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Advances in Advanced In Situ Assembled Composite
Electrode Materials for Enhanced Solid Oxide Cell

Performance

Yufei Song, Yixiao Song, Yuhao Wang, Yunfeng Tian, Jingwei Li, Meigui Xu,

Zongping Shao,* and Francesco Ciucci*

Solid oxide cells (SOCs) hold considerable promise as devices for efficient,
reversible conversion between chemical and electrical energy, facilitating a
global shift toward renewable energy. Electrode performance is critical for SOC
efficiency and durability and composite materials are key to developing high-
performance electrode catalysts. However, conventional mechanical mixing
and infiltration methods often lead to large particle sizes, uneven distribution,
and weak interfacial interactions, thus limiting electrochemical activity

and longevity. Recent advancements have produced powerful new strategies
for creating composite materials. These include metal exsolution and oxide
segregation for fuel electrodes and one-pot synthesis, segregation, phase
reaction, and dynamic cation exchange for air electrodes. These techniques
yield highly active, uniform nano-catalysts and robust multi-phase interfacial
contacts, significantly improving electrochemical activity and durability.

This work reviews these advanced strategies and their applications in SOCs. It
provides valuable insights for designing and optimizing SOC catalyst materials,
accelerating the development of this vital energy conversion technology.

ethanol, directly into electricity. Unlike
traditional =~ combustion-based  power
systems,l!l  SOCs achieve remarkable
efficiency with significantly reduced emis-
sions. In electrolysis mode, SOCs go
even further: they use renewable energy
to produce sustainable fuels like hydro-
gen and ammonia. For example, this
involves converting water and carbon
dioxide into value-added fuels such as
H,, syngas, ethylene, and so on.?l This
adaptability makes SOCs a pivotal tech-
nology for both the energy and chemical
industries.

The performance of SOCs depends
strongly on the electrochemical properties
and longevity of their electrodes. These
electrodes must electro-catalyze many
complex reactions, including oxygen re-
duction and evolution at the air electrode
and fuel oxidation and formation at the
fuel electrode.3! Ideal electrodes require

1. Introduction

Solid oxide cells (SOCs) represent a breakthrough in energy stor-
age and conversion technology. These versatile devices can con-
vert various fuels, such as hydrogen, natural gas, methane, and

efficient adsorption and desorption of reactants, excellent ionic
and electronic conductivity, and electrochemical and thermo-
chemical stability.[®”] Single-phase materials often struggle to
meet all these demands. For instance, Ni metals, commonly
used in SOC fuel electrode catalysts, are known for their
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catalytic activity and electronic conductivity.[®8] However, if Ni
metal is directly used as a fuel electrode, restricted ionic trans-
port in the fuel electrode restricts reaction to the triple-phase
boundary. Similarly, La, 4Sr,,MnO;, a conventional single-phase
perovskite air electrode material, lacks ionic conductivity and
thus also limits active sites.*1%) While advanced materials like
BaCo,,Fe,,ZryY,,05,!"" and  PrBa,sSr,5Co; sFe50s,;, "
offer mixed ionic conductivity for superior performance, their
phase instability and thermal incompatibility with the electrolyte
can hinder long-term stability.

Composite materials offer a compelling solution to the lim-
itations of single-phase electrodes, combining desired prop-
erties such as enhanced ion transport and thermal com-
patibility. For instance, compositing Ni or La,¢Sry,MnO,
with oxygen ion conductors like yttria-stabilized zirconia
(YSZ),3 Sm,Ce,40,4 (SDC),'>!®l or proton conductors
like Ba(Zr,Ce)O,-based materials,['”18] extends active sites be-
yond the electrode/electrolyte interface by improving ion trans-
port. Similarly, blending low thermal expansion materials with
BaCo,,Fe, ,Z1yY,,;,05,; or PrBay;SrysCo; sFes0s. 5% can
improve thermal compatibility between electrode and electrolyte
components.

However, conventional methods like mechanical mixing and
infiltration present certain drawbacks.['?!] Mechanical mixing
often leads to uneven phase distribution, large catalyst parti-
cles, and weak inter-phase contact. This threatens long-term
SOC performance due to sintering and phase separation of the
catalysts.[??] Infiltration, while allowing for the production of
nanocomposites, often results in nanoparticles that are poorly
anchored to their support, in turn increasing their tendency to
aggregate over time.[?’]

In situ assembled composite materials offer a solution to
the limitations of conventional composite preparation tech-
niques. These composites form spontaneously either during syn-
thesis or under SOC operating conditions. Due to the high-
temperature reducing the environment of fuel electrodes, in
situ assembly can be driven by mechanisms such as metal
exsolution?*®] and oxide segregation.[?! Air electrodes also
benefit from in situ assembly techniques, including one-pot
synthesis,[’] segregation,1?*?°l phase reaction,*”! and dynamic
cation exchange.’!) In situ assembly offers several advantages
relative to conventional methods, such as mechanical mixing
and infiltration. This approach blends the unique functionali-
ties of each phase to create composite electrodes that simulta-
neously address the multiple needs of SOCs, including high cat-
alytic activity, electronic-ionic conductivity, thermal compatibility,
and chemical stability. In situ assembly often yields nanocom-
posites with uniform phase distribution and strong nanoscale
contact, maximizing catalytic centers. Additionally, phase inter-
diffusion within these composites results in robust chemical ad-
hesion, preventing nano-catalyst sintering. Despite the transfor-
mative potential of these strategies, a comprehensive overview of
advanced in situ assembly techniques within the SOC field is still
lacking.

This review systematically evaluates recent advances in in
situ assembly strategies for SOC electrodes. We highlight ma-
terial design techniques, including metal exsolution and ox-
ide segregation for fuel electrodes, as well as one-pot synthe-
sis, segregation, phase reaction, and dynamic cation exchange
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for air electrodes. Additionally, we consider current challenges
and offer an outlook for this evolving field. This article also
aims to guide the development of in situ assembled composite
catalysts, driving innovation in energy storage and conversion
technologies.

2. Introduction to SOCs

SOCs can be broadly categorized as oxygen- (O-SOCs) and
proton-based (H-SOCs) cells, depending on the type of electrolyte
used (Figure 1a,b).[}273235] Conventional O-SOCs, which use
oxygen conductor YSZ, typically operate at temperatures ranging
from 8001000 °C.[131436-39] At such high temperatures, O-SOCs
usually suffer performance degradation caused by corrosion,
phase transition of components, phase reaction, and thermally
induced mechanical incompatibility among components.[*"] In
addition, operating O-SOCs at 800-1000 °C increases sealing
and interconnection costs, hindering commercialization.[*!] In
recent decades, significant efforts have been directed toward de-
veloping electrolyte materials with high ionic conductivity and
novel fabrication methods for thin-film electrolytes.l”*>#4 CeO,-
based electrolyte materials, such as SDC and Gd,,Ce, 3O, o, have
been found to exhibit higher oxygen-ion conductivity at inter-
mediate temperature ranges when compared to YSZ.37424-47]
Consequently, O-SOCs that employ these oxygen-ion-conducting
electrolytes can operate in the temperature range of 450-
600 °C.146:48-50]

Relative to O-SOCs, current leading proton elec-
trolytes, such as BaZr,,Y,,0,,,"%°! BaZr,,Ce;,Y,,054,>
BaZr,,Ce,;Y,;Yby;055 (BZCYYD),''524 and BaZr,,Ce,-
Y, 1Ybg,0;.5,1125°5¢ can be used to reduce operating temper-
atures to 350-550 °C. Various thin-film electrolyte fabrication
techniques, including chemical vapor deposition,*’] atomic layer
deposition,*®! pulsed laser deposition,**! and physical vapor
deposition,[®®) have been successfully deployed to minimize
ohmic losses. However, limited electrode electrochemical activ-
ity at lower operating temperatures presents a major challenge
for H-SOCs. Therefore, developing new electrode materials with
reduced polarization losses in this temperature range is critical.

