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Advanced Electrode Materials for Efficient Hydrogen
Production in Protonic Ceramic Electrolysis Cells

Zhipeng Liu, Lilin Zhang, Chunyue Joey Zheng, Yuan Zhang, Bin Chen,* Zongping Shao,

and Jingjie Ge*

Protonic ceramic electrolysis cells (PCECs) exhibit superior proton
conductivity under intermediate-temperature operation (300-600 °C),
emerging as a promising water electrolysis technology compared to traditional
low-temperature proton-conducting polymer electrolysis and high-temperature
oxygen ion-conducting oxide electrolysis. However, the sluggish kinetics of
the oxygen evolution reaction (OER) and electrode instability in PCECs hinder
their large-scale development. This review highlights recent advancements in
PCEC technology, emphasizing its thermodynamic and kinetic advantages, the
categorization of advanced electrode materials, and material regulation strate-
gies, including chemical doping, microstructural engineering, and multiphase
design to improve their catalytic performance and stability. Additionally, the
current challenges are discussed and future research directions are outlined
for advanced PCEC electrode materials. By summarizing recent advancements
in electrode materials and their optimization strategies, this review provides
valuable insights into the rational design of efficient and stable electrode
materials, advancing PCEC technology for green hydrogen production.

1. Introduction

As worldwide energy demands grow and the severity of envi-
ronmental challenges worsen, the global shift toward green en-
ergy, particularly advancements in efficient hydrogen-based en-
ergy systems, has become a key priority worldwide.'! Given a

prospected growth in industrial demand
for green hydrogen, water electrolysis cou-
pled with renewable energy technologies
is considered one of the main future
trends for green hydrogen synthesis.[?!
Compared with alkaline water (ALK) elec-
trolysis, proton exchange membrane (PEM)
electrolysis, and anion exchange membrane
(AEM) electrolysis, solid oxide electroly-
sis cell (SOEC) technology is more at-
tractive due to its unrivaled conversion
efficiencies—a result of favorable thermo-
dynamics and kinetics at higher operat-
ing temperatures.’) However, such high
temperatures can undermine the stability
of SOECs, leading to issues such as elec-
trode material degradation!*! and delam-
ination between the electrode and elec-
trolyte interfaces.[’! Furthermore, the hy-
drogen produced in these systems of-
ten further requires costly purification
and drying processes, as it is mixed
with water vapor at the fuel electrode.®]

To overcome these limitations, researchers are shifting their
focus to protonic ceramic electrolysis cells (PCECs), utilizing pro-
ton conductors as electrolytes instead of oxygen ion conductors.[”!
PCECs facilitate efficient hydrogen production at intermediate
temperatures (400-700 °C), benefiting from reduced activation
energy requirements for proton conduction® This operating
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Table 1. Comparative analysis of typical characteristics for ALK, PEM, AEM, SOEC, and PCEC in green hydrogen production systems. Data for efficiency,
advantages, and disadvantages from refs. [10a] and [10b]; data for hydrogen production cost and development status from ref. [10c].

Technology Type Alkaline Water Proton Exchange Anion Exchange Solid Oxide Electrolysis Proton Ceramic
Electrolysis (ALK) Membrane (PEM) Membrane (AEM) Cell (SOEC) Electrolysis Cell (PCEC)
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temperature range mitigates the degradation of metal-ceramic
materials or perovskite materials, thereby improving the over-
all catalytic efficiency of hydrogen production.’) Moreover, since
water vapor is introduced at the air electrode, the hydrogen pro-
duced at the fuel electrode can be directly stored without purifi-
cation, significantly reducing production costs. To systematically
evaluate the trade-offs between these technologies’ efficiency, ad-
vantages, and disadvantages, Table 1 provides a comparative anal-
ysis of ALK, PEM, AEM, SOEC, and PCEC systems.

The past fifteen years have witnessed the rapid development of
PCEC, evidenced by current density performance boosted from
~0.3 mA cm 2 t0 6 A cm~4'2l under 600 °C and 1.5 V con-
ditions. The achievement of such high current density at low
voltages surpasses the capabilities of state-of-the-art ALK and
PEM water electrolysis. Consequently, PCEC emerges as the
most efficient method for large-scale water electrolysis. How-
ever, its commercialization is still hindered by various chal-
lenges, particularly regarding the materials, including but not
limited to weak mechanical strength of fuel electrode support,
current leakage and poor sinter ability of electrolyte, and low cat-
alytic activity of the air electrode. In terms of air electrode ma-
terials for PCEC, perovskite-type oxides (simple perovskite ox-
ides (ABO,_;),['*] double perovskite oxides (AA’B,0; ;),'* and
Ruddlesden-Popper (RP) phase oxides (A,,;B,0;,,1)"°! together
with layered compounds!'®! are current options that exhibit good
performance. To further enhance their proton conduction activ-
ity performance, the perovskites can be tailored via chemical dop-
ing with alien alkaline earth metal, rare earth metal, and transi-
tion metal atoms to substitute the original metal atoms at the A
and B sites.l'”] This modification of the surface properties and
bulk diffusion of the pristine perovskite leads to increased con-
ductive activity of protons and oxygen ions. In terms of fuel elec-
trode materials for PCEC, metal-based cermets, particularly those
based on Ni, are widely utilized due to their high catalytic activ-
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ity and stability in reducing atmospheres. However, challenges
such as Ni migration and aggregation in Ni-based cermets re-
sult in an irreversible decline in performance.[*®] These issues
can be alleviated by tailoring the electrode microstructure and
optimizing the electrode—electrolyte interface, which effectively
suppress Ni coarsening and migration.[*! Additionally, certain
non-perovskites such as carbon materials also serve as high-
performance fuel electrodes, due to their exceptional properties
in mass and charge transport, electrical and thermal conductiv-
ity, as well as mechanical and chemical stability.[2] To optimally
design highly efficient yet durable PCEC materials, a thorough
understanding of the catalytic mechanism of the active sites is
needed to regulate their catalytic performance, which plays a cru-
cial role in enhancing the catalytic activity and stability of PCEC
electrodes.

In this review, we explore the latest advancements in PCEC,
beginning with its fundamental principles, which highlight the
thermodynamic, kinetic, and potential durability advantages of
PCEC over conventional ALK, PEM, AEM and SOEC technolo-
gies. We then categorize advanced electrode materials, focus-
ing on their roles in enhancing catalytic activity and opera-
tional stability. Additionally, we outline strategies to improve
their catalytic activity and stability, focusing on chemical doping,
microstructure optimization, and multiphase regulating strate-
gies. These methods aim to enhance performance by tuning
atomic-level substitutions, optimizing electrode microstructure,
and constructing multiphase composites. Finally, we discuss
the key challenges and promising research directions for fu-
ture development. Figure 1 comprehensively outlines the ad-
vantages and challenges of PCEC, including a systematic clas-
sification of state-of-the-art electrode materials, corresponding
performance-enhancing strategies, and future research direc-
tions, thereby visually integrating the critical technical and de-
velopmental themes addressed in this review.
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Figure 1. Schematic illustration of protonic ceramic electrolysis cells, highlighting the advantages and challenges of PCEC, as well as the advanced
electrode materials associated with regulation strategies and future perspectives summarized in this work.

2. Fundamentals of PCEC

Unlike water electrolysis processes such as ALK and PEM cells
that operate at low temperatures (<100 °C), PCEC operates at
higher temperatures (350-600 °C) and exhibits distinct thermo-
dynamic characteristics. This is attributed to the fact that both
changes in enthalpy and entropy vary with temperature, affect-
ing the energy required for water electrolysis at high and low tem-
peratures. Additionally, the proton conduction in PCECs involves
different activation energies and conduction pathways than the
oxygen ion conduction in SOECs, due to the differing radii of hy-
drogen and oxygen ions. To better understand the fundamental
principles of PCEC, the thermodynamics and related proton up-
take and conduction mechanisms for water electrolysis in PCEC
are introduced in this section.

2.1. Thermodynamics of PCEC
Steam can be split into hydrogen and oxygen under the influence

of high-temperature generated heat and electricity.[?!! The reac-
tion for steam electrolysis is represented in Equation (1).

electricity(AG) andheat( Q)

HO() = H(g)+30:(g) (1)

The total energy AH(T) required for water steam electrolysis

is AG(T) plus Q(T):

AH(T) = AG(T) + Q (T) 2)
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where AG(T) is the minimum electric work demand by the elec-
trolysis process, Q (T) = TAS(T) is the heat energy consumed for
generating electricity and electrolysis process, and AH(T) is the
standard enthalpy for the whole reaction at T.

The standard thermodynamic parameters AH and AS at dif-
ferent temperatures can be calculated according to Equations (3)
and (4).

AH = AHj 5 + f2—€)8.15 AdeT &)
o T ACP
AS = ASs15+ Jros1s T aT (4)

where AC, is the constant-pressure molar heat capacity.

The electromotive force E, (also known as the Nernst volt-
age) and thermoneutral voltage U,, (also known as the enthalpy
voltage) at unit activity and standard pressure can be calculated

according to Equations (5) and (6).

AG
Emf = —— 5
mf F (5)
AH
U, =-—7 (6)

where n is the number of electrons transferred during the water
electrolysis reaction and F is the Faraday constant.

Through the above equations, the fundamental thermody-
namic parameters at various temperatures are presented in
Figure 2. The results indicate that H(T) increases slightly with
rising temperatures, while G(T) decreases due to the increase
in Q(T). The ratio of G(T) to H(T) continues to drop as the
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temperature rises, enhancing the thermal-to-hydrogen energy
conversion efficiency as electrical energy demand decreases. Ad-
ditionally, the total energy demand for liquid water electrolysis is
higher than that for steam electrolysis, making large-scale water
electrolysis (ALK and PEM) more energy-intensive than steam
electrolysis when producing the same amount of hydrogen.

In practice, due to the presence of additional voltages, the equi-
librium voltage U, is generally significantly higher than the E, ¢

U, =Emf + U,

act

+U

conc

+ Uohm (7)

.o» 1S the extra voltage required
to satisfy the electrochemical kinetics of the electrode, which is
related to the activation energy, electrolysis rate, and temperature;
the concentration overvoltage, U, reflects the loss in gas con-
centration caused by diffusion resistance within the porous elec-
trode, which is related to the electrolysis rate and geometric pa-
rameters; the ohmic overvoltage, U,,,,, is the voltage loss caused
by the resistance of the connectors, electrodes, and electrolyte.
For Equation (1), the electrolysis efficiency is given by:

where the activation overvoltage, U

AH U,
nFU, U,

e = (®)

where nFU,, represents the electrical energy input during the
reaction process. For low-temperature electrolysis (ALK or PEM
electrolysis operating at ~80 °C), U,; is typically 1.2 to 1.8 times
of U,, such that the electrolysis device releases heat to the sur-
roundings and has a relatively low efficiency of ~55% to 83%.122]

For water electrolysis working at a higher temperature range,
the thermodynamic and chemical kinetic characteristics of the
electrolysis reaction are improved, and the ohmic resistance of
the electrolyte is reduced, thereby U,, and U, are significantly
reduced. The terminal voltage of PCEC remains essentially un-
changed and is also much lower than those of electrolysis tech-
nologies at ambient temperatures such as PEM, leading to a sub-
stantial increase in efficiency.
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Figure 2. Energy demand for water and steam electrolysis. Reproduced
with permission.[?'] Copyright 2007, Elsevier.
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2.2. Proton Uptake and Conduction Mechanisms

The materials used in various parts of PCEC, such as air elec-
trodes, electrolytes, and fuel electrodes, do not inherently con-
tain protons within their lattice structure. However, during the
water electrolysis process, humid conditions facilitate interac-
tions between water molecules and oxide ion vacancies or holes,
which consequently generate protons. These interactions occur
through hydration or hydrogenation reactions. Subsequently, the
protons form hydrogen bonds with lattice oxygen. These protons
are transported from the air electrode to the fuel electrode via
the electrolyte, facilitating a continuous water electrolysis reac-
tion. The processes of proton uptake and conduction are intri-
cately linked to the structural and ionic conduction characteris-
tics of the materials used in PCEC. Therefore, a thorough under-
standing of the proton conduction mechanism within PCEC is
crucial for designing high-performance proton-conducting elec-
trodes and electrolytes.

Typically, there are three possible reaction mechanisms for
proton uptake in oxides: hydration, hydrogenation, and new-
type hydration mechanisms. The hydration mechanism, first pro-
posed by Kreuer et al.,[?*] requires the presence of oxide ion va-
cancies. These vacancies may be formed intrinsically by varying
the ratio of the main constituents or be formed extrinsically to
compensate for another dopant chemical element. This is clearly
described in Equation (9), using the Kréger—Vink notation.

O}, +V,+ H,0 < 20H, 9)

In this mechanism, the dissociation of H,O produces a hy-
droxide ion (OH™) and a proton (H*), which then fills the oxygen
vacancy (V) and bonds with the lattice oxygen (OY) at the site
of a lattice oxide ion (O%"), respectively. This leads to the incor-
poration of two mobile proton defects (OH})) within the lattice
structure (Figure 3a).

Considering certain materials exhibit both oxygen vacancies
and electron holes (typical for perovskite proton conductors), the
related mechanism is described by Equation (10).

ZO’(‘)+2h'+HZO<—>ZOH'O+%O2 (10)

In this mechanism, the generation of protons occurs through a
hydrogenation reaction. This process involves incorporating hy-
drogen into the material, which then interacts with the existing
electron holes (h ). As a result of this interaction, protons are pro-
duced and oxygen is released as a byproduct. This mechanism
highlights the dual role of oxygen vacancies and electron holes
in facilitating proton conduction, as illustrated in Figure 3b.

Apart from the above two common mechanisms for proton up-
take, a new mechanism was observed in the La,,Sr,;MnO,_,;**
through the hydration reaction mediated by Mn oxidation.

Mn (1)}, + V;+ O, + H,O < Mn(IV),, +20H, (11)

In this mechanism, proton uptake is driven by coupling the
interaction of oxygen vacancies with water molecules together
with the exchange reaction between oxygen holes and metals
(Figure 3c). Specifically, in La,,Sry;MnO;_;, Mn cations exhibit
mixed valence states. When O~ is incorporated into an oxygen

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Three types of proton uptake mechanisms: a) hydration
mechanism, b) hydrogeneration mechanism, and c) new-type hydration
mechanism.[24]

vacancy, it leads to the oxidation of adjacent Mn cations from
Mn?** to Mn*". Concurrently, the oxygen holes are replaced by
protons from water to neutralize the excess positive charge re-
sulting from Mn oxidation.

