0.51 1.32 / [70b]

BCO-LSCF BZCYYb1711 3%H2O–air 0.08 0.17 0.37 0.84 / [168]

SCFN BZCYYb1711 3%H2O–air 0.08 0.20 0.58 1.98 8.35 [205]

(Continued)
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Table 1. (Continued)

Air Electrodes Electrolyte Atmosphere ASRs [Ω cm2] Refs.

650 °C 600 °C 550 °C 500 °C 450 °C

BCFZYMn BZCYYb1711 5%H2O–air 0.15 0.35 1.04 2.34 / [117]

PBCC BZCYYb1711 3%H2O–air 0.05 0.24 0.51 1.33 / [197b]

LSCF2.7 BZCY172 Wet air 0.20 0.44 1.14 3.76 / [286]

NiO-BCFZY BZCYYb1711 Wet air / 0.15 0.35 0.96 / [174]

BSGC5124 BCY82 3%H2O–air 0.52 0.81 1.36 2.13 3.12 [287]

BSGC-BCPY BCY82 3%H2O–air 0.12 0.20 0.31 0.52 1.13 [287]

GCCCO BZCYYb1711 3%H2O–air 0.63 0.92 1.36 2.14 4.06 [288]

PBCC95 BZCYYb4411 3%H2O–air / 0.15 0.39 1.06 / [289]

SSC-SBC BZCYYb1711 Wet air 0.35 / / / / [157]

SCFZ BZCYYb1711 Wet air 0.15 0.38 1.01 2.42 / [290]

BCCY BZCYYb1711 2.5%H2O–air 0.08 0.25 0.49 1.40 4.76 [190]

BSSNC BZCY172 3%H2O–air 0.25 0.66 1.52 4.21 / [291]

LBCO BZY91 3%H2O–air / 0.15 0.32 0.72 1.87 [78]

BCFZY BZCYYb1711 Wet air 0.35 0.62 1.05 1.83 / [115]

BCFZ BZCYYb1711 3%H2O–air 0.60 1.02 1.88 3.85 8.40 [114]

PBC BZCY172 Wet air 0.31 0.73 1.67 4.68 / [292]

Figure 28. a) The summarized ASR values of air electrodes tested at 550 °C in wet air; b) the ASR values of reported air electrodes in 2024, evaluated
across the temperature range of 650 to 450 °C; c) the degradation rates (DR) of various air electrodes in wet air conditions.
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Table 2. Degradation rates of air electrodes in humidified air at different operation durations.

Air electrodes Degradation rate [×10−4 Ω cm2 h−1] Temperature [°C] Atmosphere Operation time [h]

PBC 12 600 3%H2O–air 100

PCNCFO-PBC 4.0 600 3%H2O–air 100

C/H-BSCF 4.5 550 3%H2O–air 300

CBSLCC 1.5 600 3%H2O–air 200

BSCF 9.2 600 5%H2O–air 240

BSCFEr0.1 1.1 600 5%H2O–air 380

PNCO64 8.9 600 3%H2O–air 74

N-BCZYN 2.0 550 3%H2O–air 300

PBCC 9.6 600 3%H2O–air 100

PBCCPd 4.7 600 3%H2O–air 130

PBSC 21.0 550 3%H2O–air 300

HE-PBSLCC 1.3 550 3%H2O–air 600

HE-PBSLCC 1.0 550 20%H2O–air 400

BCZY 3.9 600 3%H2O–air 206

BCCY 12.6 600 3%H2O–air 206

PNC-BCPY 9.5 550 3%H2O–air 210

BC1.5MN 0.9 550 3%H2O–air 455

BGPC44 6.1 600 3%H2O–air 100

BGPC 9.1 600 3%H2O–air 100

BB-OPS 4.9 600 3%H2O–air 120

BB-PC 27.2 600 3%H2O–air 120

LSCF 13 600 10%-30%H2O–air 500

BCO-LSCF 4.1 600 10%-30%H2O–air 500

PSCN 7.0 600 3%H2O–air 100

PBIn0.1 1.6 600 3%H2O–air 200

PBCCHf0.1 5.0 600 3%H2O–air 100

BCFNYNi 1.5 550 3%H2O–air 200

D-SFN 7.3 550 3%H2O–air 150

Electrolytes: BZCYYb1711: BaZr0.1Ce0.7Y0.1Yb0.1 O3-𝛿 ; BZY0.15: BaZr0.85Y0.15O3-𝛿 ; BZYb82: BaZr0.8Yb0.2O3-𝛿 ; BZCY352: BaZr0.3Ce0.5Y0.2O3-𝛿 ; BZCY172:
BaZr0.1Ce0.7Y0.2O3-𝛿 ; BZY91: BaZr0.9Yb0.1O3-𝛿 ; BCY82; BaCe0.8Y0.2O3-𝛿 . Air Electrodes: NSTF0.3: Na0.3Sr0.7Ti0.1Fe0.9O3-𝛿 ;[258] PBC: PrBaCo2O5+𝛿 ;[175] PCNCFO- PBC:
Pr0.2Ce0.2Ni0.2Co0.2Fe0.2Ox coated on PrBaCo2O5+𝛿 ;[175] SCM- BCFZY: Sm0.85Cu0.15MnO3-𝛿 - BaCo0.4Fe0.4Zr0.1Y0.1O3-𝛿 ;[259] C/H-BSCF: Ba1.5Sr1.5Co1.6Fe0.4O7-𝛿 ;[260] U-BFZ-
NM:BaFe0.9Zr0.1O3-𝛿 -NdMnO3-𝛿 ;[261] CBSLCC: Ce0.2Ba0.2Sr0.2La0.2Ca0.2CoO3-𝛿 ;[224] BCFT10: Ba(Co0.7Fe0.3)0.9Ta0.1O3-𝛿 ;[262] BSCF: Ba0.5Sr0.5Co0.8Fe0.2O3-𝛿 ;[263] BSCFEr0.1:
Ba0.5Sr0.5(Co0.8Fe0.2)0.9Er0.1O3-𝛿 ;[263] BSTC: BaSc0.1Ta0.1Co0.8O3-𝛿 ;[264] PNCO64: Pr4Ni1.8Co1.2O10-𝛿 ;[265] N-BCFZYNF: Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05F0.1O2.9-𝛿 ;[208] PBC-
CHf0.1: PrBa0.8Ca0.2Co1.9Hf0.1O5+𝛿 ;[266] P2.7NCNO: Pr2.7Ni1.6Cu0.3Nb0.1O7-𝛿 ;[267] PBCC: PrBa0.8Ca0.2Co2O5+𝛿 ;[268] PBCCPd: PrBa0.8Ca0.2Co2-xPdxO5+𝛿 ;[268] PSFN/Fe2O3: Mix-
ing Pr0.4Sr0.6Fe0.9Nb0.1O3-𝛿 and Fe2O3;[269] D-SFN: Sr2.8Fe1.8Nb0.2O7-𝛿 ;[138] PBF-06Y2O3: 6%Y2O3 infiltrated PrBaFe2O5+𝛿 ;[178] BLFZ0.95: Ba0.95La0.05(Fe0.8Zn0.2)0.95O3-𝛿 ;[71b]