In SOCs, the fuel electrode is the key component catalyzing
fuel oxidization and formation reactions.[®!] Ideally, an electrode
handles a diverse range of fuels, including H,, /627661 NH,,[6467-69]
hydrocarbon (C,H,),**3¢70711 CO,[¢*4672] syngas [°¢7>75] and nat-
ural gas (Figure 1).778 To achieve high performance and effi-
ciency, the fuel electrode must fulfill several key requirements.
First, it must exhibit outstanding catalytic activity to efficiently
break and form chemical bonds (such as H—H, N—H, and C—H).
Secondly, mixed conductivity (for both electronic and ionic trans-
port) is vital. Additionally, the electrode should have a large elec-
trocatalytically active surface area, maximizing available reaction
sites. Resistance to impurities, such as sulfur and carbon de-
posits from the use of hydrocarbon fuels, is also essential, along-
side anti-sintering properties and thermomechanical compatibil-
ity with the electrolyte to ensure long-term durability.!®7679:80]

Conventional fuel electrodes consist of Ni-based cermet, such
as Ni-YSZ, Ni-SDC, and Ni—Gd,,Ce, O, , for oxygen-ion con-
ducting O-SOCs,!1381-83] and Ni—Ba(Zr,Ce)O, ;-based materials
for proton-conducting H-SOCs.8*35] Ni metal is an effective
fuel electrode due to its cost-effectiveness, high activity, high
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Figure 1. Schematics of a) O-SOC and b) H-SOC for power and fuel production.

electronic conductivity, thermal expansion coefficient (12-14
% 107¢ K~1)() matching SOC electrolytes (e.g., 12.4 x 107%, 10.4
% 107%, and 10.8 X 107° K~! for SDC,12°1 YSZ,[87] and BZCYYD, %]
respectively) and excellent redox stability.['*#0] Despite these ad-
vantages, conventional mechanically mixed Ni-based cermet suf-
fer from several drawbacks, including the uneven dispersion of
Ni particles,!®! poor anchoring between Ni catalyst and ionic con-
ductors, leading to agglomeration during operation,[2292-%4 and
poor resistance to sulfur poisoning and coking.®>-1% Mixed
ion-electron conducting materials have been used as fuel elec-
trodes because they can extend the electrocatalytically active sur-
face areas, thereby reducing polarization resistances.['%-1%] per-
ovskites, which are prototypical mixed ion-electron conducting
materials, have also been studied as fuel electrodes.l1%110] Ti.
tanates and chromites are conventional perovskite fuel electrode
materials, offering stability under high temperatures, reduced
atmospheres, as well as excellent coke/sulfur resistance.l'-118]
However, the catalytic activity of these materials toward fuel
oxidation is inherently low, making modifications with active
metal catalysts, such as Ni, Co, and Fe 2292119 3 necessary ap-
proach to enhance the performance of SOCs.

SOC air electrodes must be electrocatalytically active to-
ward oxygen evolution/reduction reactions (OER/ORR)
(Figure 1).120121] Mixed ion-electron transport capability is
essential to expand the active area for electrocatalysis, thereby
enhancing performance.!?”.1227124] Perovskite materials are often
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used for this purpose.l'?71%7] However, purely electronic con-
ductors like La,4Sr,,MnO; have activity confined to the region
where the electrolyte, electrode, and gas phase meet, which
leads to suboptimal performance.l'#128-130] Recently, Co- and
Fe-based perovskites have gained popularity due to their high re-
ducibility and ability to create oxygen vacancies, thus improving
the conductivity of oxygen ions.!25131-1341 14, Sy ,CoO, ;,11%]
Lay ¢St,Coy,Fe 505,517 and  BaysSty5CopgFey;05,5,"”
for instance, are effective O-SOC air electrodes due to their
mixed O?~/e~ conductivity. For H-SOCs, proton conduc-
tivity is also necessary to expand the active site region to
the entire electrode surface.'*’] Prominent H-SOC air elec-
trode materials, such as BaCo,,Fe,,Zr,,Y,,0,,!! and
PrBa, s Sty sCo; sFey 5O, 5,12 perform well but face challenges
such as thermal incompatibility with electrolytes and struc-
tural instability under high-temperature dry or humidified air
conditions.

3. Strategies for Composite Electrode Materials
3.1. Conventional Methods
3.1.1. Mechanical Mixing

Mechanical mixing is a commonly used physical method for
combining (e.g., through ball milling) powders of multiple
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Figure 2. Schematic illustration of conventional SOC electrode fabrication methods: a) mechanical mixing and b) infiltration.

materials (Figure 2a). This technique is conventionally used
to produce composite fuel (e.g., Ni-YSZ,[3%8] Ni-SDC,14l
Ni-BZCYYD),3#1#%)  and air (e.g., La,gSry,Mn0O;-YSZ,1*3]
Ba 5 St 5CopgFe),05,5-SDC, ) and  BaysSty5CopsFey, 0550
BZCYYD),['*] electrode materials. Despite the popularity of this
method, mechanically mixed composites suffer drawbacks such
as large particle size, uneven distribution, and weak contact
between phases. These limitations reduce the availability of
active sites, and under the demanding long-term operating
conditions of SOCs, can lead to sintering, phase separation, and
ultimately, compromised performance and stability (Figure 2a).

3.1.2. Infiltration

Infiltration involves impregnating a porous electrode with a pre-
cursor solution and then calcining it at high temperatures to
form the desired material within the electrode (Figure 2b). This
method has produced fuel electrode materials (e.g., Ni-infiltrated
YSZ,['46] BZCYYb-infiltrated Ni-YSZ,['*”] and air electrode mate-
rials (e.g., Sm, 5 St sCoO; s-infiltrated La, (St, ,Co, ,Fe, 30 5,148
BaCo, ,Fe,,Zr,,Y, 05 s-infiltrated BZCYYDb).['!! Infiltrated cata-
lysts often feature smaller, more uniformly distributed nanopar-
ticles for improved activity compared to mechanically mixed ma-
terials. While impregnated materials are usually chosen so that
they do not react with the substrate during calcination or SOC op-
eration, infiltration with reactive materials, such as SrO,[*°! and
BaO,®! leads to in situ composite assembly. Furthermore, infil-
tration still faces challenges, including uneven distribution, weak
contact with the substrate, and susceptibility to sintering and poi-
soning within the harsh SOC operating environment (Figure 2b).
Additionally, the infiltration process itself can be complex and
time-consuming.!1%]

3.2. In situ Assembly Methods

In situ assembly describes the spontaneous formation of com-
posites during either materials synthesis or SOC operation.
In this process, one phase lattice grows within or from an-
other, promoting natural interdiffusion between multiple phases.
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The in situ assembly method often yields nanocomposites
with exceptionally strong adhesion between phases. Compared
to conventional methods, such as mechanical mixing and in-
filtration, nanocomposites produced by in situ assembly fre-
quently exhibit smaller catalyst sizes, more uniform distri-
bution, and improved interfacial contact. Those are all fac-
tors that directly contribute to enhanced activity and long-term
stability.31>2]