Upon the formation of hydrogen ions, it is imperative to
explore the mechanisms of proton conduction. The Grotthuss
and Vehicle mechanisms are two distinct models that describe
the transport of protons in ceramic oxide media.l”! The Grot-
thuss mechanism, also known as the proton hopping or pro-
ton relay mechanism, describes the rapid transport of protons
through a network of hydrogen-bonded water molecules with
other hydrogen-bonded networks, facilitated by low activation en-
ergy. When water dissociates into protons and hydroxide ions, the
proton forms a covalent bond with lattice oxygen. The resulting
hydroxyl group bends toward adjacent oxygen ions, reducing the
bond length and lowering the energy barrier for proton transfer
to enable proton transfer via hydrogen bond breaking and forma-
tion. Subsequently, proton migration occurs, where protons hop
between neighboring oxide ions to break weak O—H bonds and
form new ones with the adjacent oxygen ions.!?] The total activa-
tion energy required for proton rotation and hopping is relatively
low (<0.4 eV). In contrast, the Vehicle mechanism describes pro-
ton transport in which the proton is carried by a larger molec-
ular entity—specifically O~ in the context of ceramic oxides.
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Through this mechanism, proton transport is tied directly to the
diffusion of the OH~ (with O% carrying H*) into the oxygen va-
cancy. This process requires a higher activation energy, (>0.4 eV),
which makes it generally slower than the Grotthuss mecha-
nism. A representative study on LaMO, (M = Cr, Mn, Fe) per-
ovskites demonstrates that oxygen vacancy engineering can di-
rectly switch the dominant mechanism: defect-free surfaces favor
Grotthuss-type proton hopping, whereas oxygen-deficient sur-
faces promote Vehicle-driven transport due to vacancy-induced
electron redistribution weakening O—H bonds.[?** This high-
lights the critical role of defect chemistry in tailoring proton con-
duction pathways for energy applications.

3. Air Electrode Materials in PCEC

3.1. Introduction of Air Electrode Materials in PCEC

In traditional solid oxide fuel cells (SOFCs) that use oxygen ion-
conducting electrolytes, La,¢Sr,,MnO; (LSM) is a widely used
air electrode material due to its high electronic conductivity, su-
perior catalytic activity and stability, and excellent thermal and
chemical compatibility with other cell components, including
the electrolyte. However, LSM typically performs poorly below
700 °C, where its ionic conductivity significantly decreases. This
reduction limits the triple-phase boundary (TPB) at the inter-
section of the electrolyte, air electrode, and gas, leading to a
rapid decline in overall cell performance.[?’] In contrast, proton-
conducting electrolytes in PCECs demonstrate higher ionic con-
ductivity and theoretical efficiency over a lower temperature
range.!?8] Therefore, current research is increasingly focused on
proton-conducting electrolytes for PCECs. In PCECs, the elec-
trolyte mode functions reversely to traditional fuel cells, allow-
ing the composition of the cell components to remain essentially
unchanged. The air electrode is vital in facilitating the oxygen re-
duction reaction (ORR) and the oxygen evolution reaction (OER).
To ensure optimal cell performance, the air electrode requires
sufficient catalytic activity, adequate ionic conductivity (H*/O%")
and electronic conductivity (€7).[?! The air electrode must fur-
ther satisfy several key requirements, including ease of synthe-
sis, thermal stability, and chemical stability. Consequently, re-
search on selecting appropriate materials and designing the elec-
trode structure has become a priority to develop air electrodes
that meet all the criteria: high ORR/OER activity at intermediate
temperatures, a thermal expansion coefficient (TEC) compatible
with other cell components (especially the electrolyte), excellent
thermal cycling stability, good chemical compatibility, high con-
ductivity, and ease of synthesis.l*"] Despite these challenges, var-
ious methods have been developed to prepare air electrodes with
diverse characteristics and advantages. This review categorizes
these advanced air electrode materials into three main types, i.e.,
simple perovskite, double perovskite, and RP phase perovskite
(Figure 4).

3.2. Simple Perovskite Air Electrodes
In the early research stages of PCEC, typical ABO; perovskite

electrode materials, such as La,Sr,,Co,,Fe 305 5 (LSCF),
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Figure 4. The schematic diagram for phase structures of a) simple perovskite, b) double perovskite, and c) RP phase perovskite.

Bay 551,5Cog5Feg,0;5_5 (BSCF), and SrScy;75NDg055C00 505
(SSNC), were commonly investigated.3!] Although these materi-
als perform exceptionally well in SOECs, insufficient proton con-
ductivity and poor chemical stability in the humid air conditions
used in PCECs reduce activity and operational stability. Research
indicated that lowering the operational temperature could alle-
viate degradation challenges like electrode coarsening and vari-
ous chemical interactions. However, this would simultaneously
slow down the ORR and OER. Therefore, designing air electrode
materials that sustain high activity at lower temperatures has
emerged as a primary research objective. Recently, several novel
cubic-phase ABO; perovskite air electrode materials, includ-
ing BaCo,,Fe,,Zr,,Y,,0;_; (BCFZY), BayCo;Fe;,Nby; 05,
(BCFN), and PrNi, ;Co, sO;_; (PNC), have demonstrated consid-
erable potential in both proton-conducting fuel cells (PCFC) and
PCECs.[?

Among the ABO, perovskite air electrode materials, BCFZY
has been extensively studied as the most promising potential air
electrode due to its excellent performance in proton-conducting
PCECs, outstanding redox activity, and the ability to conduct
electrons, oxygen ions, and protons at the three-phase bound-
ary. In terms of its crystal structure, BCFZY is a highly conve-
nient oxide system, crystallizing at room temperature in a cu-
bic perovskite structure (ABO,) with the space group Pm3m.[33!
Since BCFZY possesses the highest symmetry among ABO,
compounds, it remains stable and does not undergo phase tran-
sitions at evaluated temperatures. Currently, doping a small
amount of transition metal elements into BCFZY has proven to
be an effective method to improve activity and stability. Liang
et al.B% doped a small amount of magnesium (5%) into the

Adv. Mater. 2025, 2503609 2503609 (6 of 34)

BCFZY system, producing a cubic-phase perovskite material,
Ba(Coy ,Fey4Z141Y01)00sME0050;5_5s (BCFZYM) that had triple
conductivity (Figure 5a,d—e). Alongside improving the oxygen
ion and proton conductivity, this slight magnesium doping sig-
nificantly improved oxygen/vapor surface exchange. Cells with
BCFZYM air electrodes achieved a peak power density of 850 mW
cm™ in fuel cell (FC) mode and a peak current density of
1244 mA cm™2 at 1.3 V in electrolysis cell (EC) mode, both mea-
sured at 600 °C. Notably, the cells showed good stability, operat-
ing in EC mode for 200 h and FC mode for 300 h, and no signif-
icant performance degradation during 110 h of cyclic operation
between FC and EC modes. Additionally, Shao et al.**! investi-
gated the effects of various transition elements, including Mn,
Ni, Cu, and Zn, on the BCFZY system. They found that doping
Ni into Ba(Co,,Fe;4Z1y1Y01)005NiposO3_s (BCFZYN) enhanced
oxygen mobility, surface exchange kinetics, and both bulk oxygen
ion and proton conductivities (Figure 5b,c). This led to higher
ORR activity in proton-conducting PCFCs. Notably, at 550 °C,
the polarization resistance of symmetrical cells supported by pro-
ton conductors was reduced to 0.607 Q cm?, and single cells
with BCFZYN air electrodes achieved a peak power density of
450 mW cm~2. Ryan et al.’®l investigated the effects of vary-
ing Co/Fe ratios on electrocatalytic activity, electronic conduc-
tivity, oxygen ion binding and transport kinetics, and thermo-
mechanical behaviors. Their studies revealed that the cobalt-rich
BaCo,,Fe,;Zr,,Y,,05_s (BCFZY7111) exhibited the highest per-
formance due to its maximal oxygen vacancy content. Proton ce-
ramic button cells using BCFZY7111 air electrodes achieved a
peak power density of 695 mW c¢m~2 in FC mode, with an elec-
trolysis current density of 1976 mA cm™ at 600 °C and 1.4 V.
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Figure 5. a) Schematic diagram of the ABOj;-type perovskite structure. b) XRD patterns of BCFZY, BCFZYN, BCFZYC, BCFZYZ, and BCFZYM powders,
and corresponding. c) ASRs in BZCYYb-supported symmetrical cells. d) XRD patterns of BCFZY and BCFZYM oxides. €) TEM and corresponding FFT
images of the BCFZYM oxide. f) SEM images of the PNC electrode mesh with different magnification showing hollow-fiber-like string self-architecture
to form mesh structure. g) |-V curves measured in the electrolysis mode. h) Performance in fuel cell mode. i) Comparison of impedance spectra under
1.4 V at 500 °C for cells with regular or 3D PNC electrodes. j) Durability testing of the cell in electrolysis mode at 500 °C. k) Schematic of self-sustainable
reversible operation without external hydrogen feeding. I) Voltage observation under switchable electrolysis and fuel cell current densities at 500 °C. (a,d,e)
Reproduced with permission.[34] Copyright 2022, Elsevier. (b,c) Reproduced with permission.3°] Copyright 2021, Elsevier. (f-l) Reproduced under the
terms of the CC-BY Creative Commons Attribution 4.0 International licensel3’] Copyright 2020, The Authors, published by Springer Nature.

Another common simple cubic perovskite air electrode system
is PNC, proposed by Ding et al.,[”] which has demonstrated en-
hanced hydration capacity and proton conductivity. PNC allows
single cells to generate hydrogen via electrolysis and convert it
back to electrical energy without requiring additional hydrogen,
demonstrating self-sustainability and reversible operability. Ad-
ditionally, Ding et al. optimized the microstructure of the three-
phase conductive PNC electrode (Figure 5f), which improved
overall gas diffusion and, consequently, the electrochemical per-
formance of this PCEC. Namely, this electrode’s electrolysis cur-
rent density exhibited significant increments across various tem-
peratures. Specifically, at 1.3 V and 600 °C, the current density
peaked at 1.18 A cm~? (Figure 5gj), compared to 0.85 A cm~2 for
conventional PNC. In FC mode, the peak power density increased

Adv. Mater. 2025, 2503609 2503609 (7 of 34)

t0 611 mW cm 2 at 600 °C, marking a 15.7% improvement. This
work is the first to successfully demonstrate the self-sustained
conversion of electrical energy and hydrogen by cycling between
EC and FC modes (Figure 5k,l).

Currently, most air electrodes are composed of water-sensitive
perovskite materials with specific ABO, crystal structures.®]
Consequently, the alkaline earth metal cations at the A-site are
prone to hydrolysis reactions when exposed to humid environ-
ments during extended electrolysis. The performance of per-
ovskite materials is significantly influenced by their surface
chemical properties, which are affected by water adsorption, lead-
ing to structural degradation and diminished electrochemical
performance.l* Therefore, developing perovskite materials that
can maintain high catalytic activity and structural stability under
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30 vol.% H,0 at 600 °C. (a—d) Reproduced with permission.[*8] Copyright 2024, Royal Society of Chemistry. (e~h) Reproduced with permission.[4]

Copyright 2024, Elsevier.

high temperature and humidity conditions, such as double per-
ovskites and RP structured perovskites, has become a prominent
research focus.

3.3. Double Perovskite Air Electrodes

Double perovskite structured materials typically have the general
formula AA'B,0,_;, where A represents a trivalent lanthanide
cation, A’ is barium or strontium, and B is a transition metal
cation or a mixture of different elements, such as GdBaMn,O_;
and GdBaCo,O,_;.1*") Compared to simple perovskite materials,
studies on conductivity relaxation and depth profiles of ion ex-
changes have revealed that double perovskites exhibit signifi-
cantly faster oxygen surface exchange properties alongside oxy-
gen ion and proton transport rates, and improved electronic con-
ductivity due to their large cation ordering.[*!]

For example, double perovskites based on LnBaCo,O,_;
(where Ln is a lanthanide element) feature alternating stacks of
Ln—0 and Ba—O layers along the crystal c-axis, resulting in pref-
erential oxygen vacancies appearing in the Ln—O layers. This pro-
vides a pathway that facilitates rapid transport of oxygen ions
or protons.[*?] Although there hasn’t been sufficient research
to clearly support the specific roles of these defects, oxygen va-
cancies are generally believed to facilitate surface reactions.!*’l
Though, double perovskites LnBaCo,O,_;, where Ln = La, Pr,
Nd, Sm, and Gd, have been explored in multiple studies. Among
them, Vellestad et al. reported Ba,_,Gd,4La,,,,Co,0,_; (BGLC)
as the most promising mixed proton and electronic conductor
for use in proton ceramic cells. It was shown that the compos-
ite oxygen electrode Ba,;Gd,gLa,,Co,0,_s-BaZr,,Ce;,Y,;05_;
demonstrated a polarization resistance of less than 1 Q cm? at
600 °C in tubular PCC cells and exhibited good stability for over
700 h at —62.5 mA cm~2 in EC mode.[*]

Adv. Mater. 2025, 2503609 2503609 (8 of 34)

Moreover, several double perovskite oxides exhibit excel-
lent performance as air electrodes in proton ceramic elec-
trochemical cells due to their remarkable ability to con-
duct electrons, oxygen ions, and protons. These include
PrBa, St 5Co, sFey50s,; (PBSCF),*) PrBaCo, ¢Fe,,Nby,0s,;
(PBCFN),[*l and PrBay4Ca,,C0,0s,5s (PBCC).*”] This was
proven as Du et al.[*8] revealed that the classic double perovskite
air electrode PBSCF has an area-specific resistance (ASR) of only
0.269 Q cm? at 600 °C, shown in Figure 6a,b. It also achieved a
peak power density of 1.388 W cm~2 in FC mode (Figure 6¢) and
that of —2.392 A cm™ in EC mode (Figure 6d) when in humid
environments of 600 °C. Additionally, Xu et al.l*] reported that
the PBCFN air electrode achieved a current density of 2148 mA
cm~?at 1.3 Vand 650 °C in 3% H,O-air, demonstrating desirable
durability for 200 h. Moreover, Zhou et al.l*’! prepared PBCC air
electrodes, which achieved a current density of 1510 mA cm=2 at
1.3 V and 600 °C in 3% H,O-air, whilst Du et al.[*] reported that
the PrBa, 4Ca,,Co; o5 Pd; 5055 (PBCCPd) double perovskite air
electrode (Figure 6e) exhibited a polarization resistance of 0.056
Q cm? at 700 °C in a BaZr,,Ce,,Y,,Yb,,;0; (BZCYYb)-based
symmetrical cell, achieving a peak power density (PPD) of 2.08 W
cm~? in FC mode and a current density of —4.42 Acm=2 at 1.3V
in EC mode, shown in Figure 6f—g. Furthermore, the PCEC com-
posited with PBCCPd air electrodes showed excellent stability in
both FC and EC modes, achieving a high Faradaic efficiency of
up to 81.26% (Figure 6h).

3.4. Ruddlesden—Popper Phase Perovskite Air Electrode
Due to the limitations of simple perovskite air electrodes in
achieving durable, high catalytic activity for ORR in the medium

to low-temperature range in PCECs, extensive research has
been conducted on RP perovskites. It has been found that RP
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perovskites exhibit rapid oxygen surface exchange kinetics and
excellent stability at medium to low temperatures, making them
promising candidates for further exploration in this field. RP per-
ovskites have the general formula A |, B, O5,,,, characterized by
alternating layers of ABO, perovskite and AO rock salt along the
c-axis.’% The A-site typically consists of rare earth or alkaline
earth elements, while the B-site is occupied by transition met-
als such as Ni, Mn, Co, or Fe.l’! The exact mechanism of pro-
ton transport in RP-type perovskites has not been definitively
established, so most researchers still adhere to the widely ac-
cepted two-step Grotthuss mechanism for proton transport.!>?]
The main features of proton defect transportation involve rota-
tional diffusion and octahedral hopping; protons jump from one
oxygen ion to a neighboring oxygen ion within the same octahe-
dron, resulting in long-range diffusion of protons as the oxygen
remains in its crystalline position.[?! Evidently, Hermet et al.l>%"]
revealed that proton transport in BaCeO, perovskite involves two
processes: reorientation and transfer (or hopping), where protons
can directly hop from one octahedron to another, nonetheless of
geometry. Wang et al.5?3] utilized a combination of theoretical
(first-principles) and experimental methods to investigate two po-
tential proton migration pathways, discovering that the highest
barrier for proton migration is ca. 0.63 eV, which closely matches
with the experimental findings.