2W-PBSCF: 2% (NH4)10W12O41·5H2O mixed with PrBa0.5Sr0.5Co1.5Fe0.5O5+𝛿 ;[270] PCO-LSCF: PrCoO3-𝛿 coated on La0.6Sr0.4Co0.2Fe0.8O3−𝛿 ;[271] PBSC: PrBa0.8Sr0.2CoO6-𝛿 ;[223]

HE-PBSLCC: High-entropy Pr0.2Ba0.2Sr0.2La0.2Ca0.2CoO3-𝛿 ;[223] PBCsC: PrBa0.9Cs0.1Co2O5+𝛿 ;[272] PNCO-64: Pr2Ni0.6Co0.4O4-𝛿 ;[273] BCFN-BZCYY: Ba0.9Co0.7Fe0.2Nb0.1O3-𝛿 mix-
ing with BZCYYb1711;[274] BSCFC: Ba0.5Sr0.5Co0.8Fe0.2O2.9-𝜎Cl0.1;[112] BCCY: BaCo0.7(Ce0.8Y0.2)0.3O3-𝛿 ;[191] BCZY: BaCo0.7(Zr0.8Y0.2)0.3O3-𝛿 ;[191] PNC-BCPY: PrNi0.5Co0.5O3−𝛿
coated on BaCe0.5Pr0.3Y0.2O3-𝛿 ;[173] BCFNS: BaCo0.4Fe0.4Nb0.1Sc0.1O3-𝛿 ;[275] BSCFN-F0.1: Ba0.6Sr0.4Co0.7Fe0.2Nb0.1O2.9-𝛿F0.1;[276] LBSCF-BZCY: La0.1Ba0.4Sr0.5Co0.8Fe0.2O3-𝛿
mixing with BZCY352;[277] BCCFYb: BaCo0.5Ce0.3Fe0.1Yb0.1O3-𝛿 ;[278] NBSCFN5: NdBa0.5Sr0.5Co1.5Fe0.45Ni0.05O5+𝛿 ;[279] BCT20: BaCo0.8Ta0.2O3-𝛿 ;[280] PBCFN:
PrBaCo1.6Fe0.2Nb0.2O5+𝛿 ;[198] BCYF: Ba(Ce0.8Y0.2)0.2Fe0.8O3-𝛿 ;[194] BCFZY-Ag: Ba0.95Ag0.05Co0.4Fe0.4Zr0.1Y0.1O3-𝛿 ;[202] BCFZYMg: Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Mg0.05O3-𝛿 ;[118b]

BC1.5MN: Ba2Co1.5Mo0.25Nb0.25O6-𝛿 ;[203] PLNBSCC: Pr1/6La1/6Nd1/6Ba1/6Sr1/6Ca1/6CoO3-𝛿 ;[222] PNC73: PrNi0.7Co0.3O3-𝛿 ;[281] BGPC44: Ba0.8Gd0.4Pr0.4Co2O5+𝛿 ;[282]

BGPC: Ba0.8Gd0.8Pr0.4Co2O5+𝛿 ;[282] BCFZnY: BaCo0.4Fe0.4Zn0.1Y0.1O3-𝛿 ;[39] BSCFP0.05: Ba0.5Sr0.5(Co0.8Fe0.2)0.95P0.05O3-𝛿 ;[283] BZFN-BZCY: BaZr0.1Fe0.75Ni0.15O3-𝛿 mix-
ing with BZCY172;[284] BB-OPS: one spot mixing Ba0.5Sr0.5Co0.8Fe0.2O3-𝛿 and BaZr0.1Ce0.7Y0.1Yb0.1O3-𝛿 ;[285] BB-PC: physically mixing Ba0.5Sr0.5Co0.8Fe0.2O3-𝛿 and
BaZr0.1Ce0.7Y0.1Yb0.1O3-𝛿 ;[285] D-BFZ: Ba0.875Fe0.875Zr0.125O3-𝛿 ;[70b] LSCF: La0.6Sr0.4Co0.2Fe0.8O3-𝛿 ;[168] BCO-LSCF: BaCoO3-𝛿 coated on La0.6Sr0.4Co0.2Fe0.8O3-𝛿 ;[168]