3.2.1. In situ assembly Strategies for Fuel Electrode

In situ assembly strategies, primarily metal exsolution and
oxide segregation, can be used to prepare high-performance
composite fuel electrodes for SOCs.[2426150] Metal exsolution
proceeds in four steps: cation diffusion, cation reduction,
nanoparticle nucleation, and nanoparticle growth. First, metal
cations move from the material’s interior to the surface, where
they undergo reduction to metallic form.[13*133] These reduced
metal atoms cluster into nanoparticles that expand over time.
Oxide segregation, which is often triggered by metal exsolution
or phase transitions, is less understood due to the challenges
inherent in its characterization. Figure 3 presents schemati-
cally the exsolution techniques used for in situ assembly of
composite fuel electrodes. Figure 3a illustrates the process of
B-site metal exsolution in a perovskite. The perovskite struc-
ture relies on its BO, octahedra for stability. When the B-site
contains readily reducible cations (such as Fe, Co, Ni), their
exsolution can destabilize the structure, triggering a collapse
and phase decomposition of the starting material. As exsolving
cations induce reduction and subsequent lattice distortion, this
process can result in the formation of a Ruddlesden-Popper-type
A,,,B,0;,,, perovskite (Figure 3a).'>*155] Conversely, when the
B-site is rich in high-valence, less-reducible elements (e.g., Zr,
Ce, Y, Cr, Ti),?34 the exsolution of B-site cations favors the
exsolution of A-site cations as oxides (Figure 3b). These cations
with fixed valence resist lattice distortions, thereby preventing
phase transitions and preserving the ABO; structure.[?] Kim
and coworkers demonstrated that the transition from a single
perovskite to an A-site ordered double perovskite can also
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Figure 3. Potential in situ assembly processes of SOC electrodes, including a) B-site cation exsolution and major phase transition, b) B-site cation
exsolution with subsequent oxide segregation, c) topotactic exsolution, and d) phase-transition-induced oxide segregation.

induce the segregation of B-site cations as oxides. Specifically,
they transformed a single-perovskite material Nd, sBa,;MnO,
to A-site ordered layer NaBaMn,O,,; by treating the
Nd,sBa;sMnO, powder at 800 °C under H,; due to this
phase transformation, metal Mn enriches the perovskite surface
as an oxide (Figure 3d).">¢!

As outlined above, conventional exsolution can lead to struc-
tural instability due to the removal of B-site cations. Topotac-
tic exsolution offers a strategy to prevent this issue through a
cationic swap. In this method, a metal is deposited onto a base
material, triggering a cation exchange. Ideally, this swap replaces
cations within the starting oxide phase with the deposited metal
(Figure 3c). The deposited metal ions integrate into the oxide,
simultaneously displacing existing oxide cations to the surface.
This process forms nanoparticles without creating B-site vacan-
cies, thus maintaining the stability of the host phase. Notably,
topotactic ion exchange can also facilitate bulk cation exsolution,
though to a lesser degree than conventional exsolution, which in-
creases the number of active sites.!?’]

3.2.2. In situ Assembly Strategies for Air Electrode Materials

In situ assembly strategies offer powerful routes for tailor-
ing the properties of air electrode materials. Key methods in-
clude one-pot synthesis, enabling direct control over composition
and nanostructure;!?’! phase segregation, leading to the forma-
tion and separation of distinct active phases (e.g., metal, oxide,
etc.);(?#2% phase reaction, facilitating the creation of novel com-
posite materials;**] dynamic cationic exchange, which fine-tunes
material properties through cation redistribution.[?!! Figure 4
schematically illustrates these methods.

One-pot synthesis offers a significant improvement over me-
chanical mixing, overcoming drawbacks such as large parti-
cle size, uneven distribution, and poor interfacial contact.!'’]
This method involves conventional preparation steps (dissolv-
ing nitrates, drying, calcination) but with precise and unique pa-
rameter control. The result is the formation of nanoscale, uni-
formly distributed multi—phase materials (Figure 4a).3'%2] Fur-
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thermore, the atomic-level mixing and nanoscale interfaces in-
herent in one-pot synthesis promote cation exchange.’>”] By
carefully adjusting calcination conditions, this method allows
for tailored material properties, directly enhancing electrode
performance.

Air electrodes often suffer from slow surface reaction kinet-
ics, limiting their electrocatalytic activity toward oxygen reduc-
tion. While conventional infiltration methods attempt to address
this by loading nano-catalysts (e.g., CeO,,!"8 Co,0,),['*] onto
the electrode surface, weak interfacial contact leads to sinter-
ing and separation of these catalysts during SOC operation. In
situ assembly of surface nano-catalysts through phase segrega-
tion offers a powerful solution to this issue. This process typi-
cally involves introducing specific mediators (e.g., H,/O,,[160.161]
water vapor,[*?] CO,,[12] and oxides, including BaO,/?’! SrO)[1*]
to the material’s surface. These mediators trigger cation segre-
gation, leading to surface enrichment or the formation of new,
surface-bound catalysts (Figure 4b). In situ-grown nano-catalysts
exhibit large active areas and strong adhesion to the main
phases, enhancing activity and resisting sintering for enhanced
stability.

The term “phase reaction” describes the interaction between
two or more pre-existing materials under specific conditions
(e.g., high-temperature calcination). This can lead to cation ex-
change and the formation of new phases.?”) These phase re-
actions commonly occur within air electrodes or at the elec-
trode|electrolyte interface (Figure 4c). Reaction conditions, such
as calcination temperature and duration, significantly influence
phase reactions. By controlling these parameters, SOC perfor-
mance can be enhanced.

Dynamic cation exchange is a less common approach for im-
proving the performance of air electrodes. This approach lever-
ages a single cation being shared among distinct phases within
a composite material, which is synthesized in a one-pot process.
This cation undergoes redistribution between the phases during
operation at elevated SOC temperatures. This dynamic exchange
is driven by the changing chemical environment within the ma-
terial as it transitions between multiple stable phases. The redis-
tribution alters the composition and relative proportions of these
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Figure 4. Schematic representation of SOC fuel electrode in situ assembly processes: a) one-pot synthesis leading to nanocomposite formation,
b) segregation process resulting in surface-enriched nano-catalysts, c) phase reaction with cation diffusion and secondary phase formation, and d)

dynamic cation exchange modifying phase composition.

phases (Figure 4d), ultimately influencing the electrocatalytic ac-
tivity of the air electrode.l?!]

4, Recent Advances

4.1. In situ Assembled Composite Materials for SOC Fuel
Electrodes

4.1.1. Metal Exsolution

In situ exsolution is a powerful technique for producing
metal nano-catalyst-modified perovskite composites for SOC fuel
electrodes.[12163-165] This approach offers distinct advantages
over conventional Ni-based cermets, as well as catalysts fabricated
by infiltration or vapor-deposition methods. Exsolved nanoparti-
cles are small and strongly anchored to the perovskite substrate.
This significantly increases the active surface area for fuel oxi-
dation and formation reactions. Moreover, the strong anchoring
prevents nanoparticle sintering. Studies have shown that in situ
exsolution can effectively mitigate carbon deposition when hy-
drocarbon fuels are used and enhance sulfur poisoning resis-
tance. These aspects are discussed in more detail below.
Notably, metal nano-catalysts like Ru,[1%¢17] and Pd,[160] Nj,[168]
Co,[168:170] Fe [168171] Cyy,[172] have been successfully developed us-
ing exsolution. Shen et al. have developed a Pd nanoparticle-
decorated perovskite by treating LaCo, ;Fe 4, Pd, 43055 at 800 °C