RP structure perovskites are considered potential air electrode
materials since they have the ability to avoid the surface segre-
gation issues often associated with alkaline earth metals, which
would otherwise negatively impact electrode performance.l>3! For
instance, Druce et al.**l employed surface-sensitive low-energy
ion scattering techniques to study the RP material PrLaNiO,_;
to find no segregation of lanthanide cations, while the surface of
LSCF exhibited significant Sr segregation. Little segregation is
crucial the long-term stability of electrode materials. Moreover,
RP-type perovskites demonstrate enhanced ORR activity along-
side excellent thermal and chemical stability.>>! These attributes
make them attractive candidates for use in low-temperature solid
oxide fuel cells. Bassat et al.’®! calculated the ionic conductiv-
ity of RP-type Ln,NiO,,; (where Ln = La, Pr, Nd) based on
oxygen diffusion data, concluding that the RP perovskite ex-
hibits significantly higher ionic conductivity at 700 °C com-
pared to simple perovskites like LSCF (3.7 x 1073 S cm™!)
and La,Sr,,Fey4Nij,0; 5 (LSFN) (21.5 x 10 S cm™!). Ad-
ditionally, compared to conventional perovskite LSCF (Dg,qp,
~5.40 X 107 cm? S7L, kym ~9.26 X 1078 cm S71), RP struc-
ture Ln,NiO,, ;7 exhibits inherently higher oxygen diffusion
(Depern ®4.15 % 1077 cm S71) and surface exchange kinetics (Ko
~7.57 X 107 cm S71) at 700 °C. Gilev et al.*®] also reported
that La,sSrosNi;_ Fe O,,; and La;,Sr,¢Ni,_;Fe O, ; demon-
strate rapid oxygen surface exchange characteristics. Moreover,
a fuel electrode-supported cell with a Pr,NiO,_; air electrode ex-
hibited a power density exceeding 650 mW cm~2 at 0.8 V and
750 °C, with a degradation rate of only 1%—3% per 1000 h, starkly
contrasting to cells with LSCF air electrodes which experienced a
degradation rate of 10—20% over the same period. Zhou et al.>”]
demonstrated that the RP structure Pr,NiO,-Ce,,Gd,;0,_; air
electrode offers excellent electrochemical performance and sta-
bility for reversible ceramic cells.
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4. Fuel Electrode Materials in PCEC

4.1. Introduction of Fuel Electrode Materials in PCEC

The fuel electrode in a PCEC must meet several crucial require-
ments to optimally drive the hydrogen evolution reaction. First,
it should demonstrate suitable ionic and electronic conductivi-
ties coupled with high catalytic activity.!®”! Additionally, the ma-
terial must maintain its chemical and physical stability under re-
ducing conditions while demonstrating compatibility with adja-
cent components, such as the electrolyte. This compatibility ex-
tends to having a well-matched TEC to ensure stability during
redox reactions and thermal cycling.[®!) To ensure optimal per-
formance, the fuel electrode is designed to serve as a structural
support. Therefore, adequate mechanical strength and shock re-
sistance are required to prevent the chances of cell failure dur-
ing operation. Moreover, the electrode should possess appropri-
ate porosity to facilitate rapid diffusion and transport of gases
or electrolysis products.[®?) In this section, we primarily discuss
three categories of fuel electrodes, including the widely used
Ni-electrolyte composite electrodes, perovskite-based electrodes,
and non-perovskite fuel electrodes.

4.2. Ni-Perovskite Composite Fuel Electrode

Currently, Ni-based materials are the most used fuel electrode
materials in proton-conducting ceramic fuel cells. They are fa-
vored for their low cost, excellent catalytic activity, high con-
ductivity, and compatibility with ceramic conductors.l®*] Mixing
metallic Ni with proton-conducting electrolyte perovskite mate-
rials forms a triple-conducting composite, being the most com-
mon method to alleviate thermal expansion differences between
the electrode and electrolyte while lengthening the TPB. A longer
TPB can effectively reduce the electrochemical polarization resis-
tance of the fuel electrode.[*]

Besides mechanically mixing to create composite electrodes to
increase TPB density, catalytic activity can be effectively enhanced
via in situ generation of nanoscale catalytic materials.[%! The pre-
cipitation of Ni nanoparticles appears to facilitate hydrogen pro-
duction in EC mode and hydrogen oxidation in FC mode.[®*] Dur-
ing high-temperature operation, particularly under high current
conditions, nanoscale Ni particles (less than 200 nm) can pre-
cipitate in situ from the fuel electrode, forming structures that
have a significantly larger effective catalytic surface area. These
in situ precipitated Ni nanoparticles bond closely with the elec-
trolyte material, such as BaZr,;Y,,0; 5 (BZY), effectively reduc-
ing the migration distance between Ni and BZY.[*® This results in
a high specific surface area, leading to improved catalytic activity
and coke resistance. Interestingly, the precipitation of Ni creates
unique interfaces that can enhance stability and reduce the ten-
dency for coking with hydrocarbons-a trend confirmed with the
La, 4Sr,4Nij 43 Tiy4,0;_; perovskite electrode reported by Irvine
and colleagues.*”]

The use of Ni-perovskite (electrolyte/electrolyte + other per-
ovskite) composite fuel electrodes not only increases the den-
sity of the TPB but also serves as structural support, provid-
ing sufficient mechanical strength to the entire cell. This fuel
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Figure 7. a) Cross-sectional SEM image of a NiO-BZCYYb fuel electrode-supported single cell with SCFN composite electrode. b) -V and I-P curves
of the Ni-BZCYYb fuel electrode-supported cell in H, fuel at 500-650 °C. c) |-V curves of the Ni-BZCYYb fuel electrode-supported cell measured in
electrolysis mode in H, fuel at 450-600 °C. d) Continuous RePCC operation, cycling between electrolysis and fuel cell mode at 550 °C. e) Fabrication of
flat PCFC cell with a dense electrolyte 5 um thick. f) The microstructure of a single cell composed of a BSCF electrode. g) Potential and power density
curves as functions of the current density under humidified H, as the fuel and dry air as the oxidant. h) Temperature program for the scale-up of a cell
consisting of NiO-BZCYYb and i) 10 x 10 cm? cell after sintering. (a—d) Reproduced with permission.l”%l Copyright 2021, John Wiley and Sons. (e—g)
Reproduced with permission.[”1l Copyright 2018, Springer Nature. (h—i) Reproduced with permission.l”2] Copyright 2023, Elsevier.

electrode-supported configuration allows for thin and dense
electrolyte layers to be fabricated which enhances PCEC
performance.®®! During hydrogen production via water electroly-
sis, Bi et al.l®] reported thata PCEC with a Ni-BZCYYb composite
fuel electrode, with 10 wt.% pore-forming agents, achieved a peak
power density of 540.7 mW cm~2 in FC mode and a high current
density of —2.28 A cm~2 in EC mode, at 1.3 V and 700 °C. The cell
also demonstrated excellent durability, maintaining good perfor-
mance for over 100 h. Song et al.”! fabricated a single cell sup-
ported by a NiO-BZCYYD composite fuel electrode as shown in
Figure 7a. They revealed that the cell achieved peak power den-
sities of 745, 531, 347, and 225 mW cm™2 at 650, 600, 550, and
500 °C, respectively, in FC mode, alongside excellent operational
stability for over 290 h with no detectable degradation (Figure 7b).
As shown in Figure 7c-d, the current densities in EC mode at
1.3 V were reported to be —364, =269, =179, and —91 mA ¢cm™2
at 600, 550, 500, and 450 °C, respectively. Cycling between 1.3 V
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(EC mode) and 0.8 V (FC mode) at 550 °C for 27 reversible cy-
cles (120 h) also revealed negligible performance degradation.
Similarly, a PCEC fabricated rapidly sintered Ni-BZCYYb com-
posite fuel electrodes exhibited outstanding electrochemical per-
formance due to its high heating rate (%50 °C min~!), which ef-
fectively inhibited cation diffusion and grain growth, resulting
in a nanostructured fuel electrode. Ultimately at 600 °C, the cell
achieved a maximum power density of 0.85 W cm~2 in FC mode
and a maximum current density of 1.88 A cm~2 in EC mode.
Furthermore, Ni-electrolyte composite electrodes provide ad-
equate strength as fuel electrode support material with high
performance, making them a promising approach for fabricat-
ing large-scale full cells. Notably, An et al.’!l achieved an ASR
of 0.09 Q cm? at 600 °C and a peak power output of 20.8 W
from a single 5 x 5 cm? PCEC (Figure 7e,f), fabricated using
a NiO and BaCe5Zr5Y,150;_; (BCZY3) composite fuel elec-
trode as a support. Moreover, the PPDs are significantly high,
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Figure 8. Structure and morphology of CNTF fuel electrode on BZCYYDb electrolyte. a) Schematic of the electrolyte supporting ethane-fueled PCEC with
CNTF fuel electrode. b) A typical cross-sectional SEM image of the electrolyte-supported single cell including the CNTF fuel electrode, PNC electrode,
and the dense BZCYYDb electrolyte. c—e) Low- and high-magnification TEM images of the CNTs sampled from CNTF electrode. f) High-angle annular
dark-field (HAADF) STEM image of an individual CNT and the corresponding EDS mapping of the C and Fe elements in the CNTs. (a—f) Reproduced

with permission.[29] Copyright 2022, Elsevier.

reaching 1.302 W cm 2 at 600 °C and 0.535 W cm 2 at 500 °C,
as shown in Figure 7g. At 550 °C, under a constant current den-
sity of 0.5 A cm™ (0.95 V, 0.475 W cm™2), the cell also exhib-
ited negligible microstructural changes with only slight degra-
dation over 80 h. Interestingly, this slight degradation was at-
tributed to the increased polarization in the BSCF air electrode,
rather than the degradation of the fuel electrode. Two key fac-
tors could have contributed to this BSCF degradation: Cr poi-
soning from the metal interconnector, which contaminates the
BSCF surface, and the instability of the BSCF electrode when ex-
posed to humid conditions. This finding offers valuable insights
into future PCEC development and strongly supports the effec-
tiveness of Ni-electrolyte composite fuel electrodes for large-size
ceramic cells. Similarly, Huang et al.l”?] successfully fabricated a
large 10 x 10 cm? single cell using a Ni-BZCYYb composite fuel
electrode as the support shown in Figure 7h—i. The cell, fueled by
hydrogen, achieved a maximum power density of 400 mW cm~2
at 700 °C. Moreover, it demonstrated excellent performance and
durability during a 425-h thermal cycling test. Marrony et al.l”?]
employed a Ni-BaCe,,Zr,;Y,;0;_s (BZCY8) composite as the
fuel electrode support, successfully fabricating a 20 cm? single
cell. At 600 °C, this cell reached a peak power density of 0.15 W
cm~2, maintaining stability over several hours without significant
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degradation. Overall, these efforts highlight the promising poten-
tial of Ni-electrolyte composite electrodes as fuel electrode sup-
ports to use in large-area PCECs, offering valuable insights into
the commercial-scale production of large-area protonic PCFCs as
well.

4.3. Non-Perovskite Materials

Traditional perovskite-based fuel electrode materials in PCECs
are often limited by their low active surface area and propen-
sity for coking. Hence, functional materials such as carbon nan-
otubes (CNTs), nanofibers, and graphene have emerged as ideal
choices for various electrochemical applications due to their
excellent mass/charge transport, electrical/thermal conductiv-
ity, and mechanical/chemical stability. Ding et al.[?] reported a
novel fuel electrode design for PCECs by growing aligned carbon
nanotube forests (CNTF) on the BaZr,,Ce,,Y,;Yb,,0;_; (BZ-
CYYDb4411) electrolyte, using chemical vapor deposition (CVD)
(Figure 8a,b). During the CVD process, highly dispersed iron
carbide nanoparticles are formed in situ on the CNTF, act-
ing as highly active catalysts. As shown in Figure 8c—f, the
multi-walled CNTs exhibit a morphology with an outer diameter

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB0 1 SUOLIWIOD BAIERID 3|0l [dde 8 Aq peuenob a1e SaILe YO 88N J0 S3|n1 Joj ARIg1T BUIIUO A3|IM UO (SUONIPUOD-PUR-SULBYWO"AB| 1M AR 1[oU1JUO//S4NY) SUONIPUOD PUE SULLB L 841 885 *[6202/60/82] U0 Aiq118uliuO MM ‘WOH ON NH ALISHIAINN DINHOILATOd ONOX ONOH Ad 609805202 BLUPE/Z00T OT/10p/LU00" A3 | 1M AReq) ou [Uo"peoUreApe//:Sdiy Wwioiy papeo|umoq ‘0 ‘5601 TeST


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

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

@ Chemical Doping Strategies

www.advmat.de

C Multiphase Regulating Strategies

,@"
0,(9)

Q Q
- 0 .0, 0° 0\.0 PO HO(g) * - Electrade Elec!rnlyte
o 0?){)‘ OUUU o O %);/0 OUVOQ ° Infiltration solution materials  matérials
9 5 (5} €m———— - ,
'0 &? 1 ? S a electrode i - »,,49":0 Electrode B
00, © N U L0 oot 5y oy
0 % (D El c
0, \.) o U ° ode 9 milling
Oo 90 0O ‘4 0 U 0 4 1 F"" glect \J.\) Electrolyte
¥ ¥ e © b1 ) ’
A-site doping B-site doping b4
Q Q Q " . ) Impregnation method Mechanical mixing
X ‘S b Microstructure Optimization Strategies
3 %0 09 2 %% e _) In-situ exsolved phase
0 (%}(7—0 R0y° O\QAK:;(’OOUOO ‘ R -1‘.-’;1 -
(A y
El, 3
1 Q Cty Ele ) « ) > ) (J
% °6 00 ® %o T El I‘"’" Funetr"""",e , o ) s M
0. Oy 9% © ‘o 0, 0y © ‘Cfl'olm E'ectrol o > 2 AT
%Y 0% Yo VWYY oY vie .~ = xal
b o = . “ SA
© 4] \ A C Introd! the °
o A g 3
A/B site co-doping O-site doping slectiodes functionalllayer In-situ exsolution Self-assembly

Figure 9. Schematic diagram of different regulation strategies for PCEC electrodes.

under 30 nm, and Fe nanoparticles primarily consisting of
overlapping onion-like carbon shells. This new PCEC outper-
formed traditional perovskite-based fuel electrodes, achieving a
peak power density of 0.137 W cm™2 at 700 °C and demon-
strating excellent durability and coking resistance during a
100-h test.

While optimizing the fuel electrode in proton-conducting ce-
ramic cells can enhance PCEC performance, developing effective
non-nickel-based fuel electrodes remains a significant challenge
in advancing PCEC technology. Non-nickel-based fuel electrodes
face limitations under reductive conditions, particularly low con-
ductivity and chemical incompatibility, resulting in substantially
lower power densities compared to nickel-metal ceramic fuel
electrodes.[”] Despite their potential, these perovskite oxide fuel
electrodes still require considerable improvement before practi-
cal application.