SCFN: Sr0.9Ce0.1Fe0.8Ni0.2O3-𝛿 ;[205] BCFZYMn: Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Mn0.05O3-𝛿 ;[117] PBCC: PrBa0.8Ca0.2Co2O5+𝛿 ;[197b] LSCF2.7: LaSr2.7Co1.5Fe1.5O10-𝛿 ;[286] NiO-
BCFZY: NiO infiltrated BaCo0.4Fe0.4Zr0.1Y0.1O3-𝛿 ;[174] BSGC5124: Ba5SrGd2Co4O15;[287] BSGC-BCPY: mixing Ba5SrGd2Co4O15 with BaCe0.5Pr0.3Y0.2O3-𝛿 ;[287] GCCCO:
Gd0.3Ca2.7Co3.82Cu0.18O9-𝛿 ;[288] PBCC95: (PrBa0.8Ca0.2)0.95Co2O6-𝛿 ;[289] SSC-SBC: mixing Sm0.5Sr0.5CoO3-𝛿 with SmBaCo2O5+𝛿 ;[157] SCFZ: SrCo0.8Fe0.15Zr0.05O3-𝛿 ;[290]

BCCY: self-assembled BaCo0.7(Ce0.8Y0.2)0.3O3-𝛿 ;[190] BSSNC: Ba0.5Sr0.5Sc0.175Nb0.025Co0.8O3-𝛿 ;[291] LBCO: LaBaCo2O5+𝛿 ;[78] BCFZY: BaCo0.4Fe0.4Zr0.1Y0.1O3-𝛿 ;[115] BCFZ:
BaCo0.4Fe0.4Zr0.2O3-𝛿 ;[114] PBC: PrBaCo2O5+𝛿 ;[292] PSCN: Pr0.5Sr0.5Co0.9Nb0.1O3-𝛿 ;[293] PBIn0.1: PrBaCo1.9In0.1O5+𝛿 ;[294] PBCCHf0.1: PrBa0.8Ca0.2Co1.9Hf0.1O5+𝛿 ;[266]

BCFZYNi: Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05O3-𝛿 .[117]
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Figure 29. Comparison of electrochemical performance for single cells with advanced air electrodes in a) FC mode and b) EC mode; c) stability conditions
of R-PCECs with different air electrodes operating in reversible modes.

significantly reduced electrocatalytic activity of air electrodes at
lower temperatures, as observed in previous symmetrical cell
analyses. In addition, the increase in ohmic resistance due to the
diminished ionic conductivity of the electrolyte at these temper-
atures further limits the electrochemical output.

To further evaluate the OER catalytic activity of air electrodes,
a comprehensive analysis of the electrochemical performance of
R-PCECs operating in electrolysis mode was conducted, as illus-

trated in Figure 29b and Table 4. Under an applied voltage of 1.3
V, R-PCECs demonstrated robust water electrolysis performance
across a temperature range of 450–650 °C. For instance, at 550 °C,
16 air electrodes achieved electrolysis current densities exceeding
0.8 A cm−2. Notably, the C/HBSCF electrode exhibited an impres-
sive current density of 1.98 A cm−2 under 10% steam. In con-
trast, when the steam pressure increased to 50%, the PNC73 air
electrode maintained a current density above 1 A cm−2. These
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Table 3. PPD values of advanced air electrodes based on single cells operating in FC mode at 450–650 °C.

Air electrodes Electrolyte (thickness) Atmosphere PPD [W cm−2] Refs.

650 °C 600 °C 550 °C 500 °C 450 °C

NSTF0.3 BZCYYb1711 (22.5 μm) H2 / air 0.77 0.63 0.49 0.34 0.19 [258]

PCNCFO- PBC BZCYYb1711 (10 μm) 3%H2O–H2 / air 1.31 0.91 / / / [175]

SCM- BCFZY BZY0.15 (14 μm) 3%H2O–H2 / air 1.06 0.67 / / / [259]

C/H-BSCF BZCYYb1711 (8 μm) H2 / 10%H2O–air 1.99 1.67 1.37 1.00 / [260]

U-BFZ-NM BZCYYb1711 (5.6 μm) H2 / air 0.60 0.55 0.36 0.22 / [261]

CBSLCC BZCYYb1711 (6 μm) H2 / air 2.15 1.66 1.14 0.81 / [224]

BCFT10 BZCYYb1711 (16 μm) H2 / 3%H2O–air 1.47 1.05 0.74 0.48 / [262]

BSCFEr0.1 BZCYYb1711 (7 μm) H2 / 10%H2O–air 1.33 0.98 0.70 0.53 / [263]

BSTC BZCYYb4411 (6.5 μm) 3%H2O–H2 / 3%H2O–air 3.15 2.25 1.46 0.84 / [264]

PNCO64 BZCYYb1711 (8 μm) 3%H2O–H2 / 3%H2O–air 1.48 1.18 0.85 0.58 / [265]

N-BCFZYNF BZCYYb1711 (10.79 μm) H2 / 3%H2O–air 1.00 0.78 0.55 0.37 / [208]

PBCCHf0.1 BZCYYb1711 (7.8 μm) 3%H2O–H2 / 3%H2O–air 1.42 1.00 0.67 / / [266]

P2.7NCNO BZCYYb1711 (19 μm) 3%H2O–H2 / air 1.31 1.02 0.68 0.37 / [267]

PBCCPd BZCYYb1711 (8 μm) 3%H2O–H2 / 3%H2O–air 1.41 0.97 / / / [268]

PSFN/Fe2O3 BZCYYb1711 (10 μm) 3%H2O–H2 / air 0.72 0.52 0.33 / / [269]

D-SFN BZCYYb1711 (23 μm) H2 / air 0.60 0.48 0.36 0.24 0.17 [138]

PBF-06Y2O3 BZCYYb1711 (14 μm) 3%H2O–H2 / air 0.50 0.35 0.25 / / [178]

BLFZ0.95 BZCYYb1711 (10 μm) 3%H2O–H2 / air 0.85 0.62 0.40 0.24 / [71b]