Adv. Funct. Mater. 2024, 34, 2405851 2405851 (6 of 28)

in H,. The exsolved Pd significantly enhanced the activity
of the fuel electrode toward H, oxidization. When operat-
ing with H, fuel, the SOC supported by SDC and using
LaCo, s Fe ¢, Pd, ;0,5 as the fuel electrode displayed a max-
imum power density of 646 mW cm™ at 750 °C, a value
higher than that of a conventional Ni-SDC fuel electrode-based
cell (471 mW cm™2).1% He et al. successfully synthesized
Ba(Zr,,Cey; Y1 YDy 1)0.05Pdg o5 05.5, Which was then used in a Ni-
Ba(Zry,Cey; Y1 YDy 1)0.05Pdgos05.5 H-SOC fuel electrode cermet.
While operating this electrode, Pd nanoparticles exsolved, result-
ing in improved NH; decomposition and enhanced power out-
put. A Ni-Ba(Zr,;Cey,Y,1Ybg1)o05Pdgo50;.5-supported H-SOC
button cell exhibited a maximum power density of 723 mW
m~2 at 650 °C with NH; as the fuel. This performance sur-
passed that of conventional Ni-BZCYYDb fuel electrode-based
cells, which achieved a power density of 450 mW cm™2. Sim-
ilarly, Song et al. effectively substituted Ni with Pd in a NiO-
Ba(Zry,Cey; Y1 YDy 1)0.05Pdg 05055 fuel electrode, leading to im-
proved power output in direct ammonia H-SOC.['*?] Park et al.
developed a perovskite fuel electrode modified with Co nanopar-
ticles for CO, electrolysis by treating La,,Sr,,Co,,Mn,;0;;
at 800 °C under 20 vol% H,—N, atmosphere. Exsolved Co
nanoparticles catalyzed the CO, reduction reaction, while si-
multaneously increasing oxygen vacancy concentration to pro-
mote CO, adsorption, thus enhancing the overall reaction
activity.l'73]
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Figure 5. Morphological analysis of Ni nanoparticles and their interaction with a La-Sr-Ti-containing perovskite oxide: a) TEM image of a single Ni
nanoparticle exsolved from La 5, St 25 Tig 94 Nig 05 O3.5 under 3 vol% H,0-5 vol% H,-92 vol% Ar at 930 °C for 60 h. b) High-resolution TEM images
of the Ni/perovskite interface. ¢) Atomic model illustrating the metal-perovskite interface. SEM images depicting vapor-deposited Ni particles on
Lag 4Sro4TiO3 5 d) before and e) after H, treatment (650 °C, 24 h and 800 °C, 6 h). Ni nanoparticles on Lag 5,Srg 23 Tig 94 Nig 06 O3.5 f) before and g) fol-
lowing processing in 5 vol%H,—Ar atmospheres at 900 °C for 12 h. SEM images showing Ni particles obtained by h) infiltration and i) vapor-deposition
on Lag 4Sry4TiOs 5 after coking under 20 vol% CH,4/H, at 800 °C for 4 h. j) SEM and k) corresponding false-color micrographs of Ni nanoparticles
exsolved from Lag s,Srg 23 Tig 94 Nig0gO3.5 (under 5 vol%H,—Ar at 880 °C for 6 h) after coking under 20 vol% CH,/H, at 800 °C for 4 h. I) SEM and
m) corresponding false-color micrographs of Ni nanoparticles exsolved from Lag 5,Srg 23 Tig .94 Nig 06O3.5 (under 5 vol%H,—Ar at 1000 °C for 6 h) after
coking under 20 vol% CH,/H, at 800 °C for 4 h. n) Coke formation schematic. Reproduced with permission.[?3] Copyright 2015, Nature Publishing

Group.

Neagu and colleagues demonstrated that the exsolved Ni
nano-catalysts tend to sinter far less than vapor-deposited Ni
nanoparticles.[?)] This remarkable anti-sintering property is likely
due to the epitaxial embedding of the metal nanoparticles into
the oxide (Figure 5a—c). For instance, while vapor-deposited Ni
nanoparticles exhibited rapid agglomeration within 6 hours at
800 °C (Figure 5d,e), in situ exsolved Ni nanoparticles demon-
strated remarkable stability even after 24 hours at 900 °C
(Figure 5f,g).['7*] Kyriakou et al. showed that exsolved Ni nanopar-
ticles originating from La, 43Ca 3, Tij o4 Nij o4O;.5 Were stable in
CO,/H,O0 electrolysis at an electrolysis current density of —0.6 A
cm2 at 850 °C, with the voltage increasing modestly from 1.37
to 1.39 V. Conversely, a conventional Ni-YSZ fuel electrode-based
cell experienced a rapid increase in voltage from 1.54 to 2.03 V
over the course of 48 hours. SEM analysis showed that conven-
tional Ni-YSZ electrodes experienced severe Ni coarsening and
Ni nanoparticles exsolved from La, ,;Cay 3, Ti, 4 Nij 4, O;.5 were al-
most unchanged while experiencing identical conditions.'”’]

In situ exsolution of metal nano-catalysts from oxide sub-
strates offers enhanced resistance to coke deposition, which
is generally a major challenge for high-temperature fuel cells.
This resistance stems from the strong catalyst-substrate bond-
ing, which prevents separation during carbon fiber growth.[?’]
Neagu et al. compared exsolved Ni nanoparticles to those de-
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posited by infiltration (Figure 5h) or vapor deposition (Figure 5i).
Deposited particles experienced significant fiber growth at the
Ni-perovskite interface, causing particle uplift (Figure 5j-m) due
to the “tip-growth” mechanism. In contrast, exsolved Ni parti-
cles exhibited minimal carbon fiber growth and remained firmly
anchored to the substrate (Figure 5n), thereby inhibiting fiber
formation.['7>]

Exsolution offers a promising approach for developing fuel
electrodes with enhanced durability in harsh operating environ-
ments. This technique not only mitigates carbon deposition, a
common challenge in fuel cells but also modifies the interaction
between the metal catalyst and the oxide host. This alteration,
in turn, influences the metal’s surface electronic structure, lead-
ing to reduced sulfur adsorption and improved sulfur tolerance.
For example, Song et al. prepared a Ni nanoparticle-decorated
La 35Cay 5, TiO5 ; perovskite fuel electrode, which was optimized
for H, S-containing fuel, by reducing La, ;3Cay 4, Tig 9, Nij 603 5 at
800 °C under H,. Compared to conventional Ni catalysts in Ni-
SDC fuel electrodes, the anchoring state may change the elec-
tronic structure of each individual phase of the composite, sup-
pressing sulfur adsorption and increasing operational stability in
H, S-containing fuel.l*?]

In a groundbreaking study, O’Hayre et al. developed a nano
Ni catalyst modified Ni-BaZr,,Y,,0;, fuel electrode through
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Figure 6. Electrochemical performance and stability of H-SOCs with the Ni-BaZrg3Y,,03.5 anode. a) Current-voltage (I-V) and power density (I-P)
characteristics at 600 °C for various fuels including H, (F1), NH; (F2), CH;OH (F3), iso-C4H;q (F4), n-C4H;q (F5), natural gas (F6), 19.5 ppm H,S-
contaminated natural gas (F7), C3Hg (F8), CH, (steam/carbon ratio = 2, F9), C,H;OH (F10), CH, (steam/carbon ratio = 2.5, F11), and iso-CgH 5 (F12).
b) Long-term operational stability with iso-C4H1q, C3Hjg, iso-CgH1g, and CH3OH; ¢) C,HsOH and natural gas. SEM images of Ni-doped BaZry3Y(,03.5
electrode after stability testing in humidified CH, for d) 300 hours and e) 1400 hours at 500 °C. f) Schematic overview of H-SOC functionality: hydro-
carbon reforming, water-gas shift reactions, and sulfur and coke mitigation mechanisms. Reproduced with permission.['7¢] Copyright 2018, Macmillan

Publishers Ltd., part of Springer Nature.

the in situ exsolution method, which dramatically enhanced
the performance of conventional Ni-based H-SOC fuel elec-
trodes. This novel fuel electrode composition exhibited excep-
tional activity, coking resistance, sulfur tolerance, and anti-
sintering properties. Using solid-state reactive sintering, the au-
thors fabricated a fuel-electrode-supported H-SOC. The small
amount of Ni incorporated into the BaZr,;Y,,0;; during pow-
der preparation subsequently exsolved during operation. This
H-SOC demonstrated PPDs ranging from 0.66 W cm™ for H,
to 0.17 W cm™ for iso-octane in 11 different fuels (Figure 6a).
The cells maintained similar PPDs when exposed to natural gas
with and without H,S impurity (19.5 ppm), showcasing sulfur
tolerance.