5. Regulation Strategies of PCEC Electrode
Materials for Water Electrolysis

In Sections 3 and 4, we have compared and summarized the crys-
tal structures, conductive properties (electronic and ionic conduc-
tivity), thermal expansion coefficients, surface oxygen exchange
coefficients, and other material properties that significantly in-
fluence the performance of PCEC fuel electrode and air electrode
materials. Despite several electrode materials demonstrating ex-
cellent electrocatalytic activity and stability in PCECs, numerous
issues remain unresolved, for instance, metal migration and ag-
glomeration in cermet fuel electrode materials,/’* poor electronic
conductivity in perovskite-type electrode materials,[””! and mis-
matched thermal expansion coefficients between air electrode
materials and electrolytes.”®] These challenges necessitate design
strategies that optimize and regulate the electrode material prop-
erties. To enhance the performance of PCEC air electrode and
fuel electrode materials, ionic and electrical conductivity, chemi-
cal stability, and thermal expansion need to be addressed. In this
section, we will thoroughly examine three principal approaches
to address these limitations: chemical doping, microstructural
engineering, and multiphase design strategies, as illustrated in
Figure 9.
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5.1. Chemical Doping

Perovskite oxides, the most widely used materials for PCEC elec-
trodes, are characterized by their stable crystal structure and ex-
ceptional versatility in elemental substitutions at the A, B, and
O sites. This allows for the electrodes to be modified by a wide
range of elements. Doping solid solutions with multiple ele-
ments thereby enhances their ionic conductivity, electronic con-
ductivity, and catalytic activity.

5.1.1. A-Site Doping

In perovskite oxides, the A sites are generally occupied by larger
cations, such as alkaline earth metals (e.g., calcium, strontium)
or rare earth metals (e.g., lanthanum). These cations are posi-
tioned at the vertices of the perovskite unit cell and are coordi-
nated by twelve oxygen anions. By doping elements with lower
electronegativity at the A site, the electron density at the oxy-
gen sites in the M—O bonds will increase. Enhancing electron
density will result in higher basicity, making the hydration en-
thalpy more negative, which is favorable for proton conductiv-
ity. For instance, Xu et al.l”’l selected monovalent alkali metals
with high basicity as doping elements. They examined the effects
of replacing Ba ions with K ions on two types of oxygen vacan-
cies within the BSCF and Ba,,K,Sr,5Co,sFe;,0; ; (BKSCF)
lattices, focusing on oxygen vacancy formation energy and hy-
dration energy. Their results showed that BKSCF demonstrates
superior oxygen vacancy formation and exhibits a more nega-
tive hydration enthalpy compared to BSCF (Figure 10a), leading
to reduced polarization resistance, which thereby enhances pro-
ton migration and catalytic activity (Figure 10b). Similarly, Park
et al.l”8! introduced monovalent alkali metals with high basicity
into BaCo, ,Fe, . Z1,15Y 0, 0;_s, facilitating the exsolution of bar-
ium oxides under humidified air conditions. It was conveyed that
BaO,-exsolved K, ,sBa,o5Co, 4Fey . Z1415Y0 0,055 (KBCFZY) ex-
hibits the lowest ASR compared to other oxygen electrode per-
ovskites. Density Functional Theory (DFT) calculations of proton
mobility energetics in BaCo, ,Fe,,Z1,15Y( 0,055 and KBCFZY
further demonstrated that K* doping reduces the overall mi-
gration energy, enhancing proton mobility (Figure 10c). Both
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studies demonstrate that substituting Ba with K at the A-site en-
hances the proton conductivity of the material, which improves
catalytic activity. Additionally, replacing A-site metal atoms like
Sr with elements of a relatively smaller ionic radius, such as
Ca, can increase the yield of hydrogen production at the fuel
electrode in SOEC mode. Mahata et al.”! demonstrated this
as they discovered that partially or fully substituting Sr with
Ca in La,Sr);,MnO; enhances their electrical conductivity,
catalytic activity, and electrolyte compatibility. Specifically, elec-
trical conductivity increased with higher Ca content in sam-
ples where Sr was completely replaced by Ca. Furthermore,
compared to La, ¢5St) 3,MnO;, both La;_,Ca,MnO; (LCM) and
La, 4551, Cay;_)MnO; (LSCM) exhibited overall higher hydrogen
production and barely reacted to increasing temperature.
Another significant type of perovskite oxides are RP phase per-
ovskites. They exhibit a unique layered structure consisting of al-
ternating ABO; perovskite layers and AO rock salt layers. This
configuration endows the RP phase with excellent electronic and
oxygen conductivities. Recently, studies at both the microscopic
conduction site simulation level and the macroscopic conduct-
ing rail testing level have demonstrated that doping alkaline ele-
ments at the A-site of the pristine RP phase increases hydration,
which was found to be directly proportional to both the dopant
concentration and its basicity. Zhong et al.® discovered that
La,NiO,,; contains oxygen interstitials, which would facilitate
the localization and migration of protons. Through theoretical
calculations, they simulated the proton conduction pathways via
oxygen interstitials (Figure 10d). Hebb—Wagner polarization tests
indicated that doping alkaline elements at the A-site increases
protonic conductivity, with Sr content in La,  Sr,NiO, ; (LSN)
samples showing a positive correlation (Figure 10e). Besides, Li
et al. B! investigated the Pr,NiO, ;, manipulating its conductiv-
ities by substituting Ba at the Pr-site to explore the relationship

www.advmat.de

between conductivity types and reaction kinetics. By optimizing
Ba content for balanced proton conductivity and oxygen surface
desorption capabilities, they found that Pr, ,Ba,;NiO,, ; exhibits
the best performance at 700 °C, with a reaction resistance of
0.022 Q cm? and a current density of 1.96 A cm™.

Apart from doping into the A-site with alkaline elements, con-
structing deficiencies in the A-site can also efficiently enhance
proton uptake and conduction. This approach creates additional
oxygen vacancies that significantly improve the ionic conductiv-
ity and catalytic activity of the perovskites, which consequently
exhibit higher current densities and lower overpotentials. For in-
stance, Ren et al.l®?] developed A-site-deficient perovskite oxides,
specifically Ba,Co, ,Fe,,Zr,;Y,,0;_5 (x=1, 0.95, 0.9) (B,CFZY),
by altering the charge-compensation mechanisms. As illustrated
in Figure 11a, the overall charge of the B,CFZY system can be
regulated by the formation of oxygen vacancies and the oxida-
tion of Co(Fe)** to Co(Fe)* to maintain electrical neutrality. With
increasing Ba deficiency, the O1s peak area of lattice oxygen de-
creases (Figure 11b), proton concentration increases (Figure 11c¢)
and ASR decreases (Figure 11d), indicating that A-site vacan-
cies not only facilitate the formation of oxygen vacancies but also
enhance proton uptake, thereby improving ORR performance.
Tang et al.l'*"! developed an A-site deficient layered perovskite,
(PrBa,3Cay,)05C0,04_; (PBCCI5), to serve as an oxygen elec-
trode for a PCEC. The current densities of the PBCC95 cell in
EC mode significantly increase at lower temperatures of 550 °C
and 500 °C compared to the PBCC reference (Figure 11e). Fur-
thermore, the PCEC utilizing PBCC95 demonstrates excellent
durability under practical operating conditions, maintaining sta-
ble performance for 160 h across both operating modes without
any observable degradation (Figure 11f).

Recent advancements in high-entropy strategies to perovskite-
based air electrodes for PCEC have shown significant
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Figure 10. a) Scheme of two types of oxygen vacancies and the comparison of their oxygen vacancy formation energy and hydration energy. b) EIS plots
of the cell using BSCF and BKSCF air electrodes tested at 600 and 700 °C. (c) Calculated energy along the pathway relative to the energy of the most stable
position. d) Three elementary processes of proton migration during the FPMD simulation for 100 ps at 1000 K in La,NiO, with a proton and an interstitial
O ion. e) Arrhenius plot of measured proton conductivity of LNO, LS4N, LS6N, LS8N, and LB4N in wet O,. (a,b) Reproduced with permission.l”’]
Copyright 2019, Royal Society of Chemistry. (c) Reproduced with permission.l”8] Copyright 2024, Royal Society of Chemistry. (d,e) Reproduced with

permission.[3%] Copyright 2022, John Wiley and Sons.
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Figure 11. a) Schematic illustration of the charge-compensation mechanisms. b) XPS spectra of O 1s peaks. c) The calculated proton concentration at
different temperatures. d) EIS recorded at 550 °C in dry and wet N,. e) Electrolysis current density comparison of PBCC95 and PBCC at 1.3 V. f) Long-term
stability testing of the cell in fuel cell mode at 0.7 V and in electrolysis mode at 1.3 V and 500 °C. (a—d) Reproduced with permission.[82] Copyright 2019,
Royal Society of Chemistry. (e,f) Reproduced with permission.[™b] Copyright 2020, Royal Society of Chemistry.

improvements in structural tolerance and thermal compatibility
under harsh humidified conditions, while simultaneously main-
taining high catalytic activity. Typically, a high-entropy single-
phase structure is achieved by incorporating multiple different
cations (>5 elements) into the same crystallographic site (either
the A site or B site) of perovskite oxides. This multi-component
design not only enhances configurational entropy but also cre-
ates lattice distortion and disordered stress fields around mobile
cations (e.g., Sr), which kinetically impede their segregation by
reducing ionic migration rates, as evidenced by atomic-scale
studies of high-entropy La,,Pr,,Nd,,Sm,,Sr,,MnO,; cath-
odes under thermal stress.®3] Besides, He et al.®* designed
a high-entropy Pr,,Ba,,Sr,,La,,Ca,,Co0,_; (HE-PBSLCC)
compound, leveraging the excellent conductivity and favorable
thermal expansion coefficients of Or-based perovskite oxides.
The substitution of La**, which has a larger ionic radius, for
Sr** was intended to reduce the B-O bond strength, while
the inclusion of Ca** was chosen for its stable chemical prop-

Adv. Mater. 2025, 2503609 2503609 (14 of 34)

erties and cost-effectiveness. The successful synthesis of the
PBSLCC electrode is further validated by the uniform distri-
bution of Pr, Ba, Sr, La, Ca, and Co elements at the nanoscale,
as evidenced by X-ray energy dispersive spectroscopy (EDS)
(Figure 12a). When utilized as the air electrode in PCEC,
HE-PBSLCC exhibits enhanced electrochemical activity and
superior structural stability, achieving a current density of
—2.68 A cm™? at 1.3 V, along with robust operational durability
over 500 h. Similarly, Liu et all® has developed a high-
entropy perovskite oxide comprising six equimolar metals at
the A-site, specifically Pr,,La,Nd,Ba;;Sr;;Ca;/qCo0; s
(PLNBSCC). A PCEC employing this PLNBSCC air electrode
is able to achieve an impressive current density of —1.95 A
cm~2 at an electrolysis voltage of 1.3 V and a temperature
of 600 °C, which is remarkable. Instead of doping multiple
elements at the A-site to construct high-entropy single-phase
perovskites, He et al.l®! introduced a novel composite material,
Ce,,Ba,,Sr,,La,,Ca,,Co0,_; (CBSLCC), which spontaneously
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Figure 12. a) High-angle annular dark-field STEM image and the X-ray EDS mapping of Pr, Ba Sr, La, Ca, and Co from the HE-PBSLCC grain. b) HRTEM
images of the CD-CBSLCC, CeO,, and LSC interfaces in the selected CBSLCC composites. c) EIS of PBSCF and 85 wt% PBSCF-15 wt% CeO, electrodes
measured in dry air at 650 °C and 550 °C and DRT analysis on the corresponding EIS. d) Stability of the single cells in EC (top) and FC (bottom) modes
under different conditions. (a) Reproduced with permission.[84] Copyright 2023, John Wiley and Sons. (b—d) Reproduced with permission.[3¢] Copyright

2024, Royal Society of Chemistry.

self-assembles into three-phase electrocatalysts with deficient
Cey, ,Bay,Sry, La;, (Ca;,Co0;_; (CD-CBSLCC), CeO,, and
La,sSrysCo0;_;. This three-phase structure was confirmed
using high-resolution TEM (HRTEM) images (Figure 12b). The
CeO, phase provides and consumes protons, facilitating oxygen
evolution and reduction kinetics in reversible protonic ceramic
electrochemical cells (R-PCECs). Moreover, electrochemical
impedance spectroscopy (EIS) and distribution of relaxation
times (DRT) analyses demonstrate that the CeO, phase acts as
a hydrating and ionic-conducting secondary phase, optimizing
mass and gas transfer processes on the composite electrode
surface at 550 °C in humid air (Figure 12c¢). Single-cell dura-
bility testing based of the self-architected CBSLCC composite
air electrode revealed exceptional robustness and long-term
viability, with no noticeable voltage degradation over 200 h in
both electrolysis-cell and fuel-cell modes (Figure 12d).

5.1.2. B-Site Doping

In perovskite oxides, the B-site occupies six-fold coordination
within the oxygen octahedra and typically serves as the active site
for various electrochemical reactions. By doping the B-site with
rare earth or transition metals, the coordination environment of
the M—O bond in the B-site can be altered. This allows for en-
hanced control over key processes such as electron transport, oxy-
gen migration, and proton conduction during high-temperature
water electrolysis. A common approach involves doping with low-
valence cations such as Ni**/Ni**, Fe**/Fe’t, Mg?*, Zn?*, and
Sc3*, which possess suitable ionic radii for B-site doping and can

Adv. Mater. 2025, 2503609 2503609 (15 of 34)

adjust the metal to a lower oxidation state, promoting the forma-
tion of oxygen vacancies. This in turn enhances the ORR activ-
ity, proton and oxygen ion conductivities, and surface exchange
processes.!®”] Doping the B-site with an appropriate amount of
Ni is a commonly used effective approach to enhance the electro-
catalytic activity of the air electrode in PCEC across various per-
ovskite material systems. For example, Li et al.l®] reported that
substituting Fe with Ni in Ba, St ;Co, ,Fe,,Ni,;0;_; (BSCFN)
results in a cubic structure with a high density of oxygen va-
cancies, facilitating rapid oxygen binding and diffusion kinet-
ics in oxygen ion conductors. In addition, Park et al.®! investi-
gated the impact of doping Ni contents on the performance of
NdBa, ;S sCo, sFe,sOs, ; double perovskite as an air electrode
for PCEC, in which 5 mol% Ni doping notably enhances the ac-
tivity of oxygen electrodes in humidified air. Furthermore, sub-
stituting Co with Ni at the B-site of La,¢Sr,,CoO,_; improves
the hydration capacity due to the large negative hydration en-
thalpy that thereby reduces polarization resistance, as demon-
strated in La, 4 St ,Co,;Nig30;_s.11%8] Di et al.(3?] showed that Ni
substitution at the B-sites of PrCoO;, another commonly used
oxygen electrode in oxygen-ion conducting fuel cells, lowers the
migration barrier for proton conduction when proton defects are
readily introduced via hydration reactions. The authors employed
DFT calculations to simulate two representative proton trans-
fer pathways during hydration reactions: inter-octahedral hop-
ping and intra-octahedral hopping. The computational results re-
vealed that, regardless of the pathway, Ni doping facilitates proton
transport through the bulk material (Figure 13a).