2W-PBSCF BZCYYb1711 (10 μm) 3%H2O–H2 / air 1.32 0.90 0.57 / / [270]

PCO-LSCF BZCYYb4411 (12 μm) 3%H2O–H2 / 3%H2O–air 1.14 0.80 0.53 / / [271]

HE-PBSLCC BZCYYb1711 (10 μm) 3%H2O–H2 / air 1.51 1.16 0.72 0.40 / [223]

PBCsC BZCYYb1711 (8 μm) 3%H2O–H2 / air 1.66 1.19 0.72 0.41 / [272]

PNCO-64 BZCYYb1711 (10 μm) 3%H2O–H2 / air 1.32 0.86 0.58 / / [273]

BCFN-BZCYY BZCYYb1711 (10 μm) / 0.57 0.39 0.25 / / [274]

BSCFC BZCYYb1711 (16.6 μm) H2 / air 0.77 0.67 0.47 0.30 0.22 [112]

BCZY BZCYYb1711 (11.1 μm) 3%H2O–H2 / 3%H2O–air 0.62 0.38 / / / [191]

PNC-BCPY BZYb82 (13 μm) 3%H2O–H2 / 3%H2O–air 0.65 0.50 / / / [173]

BSCFN-F0.1 BZCYYb1711 (20 μm) 3%H2O–H2 / air 0.72 0.63 0.53 0.43 0.34 [276]

LBSCF-BZCY BZCY352 (20 μm) 3%H2O–H2 / air 0.49 0.35 0.19 / / [277]

BCCFYb BZCYYb1711 (30 μm) H2 / air 0.80 0.63 0.45 0.28 / [278]

NBSCFN5 BZCYYb1711 (15 μm) 3%H2O–H2 / air 1.25 0.76 0.41 / / [279]

BCT20 BZCYYb4411 (10 μm) 3%H2O–H2 / air 2.26 1.64 1.14 0.76 0.45 [280]

PBCFN BZCYYb1711 (10 μm) 3%H2O–H2 / air 1.06 0.72 / / / [198]

BCYF BZCYYb1711 (15.8 μm) H2 / air 0.83 0.66 0.49 0.30 0.15 [194]

BCFZY-Ag BZCYYb1711 (10 μm) 3%H2O–H2 / air / 0.78 0.58 0.40 0.24 [202]

BCFZYMg BZCYYb1711 (16 μm) H2 / air / 0.85 0.66 0.48 0.31 [118b]

BC1.5MN BZCYYb1711 (10 μm) 3%H2O–H2 / air 1.17 0.84 0.54 0.34 / [203]

PLNBSCC BZCYYb1711 (6.5 μm) H2 / air / 1.21 0.96 0.66 / [222]

PNC73 BZCYYb4411 (15 μm) 3%H2O–H2 / O2 / 0.95 0.68 0.45 0.32 [281]

BGPC BZCYYb1711 (10 μm) 3%H2O–H2 / air 0.91 0.59 / / / [282]

BCFZnY BZCYYb1711 (11.8 μm) H2 / air / 0.98 0.77 0.52 0.32 [39]

BSCFP0.05 BZCYYb1711 (16 μm) H2 / air / 0.84 0.64 0.43 / [283]

BZFN-BZCY BZCY172 (19 μm) 3%H2O–H2 / air 0.48 0.30 0.14 / / [284]

BB-OPS BZCYYb1711 (22 μm) H2 / air 1.14 0.88 0.63 0.43 / [285]

D-BFZ BZCYYb1711 (4 μm) H2 / air 1.78 1.28 0.95 0.67 / [70b]

BCO-LSCF BZCYYb1711 (10 μm) 3%H2O–H2 / air 1.60 1.16 0.78 0.41 / [168]

SCFN BZCYYb1711 (26 μm) H2 / air 0.75 0.53 0.35 0.23 / [205]

BCFZYNi BZCYYb1711 (14 μm) H2 / air 0.92 0.65 0.44 0.26 / [117]

(Continued)
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Table 3. (Continued)

Air electrodes Electrolyte (thickness) Atmosphere PPD [W cm−2] Refs.

650 °C 600 °C 550 °C 500 °C 450 °C

PBCC BZCYYb1711 (10 μm) 3%H2O–H2 / air 1.58 1.06 0.66 / / [197b]

LSCF2.7 BZCY172 (28 μm) 3%H2O–H2 / air 0.52 0.39 0.24 0.16 / [286]

NiO-BCFZY BZCYYb1711 (10 μm) 3%H2O–H2 / air / 0.78 0.53 0.36 / [174]

GCCCO-BZCYYb BZCYYb1711 (17 μm) 3%H2O–H2 / air 1.60 1.16 0.77 0.48 0.28 [288]

PBCC95 BZCYYb4411 (20 μm) 3%H2O–H2 / air / 0.54 0.35 0.22 / [289]

SCFZ-BZCYYb BZCYYb1711 (38 μm) H2 / air 0.55 0.46 0.35 0.23 / [290]

BCCY BZCYYb1711 (16.1 μm) H2 / air 0.99 0.74 0.51 0.32 0.19 [190]

BSSNC BZCY172 (32 μm) H2 / air 0.51 0.41 0.34 / / [291]

BCFZY BZCYYb1711 (25 μm) 3%H2O–H2 / air / 0.66 0.53 0.42 0.26 [115]

BCFZ BZCYYb1711 (15 μm) H2 / air 0.23 0.23 0.20 0.15 / [114]

PBC BZCY172 (30 μm) 3%H2O–H2 / air 0.41 0.30 0.19 0.08 / [292]

LSCF-BZCYYb BZCYYb1711 (14 μm) 3%H2O–H2 / 3%H2O–air 0.81 0.57 0.38 0.24 / [295]