Impressively, long-term stability tests over several thousand
hours with various hydrocarbon fuels confirmed its outstanding
coking resistance (Figure 6b,c). Interestingly, the exsolved Ni

Adv. Funct. Mater. 2024, 34, 2405851 2405851 (8 of 28)

nanoparticles displayed minimal size increase during operation,
indicating excellent resistance to sintering (Figure 6d,e). The
enhanced coke resistance and sulfur tolerance were attributed to
the nano-socketed Ni nano-catalysts and the strong water stor-
age capability of BaZr,,Y,,0,; perovskite. The exsolved Ni
particles, which were firmly anchored to the substrate
(Figure 5n), inhibited carbon fiber formation by preventing
Ni lift-off. Additionally, BaZr,,Y,,0,, effectively removed ad-
sorbed sulfur from H, S impurity and deposited coke by utilizing
its stored water (Figure 6f).18]

4.1.2. Alloy Exsolution

Alloy exsolution in perovskites containing at least two easily
reducible transition metal cations, such as Ni,[24116.154,177-180]
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Figure 7. In situ STEM images and corresponding cation mapping of LSCFM reduction at a) 600 °C and b) 700 °C in 10 Pa H,. Density functional theory
calculation results. c) Energy diagram of CO, electrolysis over the LSCFM surface and the CoFe@LSCFM interface. V" denotes an oxygen vacancy,
CO,* and CO* are intermediates. d) Charge density differences isosurface of CO,* on the CoFe@LSCFM interface and LSCFM surface. The DOS of
active centers of CO, adsorption before adsorption: e) CoFe@LSCFM interface and f) LSCFM surface. Reproduced with permission.['8] Copyright 2020,

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Co,165181-185] and  Fe,[24116.154178-188] jg an in situ assembly
process taking place at high temperatures and in a reduc-
ing environment. These cations migrate to the surface at
these conditions, are reduced into metallic form, nucleate,
and form nanoparticles. Exsolved alloy nano-catalysts, like
their metallic components, are characterized by high specific
surface area and strong anchoring to the perovskite support
but also benefit from enhanced electrocatalytic activity due
to synergistic interactions among the two metal components
and the oxide substrate. Furthermore, these catalysts often
demonstrate improved resistance to sulfur poisoning and coke
formation.

Wang et al. investigated alloy exsolution in La,,Sr, Co,,-
Fe,;Mo,,0;; (LSCFM) using operando high-resolution trans-
mission electron microscopy. Under 10 Pa H, at 600 °C, initial
exsolution of Co was observed due to its higher reducibility
(Figure 7a). When the temperature increased to 700 °C, Fe also
exsolved, resulting in the formation of CoFe alloy nanoparticles
(Figure 7b). Density functional theory calculations corroborated

Adv. Funct. Mater. 2024, 34, 2405851 2405851 (9 of 28)

these findings, demonstrating a lower segregation energy for Co
compared to Fe.l18]

Combining the alloy with the LSCFM substrate has im-
proved CO, electrolysis. Experiments showed a 21% increase
in current density for the CoFe@LSCFM cell compared to
the LSCFM control (1.45 A cm™ vs 1.20 A cm™2). This sug-
gests that adding the CoFe nanoalloy makes the electrolysis
process more efficient. Density functional theory analysis
indicates the CoFe cluster binds CO, and improves CO, ad-
sorption over the metal-oxide interface (Figure 7c,d). Further
analysis of the partial density of states (DOS) suggests that
CoFe@LSCFM is more active than LSCFM in adsorbing and ac-
tivating CO, (Figure 7e,f)."8! Other studies support using alloy
nano-catalysts with perovskite materials to improve CO, electrol-
ysis. Examples include CoFe@La,,Sr,Co,,Fey,Nb, ;055,11
FeNi; @Sr, Fe, 3,Moy 45 Ni O 5. ""”) FeNi; @Lay ¢St ,Fey gNi,-
0,11 NiFe@Sr, oFe, sMo, ,Niy ;04?2 and Co,Fe, @Sr,-
Tiy5Co,,FeO,.'” These systems consistently demonstrate
enhanced CO, electrolysis performance, emphasizing the
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significant potential of nano-alloy catalysts in CO, conversion
technologies.

Wang et al. recently advanced the development of high-
density nano-CoFe alloy-modified perovskite fuel electrodes for
efficient partial methane reforming O-SOC. By controlling Co
substitution in La,Sr, ,Ti, ;Fe,, 0, ; perovskite, they effectively
lowered the average B-site metal exsolution energy, facilitating
the formation of the active nano-CoFe alloy. The optimized
La, ¢St ,Tiy ;FeysCoy,05; fuel electrode demonstrated excep-
tional performance in partial methane reforming, achieving
a CH, conversion of 86.9% and CO selectivity of 90.1% at
800 °C. Remarkably, the O-SOC exhibited stable operation
exceeding 1250 hours, maintaining a CO selectivity above
95%.[194]

Duan et al. synthesized a Sm, , Ce, ,Nij; Ru, s O, 5 (SCNR) cat-
alyst via co-doping CeO, with Sm, Ni, and Ru. Subsequently,
they treated the SCNR with 20 vol% H,—Ar for 30 min at
600 °C to acquire a SCNR-supported Ni-Ru bimetallic catalyst.
Catalytic testing revealed that the Ni-Ru modified SCNR cata-
lyst exhibited a methane partial reforming conversion of 33.9%
at 650 °C, significantly outperforming the Sm,,Ce,,Ni;50,;
(27.1%), Smy,Cey;Ruy,,50,, (18.3%), and CeoNip;Rug 50, 5
(23.5%) catalysts. Density functional theory calculations revealed
that the synergistic interaction between Ni and Ru sites lowers
the activation energy for the initial C-H bond cleavage, promoting
CH, decomposition. Furthermore, Sm doping enhances the con-
centration of oxygen vacancies in CeO,, facilitating H,O adsorp-
tion and dissociation. Consequently, the Ni-Ru modified SCNR
catalyst exhibits the capability for concurrent activation of both
CH, and H,0 molecules while oxidizing the CH* intermedi-
ates and demonstrating improved coking tolerance. When em-
ploying the Ni—Ru modified SCNR as the fuel electrode catalyst
layer in an O-SOC device, the cell exhibited a peak power density
of 733 mW cm™? at 650 °C using humidified methane as fuel
(O/C = 1/2), significantly outperforming the uncoated O-SOC
(473 mW cm™2).11%]