Besides Ni, other types of low valance transition metal ele-
ment such as Fe, Zn, Mg, and Sc can be doped at B-site in
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perovskites to enhance the overall performance of air electrodes
in water electrolysis. For instance, Zhu et al.*®! found that doping
Fe into PNC to form PrNi, ,Co,,Fe;,0;_; (PNCF) reduced the
TEC from 19.2 X 107° to 17.4 x 107 K~L. In terms of Zn, Yang
et al.”*® showed that Pr, ¢Ba,,NiyoZn,;0,,s (PBNZ1), which
was doped at the B-site of Pr; ¢Ba,,NiO,,; (PBN), significantly
enhances the electrolysis performance; under operating condi-
tions of 700 °C and 1.3 V, the PBNZ1 composition achieved a
current density of 2.95 A cm™2, representing a 30% improvement
over the undoped PBN electrode. Moreover, Cheng et al.l’!] ex-
plored the Zn-doping effect on Sr,Fe; {Mo,;0,_; (SFM), which
is commonly employed as a fuel electrode in high-temperature
CO, electrolysis or as an anode in PCEC for water electrolysis. Af-
ter doping with Zn, the current density of Sr,Fe, ,Zn,; Mo, O,_;
(SFZM) nearly doubled compared to SEM in a single-cell EC
mode. Despite the fact that the ionic radius of Mg is typically
considered too large for effective B-site doping in many per-
ovskite oxides, Liang et al.** successfully synthesized a phase-
pure triple conducting perovskite by doping a small amount
(5%) of Mg into the BCFZY lattice. The resulting Mg-doped per-
ovskite, Ba(Co,,Fey 4,21y, Y1)0.0sM80.0503_5 (BCFZYM), demon-
strated enhanced oxygen ion and proton conductivities, as well
as an improved proton uptake capability compared to the pristine
BCFZY (Figure 13b). Finally, Wang et al.®?) explored substituting
Ce with Sc, which has a smaller ionic radius, in BaFe, Ce,,0;_;
(BFC) to enhance the structural stability and mechanical com-
patibility. Doping of Sc optimizes Fe 3d-e, orbital occupancy and
increases oxygen vacancies in BaFe,Ce,,Sc,,0;_; (BFCS), re-
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of BSCFP0.05 and BSCF powders. (a) Reproduced under the terms of the
ht 2020, The Authors, published by Springer Nature. (b) Reproduced with
1 Copyright 2024, John Wiley and Sons. (d) Reproduced with permission.[%]
2, Elsevier.

sulting in a significantly lower ASR of ~0.175 Q cm? at 600 °C
in symmetrical cells, which is ca. 1/3 of that in the undoped BFC
electrode.

Co-doping with both low-valence and high-valence metals at
the B-site of perovskites can significantly enhance their electro-
catalytic activity. Incorporating high-valence cations stabilizes the
perovskite structure whilst low-valence metals reduce the pris-
tine metal’s oxidation state, increasing oxygen vacancies and im-
proving ionic conductivity. Kim et al.®* found that dual metal
doping in BaCoO;_; (BCO) inhibits the formation of a hexago-
nal perovskite, rather than converting the undoped electrode it
into a cubic perovskite structure that enhances water uptake and
hydration capabilities. Among the various doped compositions,
BaSc,;Ta,,Co,30;_; (BSTC) exhibited the best performance.
The Sc-Ta pair doping facilitated a 3D proton diffusion pathway
within the BCO lattice (Figure 13c), achieving a current density of
4.21 A cm™ at 650 °C in the EC mode. Lu et al.** also employed
co-doping with Nb>* and Sc* to enhance the hydration capa-
bility of BCO-based air electrodes. As illustrated in Figure 13d,
the minimum energy path (MEP) calculations for proton dif-
fusion reveal that the most considerable migration barriers for
BaCo, ,Fe, ,Nb,,0;_;, BaCo, ,Fe,,Nb,;Sc,;0;_s; (BCFNS), and
BaCo, ,Fe, ,Sc,,0;_; (BCFS) are 0.45, 0.33, and 0.59 eV, respec-
tively. The relatively low proton transfer energy barrier in BCFNS
suggests enhanced proton conductivity, likely to enhance the per-
formance of devices utilizing BCFNS oxygen electrodes.

Beyond rare-earth elements and transition metals, doping
non-metal dopants at B-sites are also an option for modification.
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For instance, Liu et al.[®] synthesized a novel oxygen electrode,
Bay 5575 (Cop sFeq)0.95Po.0s 035 (BSCFPygs5), by partially incor-
porating the non-metallic element phosphorus (P) into BSCF.
The introduction of P modified the electronic structure of surface
Co and Fe ions, enhancing the surface oxygen exchange and bulk
diffusion capabilities of BSCF. This improvement is attributed to
the higher electronegativity of P (2.1) compared to Co (1.9) and
Fe (1.8), which weakens the binding force of oxygen ions to Co
and Fe. Consequently, this facilitates the migration of oxygen ions
and the bulk diffusion of the hydrated product OH™, which is ev-
idenced by the intensified peaks at 531.5 eV, corresponding to
surface-adsorbed oxygen (O,/OH™) (Figure 13e).

5.1.3. A/B Site Co-Doping

Introducing metals, particularly alkaline earth metals, into the
A-site helps increase oxygen vacancies, thus enhancing oxide ion
conductivity. In contrast, modifications at the B-site of BO, octa-
hedra affect electrochemical reactions, influencing magnetic and
electrical properties. By selecting elements for co-substitution
at both A and B sites, it is possible to simultaneously optimize
oxygen transport, electron conduction, and proton conductiv-
ity. For instance, Taylor et al.l®®! investigated the impact of co-
doping LaFeO, with various divalent dopants at both A- and B-
sites on its mixed ionic-electronic conductivity, which enhances
the formation of both oxygen vacancies and electronic holes
within the system (Figure 14a). Choi et al.”’] reported that co-
doping Sr at the A-site and Fe at the B-site in cation-ordered
double perovskite materials, such as PrBa, s Sr, ;Co,_,Fe O, ;, re-
sults in improvements in both oxygen ion diffusion and surface
oxygen exchange rates. The ordered stacking sequence, specif-
ically [Ba(Sr)O]—[Co(Fe)O,]—[PrO;]— [Co[Fe]O,]—[Ba(Sr)0O,], is
confirmed by the HRTEM (Figure 14b). Compared to materi-
als without Fe, incorporating up to 50% of Fe increases the con-
centration of mobile oxygen defects in the Ln—O layers, facilitat-
ing faster oxygen kinetics and enhanced electrochemical perfor-
mance. Fuel cells based on these air electrodes exhibited max-
imum power densities of 710 and 2200 mW c¢cm~ at 500 and
600 °C, respectively (Figure 14c).

In addition to co-doping strategies, enhancing the electro-
chemical activity and durability of a perovskite-type air electrode
can also be achieved through A-site defects and B-site doping.[?
Liu et al.l®®l reported that A-site deficient BCFN with Nb-deficient
BCFEN nanoparticles formed under steam conditions due to sur-
face reconstruction (Figure 14d). This resulted in a peak power
density of 1.70 W cm =2 at 650 °C in FC mode and a current den-
sity of 2.8 A cm™2 at 1.3 V in EC mode (Figure 14e). Similarly,
Liang et al.®) developed Bao5(Cog4Feq4Z101Y01)0.05Nig.osOss
(BCFZYN) by combining A-site Ba deficiency and B-site Ni dop-
ing. This material comprises a predominant perovskite phase (D-
BCFZYN) alongside a minor NiO phase. DFT calculations sug-
gest that NiO nanoparticles enhance water molecule adsorption,
whereas the D-BCFZYN phase facilitates oxygen desorption and
proton conduction. Moreover, Ni et al.l'?l designed a Sr,Fe, 0, ;
(SF)-based perovskite with A-site Sr deficiency and B-site Nb sub-
stitution for PCEC. Nb°* doping stabilizes the crystal structure by
consuming oxygen vacancies for charge compensation whilst Sr
deficiency regenerates oxygen vacancies. It elevates Fe valence,
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balancing bulk transport and surface reactivity (Figure 14{). This
system exhibits a stable performance for 142 h at 0.8 Vin PCFC
mode and 109 h stability at 1.3 V in PCEC mode (Figure 14g).

5.1.4. O-Site Doping

Anionic doping, achieved by substituting lattice oxygen or oc-
cupying oxygen vacancies, effectively modulates the perovskite
oxides’ properties by altering charge balance, electronegativity,
and band structure.'®! For instance, F doping generates oxy-
gen vacancies due to its high electronegativity and low negative
charge, while S doping can enhance oxygen electrocatalytic ac-
tivity by tuning the electronic structure of B-site transition metal
elements.!'%!] Despite typically accounting for only 0.1-0.2 of the
oxygen stoichiometry, anion doping at the O site significantly in-
fluences various properties of perovskite oxides, including elec-
tronic and crystal structures, ionic and electronic conductivity,
chemical stability, oxygen vacancy concentration, and oxygen ion
mobility.'%?] Therefore, alongside A/B-site cation doping, O-site
anionic doping is a promising modification method to improve
perovskite oxides.

When anions are introduced into the perovskite lattice, their
crystallographic regularity and stability changes. F doping can
induce phase transitions in Sr,Co,Os, transforming its hexag-
onal phase into a cubic phase SrCoO,g_;F; ;s (SCFO0.15), with
the CoOg octahedra transitioning from a face-sharing to a corner-
sharing configuration.['%®] Li et al.'%! further confirmed this ef-
fect in their study of F-doped Pr, ; Ba; 4Co0,05_ ;F,; (P, ;BCOE,,),
where the introduction of F~ anions induced cation ordering
between Pr’* and Ba’*, leading to a symmetry shift from cu-
bic/tetragonal to purely tetragonal in Pr,;Ba;,Co,0Os. ; (Figure
15a). Besides, F doping enhances the lattice symmetry of a crys-
tal structure. Specifically, in the case of Sr,Fe, ;Mo,sO,, ;F,
(SFMF), F doping shifts the structure from an orthorhombic
configuration (space group Cmmm) to a pseudo-cubic config-
uration (space group Pm3m), thereby enhancing the lattice
symmetry of SFMF.[1%] Moreover, in a RP perovskite such as
Ln,,Sr, sMn,0,F, (Ln = La, Pr, Nd, Sm, Eu, Gd), F doping sig-
nificantly expands the interlayer distance along the c-axis of the
perovskite lattice, while notable contraction occurs along the a-b
plane.1%] L et al.'%] also found that fluorine-doped Pr,NiO,, ;
(PNO) exhibited excellent electrochemical activity and durability
as an air electrode. In symmetric cells supported by BZCYYDb,
Pr,NiO;q,;F,; (PNOF) demonstrated lower polarization resis-
tance and activation energy compared to PNO, indicating supe-
rior kinetics at lower temperatures.

Anion doping effectively regulates the TEC of perovskites by
influencing B-site ion behavior. For example, in PrBaCo,Os_;
(PBC), TEC is primarily affected by the reduction of B-site transi-
tion metal ions (Con*) and/or chemical expansion resulting from
their spin state transitions.'®! Fluorine doping, due to its higher
electronegativity compared to oxygen, inhibits electron transfer
to Con™, suppressing their reduction and limiting oxygen va-
cancy formation, which reduces TEC. Similarly, anion doping
enhances ionic conductivity and modulates oxygen vacancies. In
BaCaNbOs s, both F and Cl doping improve oxygen conductiv-
ity despite variations in dopant radius and electronegativity.!*"]
Likewise, changes in electron density caused by anion doping
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Commons Attribution 4.0 Internationall’8] Copyright 2024, The Authors, published by Springer Nature.

can lead to electrostatic repulsion between different anions (0>~
and X) located on identical sublattice oxygen vacancies, which
serve as key active sites for reactions and ion transport path-
ways, in turn improving proton mobility and conductivity.[°!]
When halide ions directly replace lattice oxygen to maintain
charge neutrality, the oxidation state of nearby metal cations
is reduced, making it easier to lose lattice oxygen such that
the concentration of oxygen vacancies increases. For instance,
in F-doped SFM (F-SFM), the substitution of O?~ with F~, re-
sulted in a partial shift of Fe ions from Fe** to Fe?*, adjust-

Adv. Mater. 2025, 2503609 2503609 (18 of 34)

ing the average oxidation state from Fe3'7* in SFM to Fe>%* in
F-SFM.[110]

Although PCEC already exhibits high proton conductivity,
anion doping can further enhance this by reducing the ba-
sicity of the perovskite oxide.''" For example, the hydration
capability of BaCo,,Fe,,Zr,;Yy,0,0_sF; (BCFZYF) was sig-
nificantly enhanced after doping a small amount of F.(12]
The high electronegativity of F~ compared to O~ increases
the polarity of M—V*,—M bonds, promoting H,O adsorption
at oxygen vacancies, and generating more proton defects. As
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illustrated in Figure 15b, this weakened O---H interactions and
lowered the proton diffusion barrier in the perovskite oxide, as
corroborated by time-of-flight secondary ion mass spectrome-
try (TOF-SIMS) and thermogravimetric analysis (TGA). These
showed higher proton concentrations and faster proton mobility
in BCFZYF than BCFZY (Figure 15c—e). Moreover, anion dop-
ing also improves proton mobility. As depicted in Figure 15f, the
D Value for BCFZYF was 1.21 X 107 ¢cm? S! at 700 °C,
three times higher than that of BCFZY (4.30 x 107° cm? S71),
and comparable to the electrolyte BZCYYD. A symmetric cell
with a BCFZYF air electrode demonstrated lower polarization
impedance, and the peak power density of a single cell reached
0.921 W cm™ at 650 °C shown in Figure 15g,h. Chen et al.'%]
further observed that doping Ba(Co, ,Fe, 421 1Y(1)0.05sNig 05035
with a small amount of fluorine led to the in situ precipita-
tion of NiO (as shown in Figure 15i). The high electronega-
tivity of F weakened lattice M—O bonds, selectively precipitat-
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ing Ni—O during high-temperature treatment.!'**] Through this
dual modification of bulk and surface properties, the as-prepared
Ba(Coy4Feq 4 Zrg1Y01)0.95Nig 0sFo10,5 exhibited faster oxygen
adsorption/desorption and hydration rates, as well as enhanced
oxygen ion and proton transport. Consequently, single cells with
this air electrode achieved a peak power density of 996 mW cm—2
at 650 °C in FC mode and a maximum electrolysis current den-
sity of 1570 mA cm™ under 1.3 V in EC mode.

5.2. Microstructure Optimization

The structure of an electrode directly affects its efficiency and sta-
bility, making it crucial to optimize this aspect to enhance PCEC
performance. The structure of electrode-pore morphology, chan-
nel design, and the introduction of functional layers play a sig-
nificant role in enhancing mass transport, reducing polarization
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resistance, and increasing the number of active reaction sites. A
well-optimized electrode structure facilitates better gas diffusion,
proton conduction, and electrochemical reaction kinetics, lead-
ing to higher power densities and more durable performance.
The development of advanced electrode designs, such as finger-
like channeled structures and the incorporation of functional
layers, has been shown to address challenges such as poor gas
diffusion, high tortuosity, and electrode degradation, ultimately
boosting the overall efficiency of PCECs. These structural im-
provements not only enhance performance but also help miti-
gate degradation mechanisms, such as Ni migration and particle
coarsening, ensuring stable operation over long-term usage.!'"’]