B0.9CFZY BZCY (40 μm) 3%H2O–H2 / air 0.80 0.67 0.55 0.38 / [70a]

PBCsC-BZCYYb1711 BZCYYb1711 (10 μm) 3%H2O–H2 / 3%H2O–air 1.06 0.58 0.38 0.24 0.15 [296]

BSC-PBSCF BZCYYb4411 (≈3.5 μm) 3%H2O–H2 / air / 1.64 1.22 0.82 0.53 [297]

BCFN BZCYYb1711 (≈10 μm) 3%H2O–H2 / air 1.7 1.2 0.8 0.5 / [199]

PCO-PBC BZCYYb1711 (≈15 μm) 3%H2O–H2 / air 1.21 0.87 / / / [170]

PBCFS05 BZCYYb4411 (6-7μm) 3%H2O–H2 / air 1.33 1.12 0.69 / / [298]

Pr-BLFZ-BZCYYb BZCYYb1711 (≈5 μm) 3%H2O–H2 / air 0.75 0.52 0.34 / / [299]

BCF82 BZCYYb1711 (≈10 μm) 3%H2O–H2 / air 0.98 0.73 / / / [300]

PBCIn0.1 BZCYYb1711 (≈8 μm) 3%H2O–H2 / air 1.78 1.33 0.85 0.48 / [294]

PBNM BZCYYb1711 (12 μm) 3%H2O–H2 / air 0.78 0.57 0.41 0.26 0.20 [135a]

PBCCN BZCYYb1711 (≈5 μm) 3%H2O–H2 / air 2.04 1.42 0.92 0.60 / [301]

BLCFNF BZCY172 (25 μm) 3%H2O–H2 / 3%H2O–air 0.48 0.33 0.18 / / [302]

findings underscore the notable OER catalytic activity of ad-
vanced air electrodes at 550 °C and higher, even under high
water vapor conditions. However, some air electrodes, such as
BSCFC, exhibited electrolysis currents below 0.3 A cm−2, likely
due to their limited water adsorption and proton transport capac-
ities. Furthermore, as the operating temperature decreases, par-
ticularly below 450 °C, the electrolysis performance significantly
declines, with current densities dropping below 0.2 A cm−2 at
350 °C.

The electrochemical performance of R-PCECs in reversible op-
eration modes, specifically their stability during cyclic FC and EC
modes, has also been summarized and analyzed. Unlike stabil-
ity assessments conducted in standalone FC or EC modes, re-
versible cycling requires the air electrode to seamlessly transi-
tion between ORR and OER processes. This places considerable
stress on the electrode material’s ability to function as a bifunc-
tional catalyst under high-temperature and humid conditions,
with critical factors including microstructural integrity, phase
transitions, and changes in surface chemical states. As shown
in Figure 29c and Table 5, most reported cycle stability tests were
conducted for periods of 150 h or less, with few studies exceed-
ing 200 h. In comparison, the stability durations achieved in stan-
dalone FC or EC modes are substantially longer. For example, the
GCCCO-BZCYYb air electrode demonstrated 932 h in FC mode
and 1400 h in EC mode,[288] while BCFZY achieved 1100 h in

FC mode,[115] and the PBCC[197b] air electrode reached 1833 h in
EC mode. These results indicate that the stability tests in cyclic
operation are relatively short. Additionally, most of these tests
were performed under vapor pressures below 10%, predomi-
nantly around 3%, which limits the understanding of how higher
vapor pressures influence the kinetics and degradation mecha-
nisms of air electrodes during reversible operation. Encourag-
ingly, the high-entropy CBSLCC air electrode demonstrated sta-
ble cycling for 137 cycles over 548 h under high vapor pressure
(30%). Nevertheless, for most air electrodes, increasing the va-
por pressure and extending the testing duration remain critical
challenges for fully assessing their feasibility under reversible op-
eration conditions.

In summary, enhancing R-PCEC performance and stability at
lower operating temperatures (≤450 °C) remains a significant
challenge. Improving the catalytic activity of air electrodes will
be crucial in overcoming this limitation and achieving superior
electrochemical performance under these conditions.

6. Challenges and Prospects

A thorough analysis of the physicochemical properties, modifica-
tion strategies, and electrochemical performance of various can-
didate air electrode materials reveals several challenges in the
development of high-performance, stable bifunctional catalysts.
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Table 4. Current density of advanced air electrodes in single cells operating in EC mode in humidified air at 450–650 °C with an applied voltage of 1.3 V.

Air Electrodes Electrolyte (thickness) Atmosphere Current density@1.3 V (A cm−2) Refs.

650 °C 600 °C 550 °C 500 °C 450 °C

NSTF0.3 BZCYYb1711 (22.5 μm) 10%H2O–air / 1.22 / / / [258]

C/H-BSCF BZCYYb1711 (8 μm) 10%H2O–air 3.73 2.72 1.98 1.24 / [260]

CBSLCC BZCYYb1711 (6 μm) 3%H2O–air 2.95 1.76 0.84 / / [224]

BCFT10 BZCYYb1711 (16 μm) 3%H2O–air 1.02 0.57 0.32 / / [262]

BSCFEr0.1 BZCYYb1711 (7 μm) 10%H2O–air 2.23 2.54 1.05 0.56 / [263]

BSTC BZCYYb4411 (6.5 μm) 3%H2O–air 4.21 2.88 1.49 0.62 / [264]

PNCO64 BZCYYb1711 (8 μm) 3%H2O–air 3.49 2.08 0.92 0.35 / [265]

N-BCFZYNF BZCYYb1711 (10.79 μm) 3%H2O–air 1.57 1.09 0.68 0.35 / [208]

PBCCHf0.1 BZCYYb1711 (7.8 μm) 3%H2O–air 2.74 1.61 0.84 / / [266]