Alloy exsolution can lead to the formation of multiple-
twinned alloy nanoparticles. This happens because Co and
Fe diffuse at different speeds, causing the crystals to grow
in mismatched directions. These complex structural irreg-
ularities significantly change the catalyst’s electronic and
electrocatalytic properties, ultimately boosting its performance.
Research by Liu et al. investigated the exsolution of Co and
Fe in Sr,CoMoyqsFe (5O, They observed multiple-twinned
defects on the CoFe alloy surface, which correlated with high
activity in both H, and CH, oxidation reactions. An O-SOC
utilizing LSGM support and a Sr,CoMo, osFe, ;O 5 fuel elec-
trode achieved a PPD of 993 mW c¢m~2 with hydrogen fuel and
652 mW cm~? with methane fuel at an operating temperature
of 850 °C.'%] Beyond electrochemical activity, the interaction
between the individual metals within the exsolved alloy can
also improve coke tolerance. A variety of in situ exsolved alloy
nano-catalysts decorated perovskites, such as CoFe@Sr,FeMo, ;-
Co,304;, CoFe@Pr,,Sr,Co,,Fe ;Mo,,0;, ;' FeNi@La,,,-
Sty3Cro g5 Fen03Nig 105,571 FeNi@Lag s Sty sFeqgNig, 055,11
CoFe@Sr,Co, ,Fe; ;Mo , O 5,11 and FeNi, @ Sr,FeMoy 45 Ni 35-
O/ were successfully developed achieving excellent
coke tolerance in hydrocarbon fuels (ie., CH,, C,H4, and
C,Hy).
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The interaction between metals within the exsolved alloy can
improve the catalyst’s ability to adsorb fuel, enhance its cat-
alytic activity, and make it more resistant to impurities. Bar-
nett et al. developed the in situ exsolved, FeRu-decorated ma-
terial SrTi,,Fe,,Ru, ;0,5 which suggested enhanced H, ad-
sorption capability relative to SrTi,Fe,,O,; perovskite as the
FeRu alloy nanoparticle accelerated H, dissociation, which is a
rate-limiting step for H, oxidization reaction. In a study utiliz-
ing an LSGM-supported button cell, the fuel electrode material
SrTi,,Fey,Ruy ;055 demonstrated a PPD of 0.68 W cm™2 at
800 °C when operating under a H, fuel with 3 vol% of steam.
This PPD was slightly lower compared to the cell employing
SrTiy;Fe,,0;; as the fuel electrode, which achieved a PPD of
0.74 W cm~2 under identical conditions. However, interestingly,
when the cell temperature was maintained at 800 °C and the
fuel composition was switched from 97 vol% H,-3 vol% H, 0 to
29.1vol% H,-3 vol% H, 0, the cell featuring SrTi, ;Fe, ;Ru, ;05 5
as the fuel electrode exhibited a higher PPD of 0.54 W cm™
compared to the analogous cell with SrTi;,Fe,,0, ; as the fuel
electrode, which achieved a PPD of 0.34 W cm~2. These results
provided confirmation of the enhanced H, adsorption capabili-
ties of the nano FeRu alloy catalyst, contributing to its improved
performance.'78]

Shao et al. developed in situ exsolved NiCo alloy nano-
catalysts on a La, 5,Sr, 5, TiO, ; perovskite substrate by treating a
Lay 5, St 55 Tl 4 Nig 03C0 03055 powder at 800 °C under H,. The
interaction between exsolved Ni and Co resulted in optimized
NH, adsorption and N, desorption characteristics, promoting
NH, decomposition. Consequently, SOCs incorporating reduced
Lay s, S10,8 T 04 Nig 03C00 03055 demonstrated superior perfor-
mance as direct-ammonia fuel electrodes (NH; fuel, 800 °C, PPD
of 361 mW cm™?) relative to cells using La s, ST 55 Tij 04 Nig 06 O1.5
(PPD of 161 mW cm™2) and Lag,St;,5Ti0:C0p 0035 (PPD
of 98 mW cm™2) as fuel electrodes.??] Studies demonstrate
the superior sulfur tolerance of in situ exsolved alloy cata-
lysts. Luo et al. developed in situ exsolved FeNi alloy nano-
catalysts embedded in La,,Sr,;CrO; ;. This electrode exhib-
ited remarkable resistance to sulfur poisoning when an H,S-
containing fuel was used. A YSZ-supported SOC incorpo-
rating the Ni-Fe-decorated Lag,Sr,;CrO,; as the fuel elec-
trode achieved a PPD of 560 mW cm™2 when operated with
5000 ppm H,S-H, fuel at 800 °C. This PPD significantly ex-
ceeded the performance of fuel electrodes decorated with ei-
ther Ni (460 mW cm™2) or Fe (360 mW cm™2) nano-catalysts on
LaSrCrO, ;.1'%7]

4.1.3. Oxide Segregation

Fuel electrode materials in SOCs frequently exhibit oxide segre-
gation during operation. This segregation arises from two pri-
mary mechanisms. First, the exsolution of B-site cations destabi-
lizes the perovskite structure by removing BO, octahedra. Con-
sequently, A-site metal oxides segregate to the surface.[?] Un-
der SOC conditions, perovskites can transition from disordered-
type to A-site-ordered-type, inducing B-site metal oxide segrega-
tion. Importantly, in situ, segregated oxides influence the activity
and durability of fuel electrodes in both fuel cell and electrolysis
operations.
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Figure 8. Scanning electron microscopy (SEM) images of BZCYN a) before and b) after H, treatment at 800 °C, showcasing surface modifications.
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fuel electrode structure and f,g) the detailed sulfur removal mechanism with key steps labeled. h) Current-voltage (I-V) and power density (I-P) curves
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cells were tested at 800 °C using 200 ppm H,S-H, fuel. i) Comparative stability test for cells with BZCYN-infiltrated SDC and Ni-infiltrated SDC electrodes
under 200 ppm H,S-H, fuel at 800 °C. Reproduced with permission.[26] Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Shao et al. developed Ba(Zr,,Ce;,Y,,)0sNiy,0;55 (BZCYN)
to enhance sulfur tolerance in fuel electrodes. Under O-SOC
fuel electrode conditions, Ni exsolution from the BZCYN lattice
promoted the segregation of amorphous BaO from the A-site
(Figure 8a—d). In H,S-containing fuels, segregated BaO demon-
strated strong H,O adsorption (Figure 8e,f). This adsorbed wa-
ter reacted with adsorbed sulfur on the Ni catalyst surface, form-
ing SO, and H, (Figure 8g), thus improving sulfur tolerance
compared to conventional Ni-SDC fuel electrodes. An SDC-

Adv. Funct. Mater. 2024, 34, 2405851 2405851 (11 of 28)

supported button cell featuring reduced BZCYN-infiltrated
SDC as the fuel electrode achieved a maximum power den-
sity of 561 mW c¢cm=2 (800 °C, 200 ppm H,S-H, fuel). This
performance significantly exceeded cells using Ni-infiltrated
SDC and BZCY-infiltrated Ni-SDC fuel electrodes (Figure 8h).
Moreover, the BZCYN-infiltrated SDC fuel electrode demon-
strated superior operational stability over the Ni-infiltrated
SDC fuel electrode in 200 ppm H,S-H, fuel (Figure 8i).[2°!
Similar improvements were observed by Guo et al. with a
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Figure 9. Comparison of exsolution processes, energetics, and structural analysis of PrBaMn; ;Coq 305, 5-Fe with topotactic exsolution. a) Schematic
illustrating the difference between conventional and topotactic exsolution. b) Topotactic cation exchange energetics between Fe cations (in oxide) and
Co cations in the PrBaMn; ;Co 3 Os, 5 host. ¢) High-resolution TEM image of PrBaMn; ;Coq 305, 5-Fe after topotactic exsolution, with an inset showing

the corresponding fast Fourier transform image and atom map. Reproduced with permission.[?°] Copyright 2019, Nature Publishing Group.