5.2.1. Finger-Like Channeled Electrodes

Traditional sponge-like porous electrodes suffer from poor uni-
formity of pores, high tortuosity, and limited gas diffusion, re-
ducing the overall performance of ceramic cells. While adjust-
ments to pore morphology or filling methods may improve
performance,['% the inherently tortuous microstructure will
continue to present significant limitations.[''”] Research has
demonstrated that finger-like channels in fuel and air electrodes
improve gas diffusion and conduction.'®! In fuel electrodes,
these channels significantly reduce the molar fraction gradi-
ents of H,, CO, CH,, and CO, compared to structures without
them.['"] Phase inversion technology is widely used to fabricate
microtubular ceramic cells with finger-like channels in the fuel
electrode layers, further optimizing efficiency.[!2%)

Pan et al.'2!l successfully fabricated Ni-BZCYYb supported
single cells with straight, open, finger-like pores (diameter 30—
80 pm; length 500 um) by combining tape casting and phase
inversion techniques to graphite and substrate layers (Figure
16a,b). Fabricated under dry-pressing conditions, the electro-
chemical performance of these unique micro-structured cells
was significantly better than single cells. Specifically, using hy-
drogen with 3% H,O as fuel and ambient air as the oxidant, the
peak power density of Ni-BZCYYD reached 1.389 W cm~2, with a
polarization resistance of 0.039 Q cm?, whilst the dry-pressed sin-
gle cells only achieved 0.929 W cm™2 and 0.113 Q cm? at 700 °C in
FC mode. Furthermore, in EC mode (with 3% steam in the air),
the current density of Ni-BZCYYD at 1.3 V was 2.066 A cm~2,
considerably higher than that of the dry-pressed single cells. This
was attributed to the phase inversion technique, which improved
mass transport, reduced concentration polarization, and boosted
output.

Fuel electrode-supported tubular PCECs are more commonly
fabricated using phase inversion methods than flat single cells
with finger-like channels. Zhao et al.l'2] utilized the immersion-
induced phase inversion technique to create NiO-BZCYYb hol-
low fibers featuring an asymmetric structure in the fuel elec-
trode support, composed of a sponge-like layer and a finger-like
porous layer (Figure 16¢). By applying a porous Sm,;Sr,sCoO,
(SSC)-BZCYYb air electrode using a suspension coating pro-
cess, the resulting single cell achieved a peak power density of
254 mW cm at 650 °C. Similarly, Hou et al.'2%] fabricated
tubular PCECs using a combination of phase inversion and dip
coating, producing cells that exhibited excellent peak power den-
sity, electrolysis current density, along reasonable Faradaic ef-
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ficiency. In addition, Li et al.'??l used phase inversion to co-

extrude NiO-BZCYY-supported seven-channel micro-monolithic
structures (Figure 16d), which featured uniform channel distri-
bution and shorter gas diffusion paths. The assembled cell, with
aNi-BZCYYb fuel electrode support |BZCYYDb electrolyte| PBSCF
air electrode structure, exhibited a peak power density of 0.94 W
cm~2 in FC mode at 700 °C and an electrolysis current density
of 2.17 A cm™ at 1.3 V at 700 °C (Figure 16e,f). EIS analysis re-
vealed that the structured cell demonstrated significantly reduced
gas diffusion polarization resistance compared to single-channel
cells. Dmitry Medvedev et al.l'?*l developed tubular PCECs us-
ing a tape casting method combined with a dual approach us-
ing all Ni-based functional electrodes, resulting in a larger elec-
trode area of 4.6 cm? (Figure 16g). This cell exhibited a high hy-
drogen production rate, generating 19 mL min~" of hydrogen at
600 °C, outperforming the most conventional button-type and
planar PCECs.

5.2.2. Introducing Functional Layer

A functional layer (FL) is a thin coating applied at the interface
between the electrode and electrolyte in PCECs to optimize their
interaction. Designed to enhance electrical conductivity, stability,
and catalytic activity, the FL improves the overall performance
of the electrode by facilitating better electrode-electrolyte interac-
tion. Additionally, it reduces impedance, increases the number of
reaction sites, and boosts long-term stability by preventing com-
mon degradation mechanisms, such as Ni migration and particle
coarsening, during high-temperature operation.[!2#]

In recent studies, interface engineering has been shown
to significantly improve the electrochemical performance of
PCECs. For instance, Choi et al.'?! introduced a thin layer of
PrBa, 5 Sty sCo, sFeysOs,; (PBSCF) on the surface of BZCYYb
electrolyte, as shown in Figure 17a-d. This modification im-
proved the electrode-electrolyte contact, significantly reducing
the ohmic resistance, leading to enhanced peak power density
and overall cell performance, that the power density increased
from 0.89 W cm~2 to 1.098 W cm~2 at 600 °C. Another represen-
tative example involves the introduction of a mono-grain compos-
ite interlayer composed of PBSCF and BZCYYD as an FL to op-
timize the air/steam electrode-electrolyte interface in PCECs,['?!
as shown in Figure 17e-f. This novel interlayer structure signif-
icantly extends the electrode/electrolyte interface and increases
the concentration of vertically aligned oxygen vacancies. As a re-
sult, both ohmic and polarization resistance were reduced, lead-
ing to better performance at low operating temperatures, down
to 350 °C. Under these conditions, the PCEC exhibited an excep-
tional peak power density of 0.50 W cm™ in fuel cell mode and
a current density of 0.25 A cm™2 at 1.3 V in electrolysis mode
(Figure 17g-h). The PCEC with this mono-grain composite in-
terlayer demonstrated high peak power density, current densi-
ties, and excellent stability under static and dynamic conditions,
as shown in Figure 17i—j, highlighting the potential of interface
engineering for high-performance reversible PCECs.

Additionally, air electrode functional layers composed of PB-
SCF and BZCYYb composites have been employed to miti-
gate thermal strain and enhance electrochemical performance.
When applied at the electrode-electrolyte interface, the FL led to
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Figure 16. a) Schematics of the fabrication process for PCECs with straight and open pores. b) Microstructure of the overall cross-sectional view after
electrochemical testing. c) Fractured surface micro views of NiO-BZCYYb hollow fibers sintered for 5 h at 1400 °C and Cross-sectional views of single
cells with fuel electrode-electrolyte bi-layers sintered at 1400 °C. d) 7-channel overall view, the enlarged image on the 7-channel fuel electrode, the
electrochemically active region of the 7-channel with a relatively uniform thickness, and the outer surface of the BZCYYb electrolyte. The performance
of micro-monolitic cell in electrolysis cell mode at different temperatures (550-700 °C): e) 7-channel, f) Short-term stability test of the 7-channel cell
at 650 °C and 0.6 A cm~2. g) Images of the developed PCEC, including the general view and the glued section. (a,b) Reproduced with permission.['21]

Copyright 2021, Royal Society of Chemistry. (c) Reproduced with permission.['2%] Copyright 2011, Elsevier. (d—f) Reproduced with permissio

n.[122]

Copyright 2024, Elsevier. (g) Reproduced with permission.l'23] Copyright 2020, Elsevier.

increased peak power densities, reduced polarization resistance,
and enhanced stability compared to standard single-cell configu-
rations. These benefits were particularly evident in the interme-
diate temperature range of 450-600 °C, where the activation en-
ergy was reduced from 1.19 to 0.84 eV upon the introduction of
the FL. The long-term stability of PCFCs with and without the
FL was assessed through potentiostatic measurements at 0.7 V
and 500 °C. The results confirmed that the FL significantly im-
proved the operational stability of single cells, with a degradation
rate of only 1.7% after 100 h, in contrast to a 2.8% performance
loss observed in cells without the functional layer. The results
demonstrate the effectiveness of interface modifications in im-
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proving both electrochemical properties and thermal stability at
the electrode/electrolyte interface.*2°]

Additionally, Ni-BZCYYb electrodes are widely used in both
PCFC and PCEC modes owing to their good catalytic activity.
Nonetheless, these electrodes suffer long-term stability issues,
especially under electrolysis conditions. This is primarily caused
by microstructural changes at the Ni-electrolyte interface, such as
Ni migration and particle coarsening, reducing the TPB density
and diminishing electrode performance. Specifically, Ni migra-
tion into the electrolyte layer reduces proton conduction while
introducing electronic conduction. Meanwhile, particle coarsen-
ing shortens the TPB and weakens the electronic conductivity of
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Figure 17. SEM images of the single cells: a) Cross-section. b) Expanded view showing the FL layer at the electrolyte—air electrode interface. c) Impedance
spectra at 600 °C, showed a significant decrease after the introduction of the FL layer. d) Reduced ohmic resistance under OCV. e) Cross-sectional SEM
image and TEM image of the composite interlayer between the air electrode and electrolyte. f) TEM image and EDS mapping of the interlayer cross-
section. g) I-V curve of the single cell in electrolysis mode. h) Comparison of current density at 1.3 V with previously reported single cells. i) Stability test
at 500 °C under constant current densities of +1A cm~2 in FC and EC modes. j) Reversible FC/EC cycling with dynamic voltage from 0.8—0.6 V (FC) and
1.3—1.5 V (EC). (a-d) Reproduced with permission.['?] Copyright 2018, Springer Nature. (e—j) Reproduced with permission.!'?] Copyright 2024, John

Wiley and Sons.

the electrode, leading to irreversible degradation.'”] These ef-
fects are exacerbated by high temperatures (above 1400 °C), ac-
celerating both Ni migration and coarsening. To address these
degradation issues, a NIO-BZCYYb nanocomposite FL has been
introduced between the fuel electrode and the electrolyte, func-
tioning as an active catalytic interlayer. This FL effectively limits
Ni migration into the electrolyte and suppresses particle coars-
ening, owing to the nanoscale dispersion of NiO and electrolyte
phases. Such structural advantages contribute to improved long-
term stability of the electrode while preserving a high TPB den-
sity.

Beyond its roles in extending the TPB length and sustain-
ing catalytic activity at intermediate temperatures, the porosity of
the FL plays a crucial role in cell performance and stability. The
fine-grained structure of FL helps improve interfacial conductiv-
ity and ensures sustained performance over time. The adjacent
fuel electrode support structure provides i) mechanical support
for the fuel cell (for fuel electrode-supported cells) and ii) low-
resistance gas diffusion pathways for fuel and reaction products
(such as H,) at the fuel electrode.['?®] Notably, the low porosity of
the FL also aids the deposit of the electrolyte layer via colloidal
coating or spin-coating methods.['*] To better understand the
influence of FL porosity, various studies have focused on opti-
mizing the microstructure to improve their catalytic activity and
durability. For example, Ebbesen et al.'*%] demonstrated that the
porosity of the FL significantly affects the single-cell performance
and durability, influencing gas diffusion and concentration resis-
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tance during electrolysis. Hauch et al.l'?’] also showed that opti-
mizing the microstructure of Ni-BZCYYb FL would reduce the
performance degradation rate to as low as 0.3-0.4% kh~!, primar-
ily by suppressing Ni migration through decreased porosity and
a well-distributed TPB. Although Ni migration could still be ob-
served after over a year of testing, its rate had significantly slowed
down.”* Rainwater et al. 3!l investigated the effect of porosity on
Ni-BZCYYD FL and found that reducing the porosity to ~37%
resulted in the best performance, reaching a peak power den-
sity of 1.2 W cm™ at 750 °C. Altogether, these examples demon-
strate the critical role of FL porosity in improving the stability, ef-
ficiency, and overall performance of proton-conducting ceramic
cells.

5.3. Multiphase Regulating Strategies

Multiphase regulating strategies involve the integration of mul-
tiple phases within a single electrode structure to optimize the
electrochemical properties of electrodes, overall playing a cru-
cial role in the performance and stability of PCECs. This is done
through careful control of phase composition, morphology, and
interactions between different phases. By leveraging the synergy
between multiple phases, such as proton conductors, oxygen ion
conductors, and electronic conductors, these approaches can sig-
nificantly improve catalytic activity, proton conductivity, and elec-
trode stability. These multiphase materials are designed to create
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Figure 18. a) Schematic of the energy profile for the fuel cell and water electrolysis modes. b) The polarization resistance of LSCF and BCO-LSCF elec-
trodes in humid air at 600 °C over 500 h. c) High-angle annular dark-field (HAADF) STEM micrograph and X-ray energy dispersive spectrum mapping of
PCO-PBC. d) EIS curves at 700, 650, and 600 °C with wet H,, fuel. e) I-V—P curves at 700, 650, 600 °C. (a,b) Reproduced with permission.['**] Copyright
2021, John Wiley and Sons. (c—e) Reproduced with permission.[13¢] Copyright 2023, Elsevier.

well-defined interfaces and ensure robust electrochemical perfor-
mance under various operating conditions, enhancing both the
ORR and OER. This section delves into various techniques em-
ployed to achieve such multiphase structures, highlighting their
impact on improving the performance and durability of PCECs.

5.3.1. Impregnation Method

In SOFCs, a common strategy to enhance the ORR activity and
durability of the air electrode is through surface modification
with a material that functions as a protective coating or cata-
lyst, known as the impregnation method. In this process, the
precursor solution infiltrates the porous scaffold. Subsequent
heat treatment causes the nitrate solution to decompose, lead-
ing to a uniform distribution of nanoscale catalysts across the
surface of the scaffold. This is also applicable to PCEC, where
impregnating active and ionically conductive catalysts into the
PCEC electrode materials can improve water electrolysis per-
formance. Wang’s group!!*?! used BZY as the backbone with
LaCoO; (LC) as the electrocatalysts, yielding stable performance
over 900 h in a durability test on a symmetric cell, run in humid-
ified air. Saqib et al.'3}] incorporated an oxygen-ionic conductor,
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Sm,,Cey30,_; (SDC), into BCFZY-BZCYYD air electrode, en-
hancing both OER and ORR catalytic activities and effectively re-
ducing the impedance of both the symmetric cell and the single
cell. Zhou’s group!'**! deposited a BCO coating onto the LSCF
electrode using a one-step impregnation method and conducted
DFT calculations to investigate the electrochemical mechanism,
as depicted in Figure 18a. Their computational analysis revealed
that BCO modification reduces the energy barrier for hydroxyl
species decomposition by 0.45 eV compared to bare LSCF, which
directly correlates with the enhanced oxygen exchange kinetics
shown in Figure 18b. They proposed that during fuel cell and
electrolysis cell operation, Co ions act as active centers, with the
rate-determining step being the formation and decomposition of
surface hydroxyl species. After BCO impregnation, the surface
oxygen exchange process is enhanced, which facilitates the ORR
and OER processes. The long-term stability of the material was
also improved, as evidenced by a reduction in the degradation
rate of the polarization resistance for the BCO-coated LSCF elec-
trode, from 1.3 x 1073 to 4.1 X 10™* Q cm? h~! (Figure 18b).
Later, the group incorporated a multiphase catalyst consisting
of PBC and BCO nanoparticles via impregnation, which further
enhanced catalytic activity and stability, reducing polarization re-
sistance to 0.043 Q cm? at 600 °C and achieving a high current
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density of 1.82 A cm? at 1.3 V in EC mode.l'®! Similarly, Pei’s
group!13®l used fluorite-based ceria doped with praseodymium
oxides (PCO) as a surface coating catalyst for the PBC air elec-
trode, enhancing both activity and durability in the EC mode.
As shown in Figure 18c, the HAADF STEM images of PCO-
PBC powder reveal that the lattices in the red squared regions
i) and ii) correspond to the PCO and PBC phases, respectively.
This distinct phase separation enables PCO to preferentially in-
teract with steam, as confirmed by post-test compositional anal-
ysis showing an 83% reduction in Ba surface segregation com-
pared to unmodified PBC. Electrochemical tests conducted on a
single cell with the PCO-PBC oxygen electrode showed a notably
total low resistance and high current density of 2.69 A cm~2 at
1.3 V (Figure 18d,e). These studies highlight the potential of im-
pregnation strategies to improve the performance of both LSCF
and double perovskite-based air electrodes in PCECs.