PBCCPd BZCYYb1711 (8 μm) 3%H2O–air 2.66 1.16 / / / [268]

PSFN/Fe2O3 BZCYYb1711 (10 μm) 10%H2O–air 1.21 0.91 0.55 / / [269]

D-SFN BZCYYb1711 (23 μm) 3%H2O–air 1.19 0.81 0.57 0.29 0.17 [138]

PCO-LSCF BZCYYb4411 (12 μm) 30%H2O–air 2.04 1.22 0.59 / / [271]

HE-PBSLCC BZCYYb1711 (10 μm) 3%H2O–air 2.68 1.75 0.80 0.28 / [223]

PBCsC BZCYYb1711 (8 μm) 3%H2O–air 2.85 1.48 0.71 0.31 / [272]

PNCO-64 BZCYYb1711 (10 μm) 3%H2O–air 3.09 1.81 0.85 / / [273]

BSCFC BZCYYb1711 (16.6 μm) 3%H2O–air 0.95 0.59 0.32 0.19 / [112]

BCFNS BZCYYb1711 (≈50 μm) 3%H2O–air 1.22 0.91 0.62 0.31 / [275]

NBSCFN5 BZCYYb1711 (15 μm) 20%H2O–air 1.73 0.77 0.33 / / [279]

BCT20 BZCYYb4411 (10 μm) 3%H2O–air 2.33 1.60 0.84 / / [280]

PBCFN BZCYYb1711 (10 μm) 3%H2O–air 2.15 1.04 / / / [198]

BCFZYMg BZCYYb1711 (16 μm) 10%H2O–air / 1.24 0.84 0.54 0.29 [118b]

BC1.5MN BZCYYb1711 (10 μm) 3%H2O–air 2.04 1.34 0.68 / / [203]

PLNBSCC BZCYYb1711 (6.5 μm) 10%H2O–air / 1.95 1.47 1.11 / [222]

PNC73 BZCYYb4411 (15 μm) 50%H2O-O2 / 1.48 1.09 0.84 0.56 [281]

BGPC BZCYYb1711 (10 μm) 3%H2O–air 2.34 1.32 / / / [282]

BSCFP0.05 BZCYYb1711 (16 μm) 10%H2O–air / 1.00 0.62 0.40 / [283]

BB-OPS BZCYYb1711 (22 μm) 10%H2O–air 1.53 1.10 0.67 0.47 / [285]

BCO-LSCF BZCYYb1711 (10 μm) 3%H2O–air 2.30 1.80 1.10 0.50 / [168]

SCFN BZCYYb1711 (26 μm) 3%H2O–air 0.36 0.27 0.18 0.09 / [205]

PBCC BZCYYb1711 (10 μm) 3%H2O–air 2.52 1.51 0.69 / / [197b]

GCCCO-BZCYYb BZCYYb1711 (17 μm) 20%H2O–air 3.06 2.05 1.26 0.72 / [288]

PBCC95 BZCYYb4411 (20 μm) 3%H2O–air / 0.71 0.33 0.16 / [289]

PBCsC-BZCYYb BZCYYb1711 (10 μm) 3%H2O–air 1.35 0.66 0.32 0.18 0.07 [296]

BSC-PBSCF BZCYYb4411 (≈3.5μm) 40%H2O-60%N2 / / / / 0.63 [297]

BCFN BZCYYb1711 (≈10 μm) 3%H2O–air 2.8 1.6 0.7 0.3 / [199]

PCO-PBC BZCYYb1711 (≈15 μm) 3%H2O–air 2.69 2.09 / / / [170]

N-PNC BZCYYb4411 (≈12μm) 10%H2O–air 1.18 0.85 0.56 0.40 [19d]

PBCFS05 BZCYYb4411 (6-7μm) 3%H2O–air 3.56 1.79 0.75 0.33 / [298]

Pr-BLFZ-BZCYYb BZCYYb1711 (≈5 μm) 10%H2O–air 0.77 0.42 / / / [299]

BCF82 BZCYYb1711 (≈10 μm) 30%H2O–air 2.26 1.21 / / / [300]

PBCIn0.1 BZCYYb1711 (≈8 μm) 3%H2O–air 3.29 2.11 0.92 0.31 / [294]

PBCCN BZCYYb1711 (≈5 μm) 3%H2O–air 2.84 1.63 0.78 0.34 / [301]

BLCFNF BZCY172 (25 μm) 3%H2O–air 0.68 0.43 0.22 / / [302]
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Table 5. Stability tests of advanced air electrodes in reversible modes.

Air Electrodes Electrolyte (thickness) Atmosphere
(%H2O–air)

Duration
(h/cycles)

FC EC Temperature [°C] Refs.

C/H-BSCF BZCYYb1711 (22.5 μm) 10 200/20 0.45 A cm−2 −1.8 A cm−2 600 [260]

CBSLCC BZCYYb1711 (6 μm) 30 548/137 0.5 A cm−2 −0.5 A cm−2 550 [224]

BCFT10 BZCYYb1711 (16 μm) 3 20/30 0.8/0.7/0.6 V 1.2/1.3/1.4 V 550 [262]

BSCFEr0.1 BZCYYb1711 (7 μm) 10 10/60 0.1/0.3/0.5 A cm−2 −0.3/−0.5/−0.7 A cm−2 550 [263]

BSTC BZCYYb4411 (6.5 μm) 3 60/15 1.0 A cm−2 −3.0 A cm−2 600 [264]

N-BCFZYNF BZCYYb1711 (10.8 μm) 3 100/15 0.38 A cm−2 −0.5 A cm−2 550 [208]

PBCCHf0.1 BZCYYb1711 (7.8 μm) 3 200/40 0.5 A cm−2 −0.5 A cm−2 600 [266]