Ba,;Sr,,Fe,oMn,, 0, ; catalyst in CH, fuel. During SOC op-
eration, Fe exsolution triggered A-site SrO segregation. SrO’s
water adsorption properties played a crucial role in coke re-
moval, thus enhancing coke tolerance. This resulted in sta-
ble SOC operation with a reduced Ba,;Sr,,Fey,,Mn,,0; ; fuel
electrode in CH, fuel.['®* Ni et al. further demonstrated this con-
ceptwith St ;Ce, ,Fe, osRu, os O, 5 for C;Hg fuel. Here, A-site StO
and CeO, segregation occurred alongside B-site Ru exsolution.
Exsolved Ru enhanced H, oxidation, while segregated CeO, im-
proved C;H, adsorption, and SrO boosted coke resistance due to
its superior water adsorption ability.[1%]

In fuel cell mode, segregated oxides promote better fuel and
water adsorption, improving fuel oxidation activity and tolerance
to impurities. For instance, BZCYN and Ba, ;Sr, ;Fe,oMn, ;O ;
have been developed as catalysts for enhancing the sulfur tol-
erance of fuel electrodes by driving the segregation of BaO
and SrO, respectively. Similarly, in electrolysis mode, oxide
segregation can promote the adsorption of the reactants, en-
hancing electrolysis performance. La,.Ca,,Fe,4Ni,,0;; and
La, ,Sty55Co,,Fe, (Nby,0; 5 have been proposed as fuel elec-
trode catalysts for CO, and H,O electrolysis, respectively, with
their in situ exsolved oxides improving CO, and H,O adsorp-
tion, promoting electrolysis activity.('®] Yang et al. proposed
La, 4S1,55Co,,Fe, sNb,,05 ; as a fuel electrode for H,O electrol-
ysis. Under H, at 800 °C, a Co, Fe alloy exsolved in situ concomi-
tantly with SrO segregation. Due to this joint process, Co,Fe and
SrO formed an intimate interface. The in situ exsolved SrO ex-
hibited strong water adsorption capability, accelerating the water
adsorption process and consequently delivering superior water
electrolysis performance.['84]

Kim et al. observed the formation of MnO nano-catalysts
during the phase transition from disordered Nd,;Ba,sMnO, ;
to A-site ordered NdBaMn,Os, ; under high-temperature re-
ducing conditions. These MnO nanoparticles exhibited excel-

Adv. Funct. Mater. 2024, 34, 2405851 2405851 (12 of 28)

lent electrocatalytic activity toward fuel oxidation.!'>®! Similarly,
Yu et al. developed Pr,,Ba,oMn,g,Fe,,505.; as a fuel elec-
trode catalyst for CO, electrolysis by introducing A-site de-
ficiency and B-site Fe substitution. Under high-temperature
conditions, the phase transition and A-site deficiency facili-
tated the exsolution of Fe and segregation of MnO, enhancing
CO, adsorption and consequently improving CO, electrolysis
performance.['!

4.1.4. Topotactic Exsolution

Conventional exsolution methods used in fuel electrodes can lead
to phase transitions or decomposition, undermining electrode
stability. To overcome these limitations, the topotactic exsolution
approach has emerged. This strategy leverages topotactic cationic
exchange as internal cations migrate to the surface while exter-
nally introduced cations fill the vacated sites. Topotactic exsolu-
tion enables the formation of metal nano-catalysts in situ. This
happens without forming (potentially destabilizing) cation de-
ficiencies normally found in conventional exsolution. By avoid-
ing detrimental phase transitions and decomposition associated
with traditional exsolution techniques, topotactic exsolution of-
fers a promising pathway toward more robust and efficient fuel
electrodes.

Kim et al. demonstrated the enhancement of perovskite
catalysts via topotactic exsolution. By introducing Fe guest
cations, they successfully displaced Co cations within the
PrBaMn, ,Co,;Os,; bulk. This process significantly increased
exsolved nanoparticles, enhancing catalytic activity (Figure 9a).
AD initio simulations confirmed the thermodynamic feasibility
of the cation exchange process. Initially, deposited Fe was in-
corporated into the near-surface region of PrBaMn, ,Co,;0s,,
by exchanging its position with Co or Mn. The significantly
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lower exchange energy of Fe«>Co (—0.41 eV) relative to Fe>Mn
(0.22 eV) indicates a preference for Fe to exchange with Co.
Following Fe incorporation, its subsequent exchange with bulk
Co is thermodynamically favorable with an exchange energy of
—0.34 eV (Figure 9b). This suggests that Fe incorporation ac-
tively promotes the exsolution of Co. Direct atom mapping con-
firmed the Co/Fe exchange (Figure 9c). With more exsolved cat-
alytic nanoparticles, the modified PrBaMn, ,Co, ;Os, ;-Fe exhib-
ited enhanced catalytic performance toward hydrogen oxidation
and methane/carbon dioxide reforming reactions. A button cell
using LSGM support with PrBaMn, ,Co,;0s,;-Fe as the fuel
electrode reached a power density of 1.834 W cm~2 at 800 °C,
a significant improvement over the 0.962 W cm~? achieved by
PrBaMn, ,Co, ;Os, ;. In methane/carbon dioxide reforming, the
modified perovskite achieved a CO, conversion rate of 30%,
nearly doubling the performance of the unmodified material.[?]

Luo et al. demonstrated the potential of topotactic exsolu-
tion to enhance the stability of perovskite electrodes in O-
SOC for CO, reduction. By incorporating Fe cations into the
Sr,Fe, ;Ni;, Mo, ;0 ; perovskite lattice, they induced the dis-
placement of Ni cations, leading to an increased density of ex-
solved metal nanoparticles on the surface. Critically, the in-
troduced Fe cations concurrently replenished B-site vacancies
generated by Ni exsolution, effectively stabilizing the perovskite
bulk structure. When employed as a fuel electrode in a YSZ-
supported O-SOC, the Fe-modified Sr,Fe, ;Ni,,Mo, ;O ; exhib-
ited more stable electrolysis current density and Faradaic effi-
ciency for CO production during CO, reduction. This enhanced
stability is attributed to the Fe supplementation, which mitigates
nanoparticle sintering and preserves the structural integrity of
the exsolved metal nanoparticles.[2°]

4.2. In situ Assembled Composite Materials for SOC Air
Electrodes

4.2.1. One-Pot Synthesis

High-temperature calcination is a common method for synthe-
sizing single-phase perovskites from precursor materials. How-
ever, precise temperature control is crucial. Deviation from the
optimal calcination temperature can lead to the formation of un-
desired secondary oxide phases instead of the targeted single-
phase perovskite. When the calcination temperature falls below
the threshold required for single-phase formation, secondary ox-
ide, and perovskite phases emerge, introducing functional oxide
and perovskite phases that can enhance electrochemical activity.
For example, PrBaCo, Os, ; (PBC) must be calcined above 1000 °C
to form a single phase. Shao et al. explored lower calcination tem-
peratures to 900 °C, starting from the precursors and resulting in
a mixture of phases, including PBC, Pr,O,;, PrCoO, (PCO), and
BaCoO; (BCO). This composite exhibited enhanced ORR activity
compared to single-phase PBC. A symmetric cell with an SDC
support and the PBC-based composite electrode showed area-
specific resistance (ASR) values of 0.068 Q cm? at 600 °C in air,
lower than that for single-phase PBC, which was 0.104 Q cm?. An
O-SOC with a Ni-YSZ fuel electrode and the composite air elec-
trode achieved PPDs of 1.60 W cm~2 at 600 °C and 0.53 W c¢m?
at 500 °C, using H, fuel.l201]
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In a subsequent study, Liu et al introduced
PrBa,3Ca,,Co,0s, ; (PBCC) into a porous La, ¢ Sr, ,Co, ,Fe, 305 4
(LSCEF) scaffold. The corresponding electrode was prepared by
infiltrating the nitrate PBCC followed by LSCF calcination at
800 °C. The resulting PBCC layer was uniformly coated on the
LSCF surface with PCO and BCO nanoparticles enriching the
PBCC layer, as depicted in Figure 10a,b. By using this electrode
in an SDC-supported symmetric cell, these researchers lowered
the ASR and corresponding activation energies relative to the
bare LSCF, indicating an improved ORR activity (Figure 10c).
When the same electrode was used in a Ni-SDC fuel electrode-
supported O-SOC, a maximum power density of 1.21 W cm™
was achieved at 600 °C in 3 vol% H,0O-H,, outperforming the
cell with a bare LSCF (0.76 W cm™2) (Figure 10d). The authors
employed density functional theory calculations to elucidate
the role each phase plays in catalysis within this composite.
Their analysis suggests initial O, dissociation at oxygen-deficient
sites within the BCO phase. Next, the dissociated oxygen atom
enters an oxygen vacancy in PBCC, overcoming a 0.72 eV barrier
(Figure 10e). Finally, the adsorbed atomic oxygen migrates
through the PBCC bulk and enters an oxygen vacancy of LSCF,
overcoming a 2.05 eV barrier (Figure 10e). This mechanism
reveals a synergistic enhancement of ORR activity within coated
LSCF (Figure 10f). In fact, these authors suggest the BCO
and PCO nanoparticles increase active sites for O, adsorption
and dissociation, while the PBCC promotes the transport of
dissociated oxygen to LSCF.[202]