5.3.2. Mechanical Mixing Strategy

The mechanical mixing strategy involves blending different ma-
terials physically, via grinding or milling, to form compos-
ite structures that leverage the beneficial properties of each
component. This approach is widely applied in the develop-
ment of air electrodes for PCECs. By mixing electrolyte ma-
terials, such as BZCYYb, with perovskite electrodes, com-
posite air electrodes are created that not only enhance pro-
ton conductivity but also lengthen the three-phase bound-
ary (TPB), mitigating thermal mismatch between the elec-
trode and electrolyte. The primary function of mechanical mix-
ing is to improve proton conduction, which is often a rate-
limiting factor in electrochemical performance. Research has
shown that the mechanical mixing of perovskite electrodes
with proton-conducting electrolytes can substantially improve
electrochemical performance. For instance, Wang et al.'¥”] de-
veloped a composite electrode of Ba,sSr,;Co,,Fe,,Nij;0;_;-
BaZr,,Cey,Y,,YD,;0;5_s5 (BSCFN-BZCYYD) in different mass ra-
tios for PCEC applications. Their results showed that the 8:2 ra-
tio yielded optimal performance, achieving a peak power density
of 1.14 W cm~2 and low polarization resistance of 0.062 Q ¢cm?
at 750 °C. Moreover, the composite electrode possesses excellent
stability with negligible impedance changes during a 50-h cycling
test, demonstrating the effectiveness of mechanical mixing in the
electrolyte-perovskite composite in enhancing its efficiency and
durability.

Additionally, mechanical mixing has been shown to improve
the chemical compatibility and long-term stability of perovskite-
based composites. Wang et al.138] further enhanced the chem-
ical stability of composite electrodes by mixing the cobalt-free
perovskite Ba, o5 La, osFey s Zn,,0,_; (BLFZ) with BZCYYb. They
found that the composite exhibited excellent chemical compati-
bility at temperatures below 1100 °C. When exposed to humid-
ified air (3% H,0), the polarization resistance decreased from
2.072 to 1.334 Q cm? at 600 °C. The power density of single cells
using the BLFZ-BZCYYb composite electrodes reached 329 mW
cm~2 at 750 °C, and the composite electrodes maintained long-
term stability over 100 h of operation. The optimization of com-
posite ratios is another key aspect of mechanical mixing. Yang
et al.l3% explored the effect of varying the ratio of BZCYYDb and
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Nd, osNiO,,; (NNO) in composite electrodes to reduce polariza-
tion resistance. Their findings showed that increasing the NNO
content led to a reduction in polarization resistance, with the
lowest value of 0.43 Q cm? achieved at 60 wt% NNO at 750 °C.
This study highlighted the importance of fine-tuning the TPB
and proton conductivity to enhance electrode performance un-
der different operating conditions. Mechanical mixing has also
been used to optimize charge transfer efficiency in composite
electrodes.

Yang et al.['*"] introduced a composite of PBSCF and BZCYYDb
to create a thin-film electrode-electrolyte composite functional
layer. This design expanded the interface between the air elec-
trode and the electrolyte, significantly reducing polarization re-
sistance. The result was a 4% to 20% increase in power out-
put, demonstrating that structural optimization through me-
chanical mixing can significantly boost performance in pro-
ton ceramic fuel cells. Finally, composite electrodes have been
proven to improve electrochemical performance under spe-
cific operating conditions, such as steam electrolysis. Zheng
et al.l*!l studied a Ba,Gd,gla,,Co,0,_;-BaZr,sCey,Y,10;_5
(BGLC587-BZCY541) composite oxygen electrode under steam
electrolysis conditions, revealing that the rate-limiting step for
steam electrolysis occurred at the surface oxygen electrode pro-
cess. Their results indicated that the three-phase boundary pro-
cess at the contact point of BGLC587-BZCY541 outperformed
the two-phase boundary process, emphasizing the advantages of
composite electrode structures in achieving high electrochem-
ical performance. Overall, these studies demonstrate the sig-
nificant potential of mechanically mixed composite electrodes
in improving proton conductivity, catalytic activity, and sta-
bility in PCECs. They highlight the importance of optimiz-
ing the TPB and electrode-electrolyte interactions for enhanced
performance.

5.3.3. In Situ Exsolved Strategy

Impregnation, electro(deposition), and vapor deposition tech-
niques are the most common methods used to create sup-
ported catalyst structures and improve catalytic capability by
decorating high-surface-area supports with nanoparticles. De-
spite the abilities of these conventional methods to improve
PCEC performance, they often also result in weak and shallow
bonding between the metal nanoparticles and the support,[®’!
which can cause the nanoparticles to migrate, sinter, or even
detach during thermochemical or electrochemical catalysis. In
contrast, in situ exsolution is a process where nanoparticles
grow through phase separation within the solid phase, form-
ing a tightly bonded precipitate phase with the host material.
This process avoids the separation issues common in tradi-
tional methods whilst still enhancing catalytic activity, effective
surface area, and resistance to external gas poisoning.'*?l A
notable example of in situ exsolution is the selective exsolu-
tion of cations from the perovskite lattice, which has been suc-
cessfully demonstrated in various perovskite oxides for catalytic
and electrocatalytic applications.!'*}] Liang et al.'**] manipulated
the elemental composition of the perovskite precursor and in-
troduced A-site cation vacancies to facilitate the exsolution of
NiO nanoparticles (as shown in Figure 19a,b). The resulting
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Figure 19. a) EDX-mapping result of BCFZYN-095. b) HRTEM image of BCFZYN-095. c) The proton conductivity of BCFZYN-100 and BCFZYN-095
at 450-650 °C. d) Oxygen-ion conductivity of BCFZYN-100 and BCFZYN-095 from 500 to 900 °C. e) Schematic illustration of an R-PCEC with a PBCC
exsolved BCO air electrode operated in fuel cell and electrolysis modes. f) SEM and TEM images of the PBCC electrodes before and after testing (1150 h,
700 °C, 40% H,0), and g) EDX spectra of point 1 and point 2, as marked in the TEM image. h) Long-term stability of PBCC measured in electrolysis
mode. (a-d) Reproduced with permission.['* Copyright 2022, John Wiley and Sons. (e~h) Reproduced with permission.l*’] Copyright 2021, American

Chemical Society.

Bay 95(Coy 4 Feg 421y 1Y 1)0.95Nig 05035 (BCFZYN-095) composite
exhibited improved proton conductivity and enhanced ORR ac-
tivity. Moreover, a single cell using this material achieved a peak
power density of 1040 mW cm=2 at 650 °C, with excellent stabil-
ity over 400 h at 550 °C. The selective exsolution of Ni cations
was attributed to the A-site cation deficiency and the difference
in ionic radius between Ni** and Ni?+.['¥] Enhanced proton and
oxygen ion conductivity (Figure 19¢,d) were confirmed by hydro-
gen and oxygen permeation measurements, further demonstrat-
ing the catalytic benefits of this approach.

In addition to optimizing metal cation exsolution, researchers
have explored anion regulation to modify perovskite mate-
rials. For example, Chen et al.''®! introduced fluoride (F)
into the perovskite structure to weaken the metal-oxygen
(M—0) bonds, resulting in a modified perovskite material,
Ba(Co, ,Fey 42101 Y(1)095Nig0sF910595 (N-BCFZYNF). This ma-
terial showed significantly improved oxygen relaxation times and
surface exchange kinetics compared to the unmodified material.
At 600 °C, N-BCFZYNF exhibited a relaxation time of 120 s, far
shorter than the 453 s required for the unmodified BCFZY. This
enhancement improved oxygen transport and surface exchange
kinetics, leading to improved overall performance. Similarly,
Zhou et all¥’! synthesized PrBa,4Ca,,Co,0s,; with exsolved
BaCoO,_; nanoparticles (PBCC-BCO) shown in Figure 19e-g,
which significantly reduced polarization resistance (0.24 Q cm?
at 600 °C) and exhibited excellent stability in humidified air. The
interaction between BCO nanoparticles and the PBCC phase pro-
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moted efficient water dissociation and rapid oxygen desorption,
contributing to superior OER activity. An R-PCEC using PBCC-
BCO delivered a peak power density of 1.06 W cm™2 at 600 °C
in FC mode and sustained durability over 1833 h in EC mode
at 1.3 V (as shown in Figure 19h). Further studies have also ex-
plored in situ exsolution for enhancing surface reaction kinet-
ics. Zhu et al.l'"*¥] used temperature-induced exsolution to gener-
ate SrCo, sNDb, sO;_; (SCN) nanoparticles on PrSrCo; 4Nb,,Oq_;
(PSCN), improving both ORR and OER performances by facili-
tating steam adsorption and protonation. In situ X-ray diffraction
confirmed the stability of SCN nanoparticles above 900 °C, and
DFT calculations further indicated reduced energy barriers for
oxygen and steam dissociation, thus enhancing electrochemical
performances.

Moreover, in situ exsolution is often observed by reducing at-
mospheres in PCECs, which boosts catalytic activity and CO, poi-
soning resistance. Duan et al.[] demonstrated that exsolved Ni
nanoparticles facilitate hydrogen production in EC mode and hy-
drogen oxidation in FC mode. Notably, under high temperatures
and extensive current conditions, the nanoscale Ni particles ex-
solved from the fuel electrode effectively increased catalytic sur-
face area and reduced migration distances between Ni and BZY,
thereby improving coking resistance. Therefore, in situ exsolu-
tion is a highly effective strategy that enhances proton conductiv-
ity, resistance to external poisoning, and durability under extreme
operational conditions, altogether enhancing the catalytic activity
and stability of perovskite-based electrodes in PCECs.
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Figure 20. a) Schematic of a self-assembled triple phase (H*/O%~/e~) conducting nanocomposite electrode. b) STEM image and HRTEM image of a
BCCY composite particle. ) STEM-EDX result. d) XRD patterns of the as-synthesized BCCY composite, the BCCY composite calcined at 600 °C for 100 h
in air (21 vol.% O,-N,), and the calcined BCCY composite after further treatment at 1000 °C for 2 h in air. ) I-V and |1—P curves of a single cell with the
configuration of Ni+BZCYYb|BZCYYb|BCCY at 450-650 °C. f) Operational stability of a single cell with the configuration of Ni+BZCYYb|BZCYYb|BCCY
at constant current densities of 0.2 and 0.3 A cm~2 at 550 °C. g) H,O-TPD signal comparison of SCFN and other samples. h) FTIR profiles of steam-
treated powders. i) Distinct OH_ sites in hydrated SrigFe 046H (SF) and j) hydrated SrqgFe;,040H (RP-SF). (a—f) Reproduced with permission.[143]
Copyright 2019, Elsevier. (g—j) Reproduced with permission.!”®l Copyright 2021, John Wiley and Sons.

5.3.4. Self-Assemble Strategy

Various studies have focused on developing composite air elec-
trodes by combining proton-conducting electrolytes with single-
phase perovskites or employing surface modifications like infil-
tration, aimed to introducing proton conduction and additional
reaction sites for air electrodes.!*®! However, the weak interac-
tions between mechanically mixed electrodes or infiltrated coat-
ings and the air electrode often lead to significant performance
degradation over long-term operations.['*’] Besides, single-phase
perovskite electrodes suffer from limited ion transport pathways
and fewer active reaction sites. Consequently, there is growing
interest in self-assembly strategies. Self-assembled electrodes ex-
hibit stable dual-phase or multiphase structures that enhance
proton conductivity, improve electrocatalytic activity, and increase
durability.*¥] This strategy leverages the differences in ionic radii
and valence states to facilitate the in situ self-assembly of com-
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posite phase structures. This strengthens the interaction between
different phases, ensures appropriate thermal and chemical com-
patibility between electrodes and electrolytes, and ultimately en-
hances stability.148.14]

Song et al.l'*®] introduced a self-assembled, single-step re-
constructed triple-conducting (H*/O?~/e~) composite electrode
via the one-pot method, BaCo,,(Ce;3Y,,)030;_5 (BCCY), as an
air electrode for intermediate-temperature protonic ceramic fuel
cells. This composite electrode exhibited enhanced electronic
conductivity, a reduced TEC of 15.73 x 107¢ K7!, and suffi-
cient reaction sites (Figure 20a). During the calcination pro-
cess, the material self-assembled into two distinct phases: the
BaCe,Y,Co,0;_; (P-BCCY) phase, which conducts H* /e, and
the BaCo,Ce,Y,0;_; (M-BCCY) phase, which conducts 0%~ /e".
The two phases were well mixed and intimately connected in-
side at the nanoscale within the sintered micrometer-sized grains
(Figure 20b,c). An additional BaCoO,_; (BC) phase also formed
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(Figure 20d) under fuel cell conditions, enhancing electronic con-
ductivity. The composite’s exceptional activity stemmed from its
triple-conducting properties, with P-BCCY facilitating proton dif-
fusion, M-BCCY enhancing oxygen ion diffusion, and BC ensur-
ing efficient electron transport. The increased number of active
sites at the nanoscale interfaces also contributed to the electrode’s
enhanced performance. When put in practice, a single cell using
the BCCY air electrode achieved a peak power density of 508 mW
cm~2 at 550 °C and demonstrated stable operation for over 800 h
(Figure 20e,{).