PBCCPd BZCYYb1711 (8 μm) 3 100/25 0.5 A cm−2 −0.5 A cm−2 600 [268]

D-SFN BZCYYb1711 (23 μm) 3 160/20 0.8 V 1.3 V 550 [138]

PCO-LSCF BZCYYb4411 (12 μm) 30 128/32 0.7 V 1.3 V 600 [271]

HE-PBSLCC BZCYYb1711 (10 μm) 3 70/17 0.5 A cm−2 −0.5 A cm−2 600 [223]

PBCsC BZCYYb1711 (8 μm) 3 80/20 0.5 A cm−2 −0.5 A cm−2 600 [272]

PNCO-64 BZCYYb1711 (10 μm) 3 124/31 0.5 A cm−2 −0.5 A cm−2 650 [273]

BSCFF BZCYYb1711 (16.6 μm) 3 44/11 0.3 A cm−2 −0.3 A cm−2 550 [112]

NBSCFN5 BZCYYb1711 (15 μm) 20 120/3 0.2 A cm−2 −0.2 A cm−2 650 [279]

BCT20 BZCYYb4411 (10 μm) 3 100/25 0.7 V 1.3 V 550 [280]

PBCFN BZCYYb1711 (10 μm) 3 200/50 0.5 A cm−2 −0.5 A cm−2 650 [198]

BCFZYMg BZCYYb1711 (16 μm) 30 110/9 0.3 A cm−2 −0.3 A cm−2 500 [118b]

BC1.5MN BZCYYb1711 (10 μm) 3 ≈220/110 0.5 A cm−2 −0.5 A cm−2 650 [203]

BGPC BZCYYb1711 (10 μm) 3 100/25 0.5 A cm−2 −0.5 A cm−2 600 [282]

BSCFP0.05 BZCYYb1711 (16 μm) 10 240/5 0.2 A cm−2 −0.6 A cm−2 550 [283]

BCO-LSCF BZCYYb1711 (10 μm) 3 44/11 0.5 A cm−2 −0.5 A cm−2 600 [168]

SCFN BZCYYb1711 (26 μm) 3 120/27 0.8V 1.3 V 550 [205]

PBCC BZCYYb1711 (10 μm) 3 ≈200/50 0.5 A cm−2 −0.5 A cm−2 600 [197b]

BCFZY BZCYYb1711 (≈13 μm) 10 70/18 0.4 A cm−2 1.4 A cm−2 550 [7]

BCFN BZCYYb1711 (≈10 μm) 3 240/51 0.5 A cm−2 −0.5 A cm−2 650 [199]

PCO-PBC BZCYYb1711 (≈15 μm) 3 100/25 0.5 A cm−2 −0.5 A cm−2 650 [170]

PBSCF BZCYYb4411 (≈15 μm) 3 48/12 0.7 V 1.3 V 550 [122]

PBCFS05 BZCYYb4411 (6-7 μm) 3 100/13 0.7 V 1.3 V 600 [298]

Pr-BLFZ-BZCYYb BZCYYb1711 (≈5 μm) 10 60/60 0.3 A cm−2 −0.3 A cm−2 650 [299]

BCF82 BZCYYb1711 (≈10 μm) 30 75/10 0.8 V 1.3 V 600 [300]

PBCIn0.1 BZCYYb1711 (≈8 μm) 3 216/54 0.5 A cm−2 −0.3 5 cm−2 600 [294]

PBCCN BZCYYb1711 (≈5 μm) 2 212/53 0.5 A cm−2 −0.3 5 cm−2 600 [301]

BKCX BZCYYb1711 (11 μm) 5 200/10 0.2 A cm−2 −0.2 A cm−2 600 [303]

Air electrodes: PBCsC-BZCYYb: infiltrating PrBa0.875Cs0.125Co2O5+𝛿 into BZCYYb1711 backbone;[296] BSC-PBSCF: Ba0.62Sr0.38CoO3-𝛿–Pr1.44Ba0.11Sr0.45Co1.32Fe0.68O6-𝛿 ;[297]

BCFN: Ba0.9Co0.7Fe0.2Nb0.1O3-𝛿 ;[199] PCO-PBC: Pr0.1Ce0.9O2+𝛿 coasted on PrBaCo2O5+𝛿 ;[170] N-PNC: nano-fiber PrNi0.5Co0.5O3-𝛿 ;[19d] PBCFS05:
Pr0.5Ba0.5Co0.7Fe0.95Sn0.05O3-𝛿 ;[298] Pr-BLFZ-BZCYYb: PrOx-coated Ba0.95La0.05Fe0.8Zn0.2O3-𝛿 -BaZr0.1Ce0.7Y0.1Yb0.1O3-𝛿 ;[299] BCF82: Ba0.8Ca0.2FeO3-𝛿 ;[300] PBNM:
Pr2BaNiMnO7-𝛿 ;[135a] PBCCN: PrBa0.9Cs0.1Co1.9Nb0.1O6-𝛿 ;[301] BLCFNF: Ba0.8La0.1Co0.2Fe0.7Nb0.1F0.1O2.9-𝛿 ;[302] BKCX:Ba0.95K0.05Co0.2Zn0.2Ga0.2Zr0.2Y0.2O3-𝛿 .[303]

From an electrochemical kinetics perspective, it is critical to de-
sign air electrodes with triple conductivity (electronic, oxygen
ion, and proton) to increase the number of active sites for cat-
alytic reactions. However, achieving high ionic conductivity, par-
ticularly proton conductivity related to water absorption and pro-
ton transfer, remains challenging. Additionally, the simultaneous
transport of protons and oxygen ions introduces competing reac-
tion mechanisms, which limits the simultaneous enhancement
of both transport processes. In terms of structural stability, air
electrode materials must balance water absorption capacity and
resistance to excessive water uptake. High water vapor pressures,

which are beneficial for improving electrolysis efficiency and hy-
drogen production rates in R-PCECs, can degrade structural sta-
bility. In addition, most current research on air electrode stability
has limited to tests for only a few hundred hours, which is far
from being sufficient for practical applications. For instance, the
United States Department of Energy set a 2019 target requiring
fuel cells to demonstrate an operational lifespan of at least 40,000
h, with a degradation rate not exceeding 0.2% per 1000 h.[304]

Furthermore, the adoption of iron-based air electrodes, which
possess lower thermal expansion coefficients and are more cost-
effective compared to cobalt-based electrodes, can enhance the
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stability of the electrode-electrolyte interface while simultane-
ously reducing overall material costs. However, this shift often
leads to changes in catalytic activity and ionic conductivity, com-
plicating material optimization. From a modification perspective,
no single strategy has yet proven capable of simultaneously opti-
mizing both catalytic performance and stability in air electrodes.
A multi-dimensional evaluation of modification techniques is
needed. Regarding practical applications, most air electrode ma-
terials exhibit satisfactory electrochemical performance between
500 °C and 650 °C. However, few studies report on their perfor-
mance at lower temperatures, such as 400 °C and below, likely
due to significantly reduced catalytic activity at these lower tem-
peratures. The limited research on the electrochemical perfor-
mance and physicochemical properties of air electrodes at lower
temperatures complicates efforts to reduce the operating temper-
ature of R-PCECs.

Despite these challenges, the development of air electrode
materials has made significant progress over the past several
decades, and their future potential is promising. Theoretical
models and experimental methods have provided valuable in-
sights into the reaction mechanisms and identified the strengths
and weaknesses of various electrode materials. Advanced modifi-
cation strategies based on mechanistic understanding have sub-
stantially improved catalytic activity in air electrodes. Moreover,
artificial intelligence (AI) serves as a versatile technology that can
be applied across a wide range of materials science disciplines,
including modeling, simulation, characterization, synthesis, and
optimization of materials. AI techniques can primarily be clas-
sified into two categories: learning approaches and optimization
strategies. Learning approaches, such as ML, have the capabil-
ity to derive insights from data, enabling predictions or deci-
sions based on the patterns identified within the data. In terms
of optimization techniques, methodologies such as Genetic Al-
gorithms (GA) and Bayesian optimization (BO) are utilized to
identify the best solutions or configurations for specific objec-
tives. These methods are increasingly employed in the design
of material microstructures, optimization of material composi-
tions, and the generation of material structures. However, it is
important to note that there is currently no dedicated database
specifically for AI in air electrode materials. Therefore, establish-
ing such a database is essential, utilizing appropriate material de-
scriptors that reflect the distinctive attributes of air electrodes, in-
cluding reaction kinetics, conductivity (H+/O2−/e−), surface and
bulk properties, and compatibility with electrolytes. The preci-
sion of the data within this database is fundamental to ensur-
ing the reliability of AI learning and optimization models. The
accurate definition of descriptors and the successful creation of
this database depend heavily on a substantial collection of precise
experimental results, particularly in understanding how varying
chemical compositions and fabrication methods affect the per-
formance of diverse air electrodes, highlighting the necessity for
accuracy and reproducibility.

Moreover, DFT calculations offer valuable insights into the
physicochemical properties of air electrode materials, enabling
a deeper understanding and targeted optimization of their in-
trinsic characteristics. In addition, since the detailed reaction
mechanisms in air electrodes as well as the charge carrier con-
duction mechanisms are still unclear, multiphysics modeling
that considers these processes and is validated by experimen-

tal measurements can provide insights for identifying and facil-
itating rate-determining steps in these processes. Moreover, fu-
ture advancements may involve meso-scale models to elucidate
the effects of microstructure of the air electrode on the reac-
tion and transport processes. These models can assess the im-
pact of material composition on electrode microstructure and
how this, in turn, influences air electrode performance. By delv-
ing into these connections, a comprehensive understanding
of the interplay among material composition, microstructure,
and electrode performance can be attained through numerical
simulations. Likewise, leveraging ML techniques can facilitate
the optimization of electrode microstructure to enhance overall
performance.

In the future, the integration of advanced modification strate-
gies, coupled with the synergy between theoretical modeling and
experimental validation, is expected to significantly advance the
rational design and performance enhancement of air electrode
materials.

7. Summary

Overall, this review provides a detailed and systematic examina-
tion of the mechanisms governing air electrode reactions, ion
transport pathways, and the key factors influencing the physic-
ochemical properties of these materials. It also evaluates a wide
range of air electrode oxides, their modification strategies —
highlighting both their merits and limitations — and the sta-
tus of their electrochemical performance. By integrating insights
from both theoretical studies and practical applications, this re-
view offers a thorough analysis of recent advancements, ongoing
challenges, and future directions for the development of air elec-
trodes in R-PCEC technology.

Substantial progress has been made in elucidating the fun-
damental mechanisms of air electrode materials, leading to the
development of increasingly efficient and stable bifunctional air
electrodes. These advances are propelling the performance of R-
PCECs, facilitating their commercialization as clean and efficient
energy conversion and storage systems, and enabling the pro-
duction of high-value chemicals. However, the path to developing
optimal air electrode materials remains fraught with significant
challenges. These include difficulties in validating ion transport
behavior (theoretically and experimentally), accurately measur-
ing triple conductivity, and the lack of high-temperature in-situ
observations of electrode degradation. Additionally, the stability
of air electrode materials — both in terms of interfacial and in-
trinsic stability — remains a critical issue, alongside the relatively
poor catalytic activity observed at lower temperatures and the lim-
itations of current modification approaches. Overcoming these
hurdles will require further in-depth research, presenting numer-
ous important and compelling avenues for future studies aimed
at accelerating the development of air electrodes for R-PCECs.
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