Similarly, Hu et al.’® developed a cobalt-free perovskite,
PrBa, 3Ca,,Fe, 4Ce;,0._s (PBCFC), which self-assembled into
three phases: defect-rich PBCFC, BaCeO,, and CeO,. When
used as the air electrode in a single cell, it achieved a peak
power density of 1.78 W c¢m™2 at 700 °C in FC mode and a
current density of 5.00 A cm™ at 1.3 V in EC mode. Besides,
Huang et al.['!l synthesized PrBaCo, ¢Nb,;Y,;0s,; (PBCNY),
which self-assembled into a primary cation-deficient phase and
a secondary Ba,YNbO, phase. The secondary phase, formed
through Nb, Y, and Ba interactions, stabilized the perovskite
structure, provided additional active sites for the ORR and
OER, and enhanced proton conductivity. Electrochemical tests
revealed a polarization resistance of 0.24 Q cm? at 600 °C, with
single cells achieving a peak power density of 1.99 W cm™2 in
FC mode and a current density of —=5.20 A cm~? at 1.3 V in EC
mode. Building on this approach, Song et al.l’%! further advanced
the self-assembly method by developing a cobalt-free multi-
phase electrode, Sr,,Ce,;Fe,4Ni;,0;_; (SCEN). This electrode
comprised two main perovskite phases: a tetragonal SrFeO,_;
(SF) phase and an RP Sr,Fe;0,,_s; (RP-SF) phase, along with
minor NiO and CeO, oxide phases. Mass spectrometry (MS)
and Fourier transform infrared (FTIR) analyses (Figure 20g,h)
showed that the RP-SF phase enhanced hydration and proton
transfer related to OER. Additionally, proton migration simula-
tions using the climbing image nudged elastic band (CI-NEB)
method confirmed lower migration barriers in RP-SF, facilitat-
ing efficient proton transfer (Figure 20i-j). The introduction of
NiO and CeO, nanoparticles also improved oxygen reaction ki-
netics. Ultimately, single cells with the SCEN electrode achieved
a peak power density of 531 mW c¢m~2 at 600 °C and exhibited
remarkable stability over 120 h at 550 °C. Berger et al.*?] discov-
ered that BaCe,_ ., Fe,Y,,0;_; (x = 0.1-0.6) naturally forms a
Fe-rich cubic phase and a Ce-rich triangular phase, while Cheng
et al.'33] demonstrated that calcining BaCe, sFe,sO;_; at 1370 °C
produces a dual-phase composite: Ce-rich BaCe45Fe;50;_;
(BCF8515) and Fe-rich BaCe, sFe sO0;_; (BCF1585). This
dual-phase material combines the proton-conducting ca-
pabilities of BCF8515 with the electronic conductivity of
BCF1585, offering a balanced and effective solution for various
applications.

Despite significant progress in synthesizing self-assembled
perovskite electrodes via one-pot methods, their composition and
fine structures are still difficult to control. Therefore, further
validation is still required to confirm the scalability of the self-
assembly approach for electrode material preparation. Addition-
ally, the interactions between the multi-phase or potentially un-
stable material layers during this self-assembled process may
negatively affect stability or performance. Therefore, a more com-
prehensive investigation into the physicochemical properties of

150

Adv. Mater. 2025, 2503609 2503609 (27 of 34)

www.advmat.de

the materials and the kinetic behavior involved in the restructur-
ing processes is needed, along with further long-term durability
testing.

6. Conclusion and Perspectives

Advancements in PCEC technology present a promising solu-
tion for tackling global energy and environmental challenges,
particularly through efficient hydrogen production via water elec-
trolysis. This review summarizes the latest advances in elec-
trode materials, focusing on novel material synthesis and struc-
tural innovations aimed at improving performance. Key strate-
gies to enhance PCEC efficiency include increasing proton con-
ductivity, optimizing the length of the TPB, and minimizing
thermal expansion mismatches between the electrodes and elec-
trolytes. These efforts are essential for advancing PCEC tech-
nology to meet future energy demands. However, despite con-
siderable progress, several challenges persist in the field. One
of the key obstacles is the limited proton conductivity of con-
ventional perovskite materials, which hampers the catalytic ef-
ficiency of PCECs. While composite electrodes that integrate
proton-conducting electrolytes such as BZCYYb with perovskite
materials show promise, challenges remain in enhancing the
mechanical strength, water resistance, and long-term durability
of air electrodes. As PCEC technology is still in its infancy, fu-
ture efforts should concentrate on improving scalability, refin-
ing material synthesis techniques, and optimizing interactions
between electrode materials and electrolytes. These initiatives
are vital for addressing existing limitations and ensuring the
technology’s viability for large-scale hydrogen production. This
review highlights several key aspects of developing PCEC sys-
tems.

6.1. Air Electrode Materials

Air electrodes are integral to oxygen reduction and evolution reac-
tions in PCECs. The development of high-performance air elec-
trodes involves improving ionic conductivity, electronic conduc-
tivity, and catalytic activity, particularly at intermediate tempera-
tures. Materials like single perovskites, double perovskites, and
RP phase perovskites have shown promise, offering a balance of
thermal stability, chemical compatibility, and high conductivity.
Research continues to optimize these materials to meet the spe-
cific demands of PCEC applications.

6.2. Fuel Electrode Materials

Fuel electrode materials are essential for driving the HER in
PCECs. These materials must exhibit suitable ionic and elec-
tronic conductivities, along with high catalytic activity and sta-
bility in a reducing atmosphere. Commonly used fuel electrode
materials include Ni-electrolyte composites and perovskite-based
materials, though challenges exist in maintaining mechanical
strength, porosity, and persistent redox stability. Ongoing re-
search seeks to address these issues to enhance long-term per-
formance and durability.
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6.3. Regulation Strategies

Several strategies have been developed to optimize the perfor-
mance of PCEC electrode materials, including chemical doping,
electrode structure optimization, and multicomponent phase
construction. Chemical doping can significantly enhance proton
and electron conductivity by modifying the crystal structure or
creating oxygen vacancies. However, doping must be carefully
optimized to avoid drawbacks like phase instability or thermal
expansion mismatches. Optimizing electrode structure, through
tailoring the microstructure and porosity, can improve perfor-
mance by increasing the availability of reaction sites and facili-
tating gas transport. The development of multiphase electrodes
also offers a promising strategy, as combining different phases
can enhance conductivity and stability while promoting better in-
teractions between the electrode and electrolyte. These strategies
provide a pathway to overcoming current limitations and improv-
ing the efficiency, stability, and scalability of PCEC systems.

7. Technical Challenges in Water Electrolysis

PCEC technology has made substantial progress in enabling effi-
cient hydrogen production through water electrolysis. However,
several technical challenges remain, hindering the full realiza-
tion of its potential.

7.1. Limited Catalytic Activity of Air Electrode

Despite significant advancements in PCEC technology, air elec-
trode performance remains a major challenge, particularly at
lower temperatures (400-700 °C). The catalytic activity of air elec-
trodes for ORR and OER decreases significantly at lower temper-
atures, limiting overall system efficiency.['**] This issue becomes
more pronounced in larger cells, where Faradaic efficiency tends
to drop, sometimes falling below 80%, compared to over 98% in
smaller button cells with identical electrodes and electrolytes. Key
factors such as water absorption, oxygen vacancy concentration,
and electrode stability play a critical role in determining Faradaic
efficiency and become more significant as cell size increases.!*>]
Developing air electrodes with better water resistance, fuel flexi-
bility, and enhanced stability under these harsh conditions is cru-
cial to improving the reliability and efficiency of PCEC systems.

7.2. Proton Conductivity

Despite advances in proton conductivity through doping and
structural optimization, achieving a balance between high
conductivity and structural stability remains challenging.[1¢]
Dopants in perovskite oxides show promise but may re-
duce mechanical strength or introduce thermal expansion
mismatches.!'’] Electronic leakage also limits Faraday efficiency,
especially at elevated temperatures.'>®] Inadequate sealing can
lead to side reactions and energy loss. Furthermore, address-
ing degradation mechanisms like hydrogen embrittlement and
metal migration is vital for improving the reliability and lifespan
of PCEC system.
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7.3. Mechanical Issues

Mechanical stability is another key challenge in PCEC systems.
Fuel electrodes, particularly those with proton-conducting mate-
rials like BZCYYD, suffer from poor compatibility with nickel,
which weakens the structural integrity of the electrode and com-
promises its performance. This problem is exacerbated dur-
ing the fabrication, installation, and high-temperature opera-
tion stages, where mechanical stresses such as thermal cycling
and vibrations can lead to failure. Proton conductors also ex-
hibit high water absorption, which leads to chemical expan-
sion, powdering, and hydrolysis, thus further decreasing their
mechanical strength. Similarly, air electrodes require high wa-
ter uptake to improve ORR/OER activity, but this leads to sim-
ilar issues of chemical expansion, water-induced degradation,
and TEC mismatches, which can result in cracks, delamination,
and other structural problems, thereby reducing the overall me-
chanical stability of the cell. Fortunately, in a recent study, Yang
et al.’®! introduced a chemical hydration strategy to counter-
act thermal expansion, thereby enhancing the mechanical stiff-
ness and fracture strength of the air electrode. This strategy pro-
motes thermo-mechanical durability in proton-conducting ce-
ramic cells by strengthening intergranular bonding within the
bulk air electrode after hydration, which effectively prevents gran-
ule detachment during thermal contraction. This work highlights
the importance of bulk-phase mechanical engineering in improv-
ing the structural robustness of PCEC.

7.4. Material Degradation

Durability concerns are particularly important in high-
temperature, high-humidity environments typical of PCEC
operation. In air electrodes, CO, reacts with electrode materials
under these conditions, leading to chemical degradation, phase
structure breakdown, and a reduction in catalytic activity. On the
fuel electrode side, Ni coarsening is a common issue, where Ni
particles aggregate and reduce the number of available catalytic
sites, diminishing the electrode’s performance. Furthermore,
Ni migration within the electrolyte during operation can impair
the proton conductivity of the electrolyte, negatively impacting
the overall efficiency of the system. The combination of these
degradation mechanisms contributes to the limited longevity
and reliability of PCECs, which is a major challenge for their
widespread adoption.

7.5. Cost

The commercialization of PCEC technology faces significant
challenges, particularly with scalability and cost. Producing
defect-free proton-conducting electrolytes on a large scale re-
mains difficult due to the risk of cracks and structural weaknesses
during sintering. Achieving uniform densification of these ma-
terials requires precise control over the manufacturing process,
which is both cost-intensive and technically challenging. The in-
creasing cost of raw materials, including doped perovskite oxides
and advanced ceramic composites for electrodes and electrolytes,
further complicates the economic feasibility of PCECs. Despite
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Figure 21. a) Research process illustration of machine learning for advancing PCEC electrode materials. b) The schematic of spray granulation. c)
Illustration of the fabricating and testing process for large-scale planar electrolysis cells.

advances in fabrication techniques such as multilayer tape cast-
ing, hot pressing, and 3D printing, scaling up from lab-scale but-
ton cells to industrial-sized devices remains difficult.[') To make
PCECs commercially viable, there is a need for cost-effective syn-
thesis and assembly methods. Additionally, PCECs face stiff com-
petition from well-established electrolysis technologies, such as
ALK and PEM, ! which are already well-integrated into the mar-
ket. Therefore, PCECs must demonstrate clear performance and
cost advantages to capture market share and become commer-
cially competitive.

8. Future Perspective

8.1. Machine Learning for Electrode Materials

Traditional materials development faces several challenges, in-
cluding long cycles and high trial-and-error costs. With the ad-
vancements in artificial intelligence (AI) and the increase in
material databases, machine learning (ML) is gradually being
applied to materials science. Future research will likely see
more Al-assisted design for air electrode materials in PCECs.
Various strategies in Al development for PCEC materials and
other inorganic non-metallic materials have emerged, with re-
searchers leveraging machine learning models to identify high-
performance materials with desired properties.!’®?] For instance,
machine learning models have been developed to uncover the
factors influencing the proton incorporation capabilities of ox-
ides, providing valuable guidance for designing efficient air elec-
trodes, as shown in Figure 21a. Combining experimental data
with DFT calculations has allowed researchers to validate the
prediction accuracy of these machine learning models, partic-
ularly regarding proton conductivity and ORR/OER activity.!163]
Machine learning accelerates material discovery, reduces ex-

Adv. Mater. 2025, 2503609 2503609 (29 of 34)

perimental costs, and optimizes material design, thus signif-
icantly promoting the development of new materials. How-
ever, challenges remain, such as poor data quality, lack of
standardized experimental procedures, and limited understand-
ing of material-property relationships.['**! Overcoming these
barriers will require interdisciplinary collaboration, improved
data-sharing practices, and enhanced model explainability to
fully unlock the potential of machine learning in material
research.

8.2. Standard Protocol for Performance Assessment

While many high-performance electrode materials have been
reported, a significant issue remains the lack of standardized
testing protocols. Variations in electrode structure (e.g., effec-
tive area, porosity, thickness), preparation conditions (e.g., ther-
mal history, coating methods), and test environments (e.g., gas
composition, H, flow in fuel electrodes, temperature conditions)
can lead to inconsistencies in the performance evaluation of
electrodes. These inconsistencies complicate comparative stud-
ies and hinder the development of reliable performance bench-
marks. Inconsistent thermodynamic conditions, such as varying
temperature cycles and the effects of gas environments (N,/O,
ratios or H, flow), also influence electrode behavior. Addition-
ally, the absence of third-party certification and standardized bat-
tery testing fixtures increases the risk of experimental errors. The
lack of uniform test fixtures—essential for accurate mass transfer
and sealing—further contributes to discrepancies in the assess-
ment of electrode materials. Addressing these issues by standard-
izing testing protocols and establishing certification frameworks
would facilitate more meaningful comparisons and accelerate the
development of reliable, high-performance electrodes.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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8.3. Scalable Synthesis for Advanced Materials

Current high-performance electrode materials often require so-
phisticated and intricate fabrication methods, such as pulsed
laser deposition (PLD) for stabilizing the electrode-electrolyte
interface.['?] While these methods significantly enhance cell per-
formance, they are technically complex, require expensive equip-
ment, and are challenging to scale up for industrial applications.
Additionally, materials prepared using techniques like sol-gel
methods, though commonly employed in research, are not suit-
able for large-scale industrial production due to time-consuming
processes and complex steps. For technology to progress to-
ward commercialization, there is a need to focus more on scal-
able, cost-effective synthesis methods, such as coprecipitation,
solid-state synthesis, and spray granulation (Figure 21b). By
adopting these methods, the development of electrode mate-
rials and water electrolysis technologies can better align with
industrial manufacturing needs, reducing costs and enabling
broader implementation of PCEC technologies in large-scale
systems.

8.4. Validation in Large-scale Cells

Electrodes that exhibit excellent performance in small-scale but-
ton cells often struggle to deliver similar results in large-scale
systems. In button cells, high water vapor content alleviates the
bottleneck caused by proton conductivity and proton uptake ca-
pabilities, enabling high performance. However, in larger cells,
the need for efficient water vapor utilization and the presence of
localized hot spots impose stricter demands on the electrode’s
water absorption capacity. Additionally, the electronic conductiv-
ity and interconnection compatibility in larger cells can limit per-
formance, even if these factors do not pose significant issues in
smaller cells. Therefore, performance optimization should not
only focus on button cells but also consider large-scale electrol-
ysis systems and stacks, where the electrochemical conditions
differ significantly. Recently, research efforts have gradually ex-
panded beyond button cells to investigate larger-scale cells.['%]
Moreover, attention has also been shifting toward the design and
testing of large-scale planar electrolysis cells,!1651%] ag shown in
Figure 21c. For future research, it is essential to extend the testing
and development of electrode materials to larger cells to better
understand how they perform under the operational conditions
typical of commercial devices.

Looking ahead, further advancements in the development
of electrode materials are crucial for enhancing the efficiency
and scalability of PCECs. Future research should focus on im-
proving the stability, durability, and long-term performance of
both the fuel and air electrodes while refining material syn-
thesis methods to meet the demands of large-scale produc-
tion. Optimizing the interaction between electrode materials
and electrolytes will also be essential to boost the overall per-
formance of PCECs. In addition, leveraging cutting-edge tech-
nologies such as machine learning and standardizing perfor-
mance assessment protocols will help accelerate material dis-
covery and innovation. As PCEC technology matures, these
advancements will be pivotal in unlocking its full potential
for efficient and sustainable hydrogen production, position-
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ing PCECs as a promising solution for future clean energy
applications.
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