Similarly, Shao et al. developed a BCO nano catalyst modified
BaGdCo,Os,; composite material (Ba,;Gd,,Co,0s,;) by alter-
ing the stoichiometry of Ba and Gd in the conventional single-
phase double perovskite BaGdCo,Os, ;. The double perovskite
phase exhibits superior functionality for both oxygen adsorption
and its initial hydrogenation in ORR. Additionally, it serves as a
proficient mass transfer conductor for protons and oxygen ions.
In contrast, the BCO phase primarily functions as the active re-
action site for the final product (H,0O) formation and desorption.
This synergistic interaction between the two components under-
pins the outstanding performance of the material. Consequently,
when employed as an air electrode in H-SOC devices fueled by
H,, the cell achieves peak power densities of 1.15 and 0.87 W
cm~2 at 700 and 650 °C, respectively.2%]

As mentioned above, enhancing the capability of the electro-
catalyst to absorb and dissociate oxygen is crucial for improv-
ing ORR activity. These properties can be improved by introduc-
ing nanoparticles (e.g., BCO and PCO) onto the surface. Shao et
al. developed the multi—phase, cobalt-free, perovskite composite
Sr,4Ce, 1 Fe, s Niy, 05 5 (SCFN), using a one-pot sol-gel synthesis
method, which enabled in situ nanoparticle assembly.

After calcination of SCFN’s precursors at 850 °C, this mate-
rial included tetragonal Sr,Ce,Fe, Ni, O, ; (T-SCFN) perovskite
(SrFeO,; (SF)-type), Ruddlesden-Popper Sr,Fe;O,,; (RP-SF)-
typed Sr,Ce Fe, Ni O;; (RP-SCFN) perovskite, and surface-
enriched NiO and CeO, nanoparticles.l?’”] As shown in Figure 11,
the SF-based phase exhibited a slow oxygen surface exchange (O,
adsorption/dissociation) rate and O~ bulk diffusion (Figure 11a).
The presence of RP-SF-based phase enhanced 0%~ bulk conduc-
tivity (Figure 11Db). Surface-enriched NiO and CeO, nanoparti-
cles enlarged the reaction regions for O, adsorption/dissociation
and promoted 0>~ conduction from the surface to the SF-based
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Figure 10. a) TEM image of PCO and BCO nanoparticles modified PBCC catalyst. Insets are FFT patterns of i) PC, ii), and iii) PBCC. b) SEM and
element maps of PCO and BCO nanoparticles modified PBCC catalyst coated LSCF surface. c) Arrhenius plots of the polarization resistances of bare
LSCF and PCO/BCO nanoparticles modified PBCC coated LSCF. d) -V and I-P curves of Ni-Gdg ,Ce( gO1 ¢ fuel electrode-supported cell with LSCF and
multi—phase catalyst coated LSCF as air electrodes at 600 °C operate on H,-3 vol% H,O fuel. ) The energetics of ORR for BCO nanoparticle decorated
PBCC. TS1 and TS2 represent the transition state of oxygen surface diffusion and bulk diffusion, respectively. f) Schematic diagram of the PCO/BCO
nanoparticles modified PBCC coated LSCF air electrode. Reproduced with permission.!202] Copyright 2018, Elsevier Inc.

phase (Figure 11c,d). Consequently, the SCFN nanocomposite ex-
hibited superior ORR activity compared to SF alone. An SDC-
supported symmetric cell with the SCFN composite electrode ex-
hibited drastically lower ASR values (0.072 Q cm?at 600 °C in
the air) compared to the SF air electrode (0.24 Q cm?). A Ni-SDC
fuel electrode-supported cell with the SCEN composite air elec-
trode demonstrated a significantly higher maximum power den-
sity (0.98 W cm™2) at 600 °C in H, fuel than a cell using the SF
air electrode (0.65 W cm™2). Additionally, the SCFN nanocom-
posite demonstrated high OER and ORR activity when used as
an air electrode for reversible H-SOCs. In the SCFN nanocom-
posite, the RP-SF-based phase also promoted steam surface ex-
change (hydration) and proton conduction, while the NiO and

Adv. Funct. Mater. 2024, 34, 2405851 2405851 (14 of 28)

CeO, nano-catalysts facilitated O, surface exchange and 0%~ con-
duction from the surface to the major perovskite, thus enhancing
the OER/ORR activity. A reversible H-SOC with SCEN as the air
electrode achieved a high maximum power density of 531 mW
cm~? and an electrolysis current of —364 mA cm™ at 1.3 V at
600 °C while maintaining excellent reversible durability of 120 h
at 550 °C.1124

Proton conducting phases can also be incorporated into
0?"/e~ mixed conductors using a one-pot synthesis ap-
proach. In this context, Shao et al. successfully designed
a perovskite-based composite with a nominal composition
of BaCo,,Cey,.Y006055 (BCCY) using a one-pot synthesis
method. During the calcination of the BCCY precursors
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Figure 11. Schematic representation of ORR pathways on perovskite-based electrodes. a) Standard single-phase SF perovskite illustrating O, adsorption,
dissociation, and O?~ jon conduction. b) Enhanced ORR process on SF/RP-SF (dual-phase) perovskite demonstrating improved oxygen reduction
kinetics. ) ORR on NiO nanoparticle-modified SF/RP-SF perovskite shows further enhancement due to NiO catalytic activity. d) Composite electrode with
both NiO and CeO, nanoparticles, exhibiting synergistic ORR promotion by leveraging the strengths of both catalysts. Reproduced with permission.[?’]

Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

prepared through the sol-gel method, a dual-phase material was
assembled in situ. This material comprised the mixed O*~ /e~
conducting material BaCo,Ce,Y,0; 5 (M-BCCY, Co-rich phase)
and the mixed H*/e” conducting material BaCe,Y,Co,0;;
(P-BCCY, Ce-rich phase). Additionally, at temperatures specific
to H-SOC operation (500-700 °C), a mixed 0%~ /e~ conductor
BCO material, also formed due to the partial decomposi-
tion of M-BCCY. During H-SOCs operation, the coexistence
of M-BCCY and P-BCCY phases ensured triple H*/O% Je”
conductivity. Conversely, the presence of the BCO enhances
oxygen adsorption/dissociation and electronic conduction,
leading to superior ORR activity. In addition, the thermal expan-
sion coefficients of M-BCCY and P-BCCY are 19.6 X 107° and
9.5 X 107 K1, respectively. The close contact between M-BCCY
and P-BCCY effectively restrains BCCY’s thermal expansion
coefficient to 15.7 x 107% K~!, ensuring operational stability.
Symmetric cell tests showed that BCCY had better ORR activity
than the state-of-the-art materials Ba,Sr,sCo,sFe;,0;,; and
BaCo, ,Fey,Z1,,Y( ;055 A Ni-BZCYYD fuel electrode-supported
H-SOC achieved a high maximum power density of 0.99 W cm ™
at 650 °C while maintaining durability for 812 hours at 550 °C.0>%]
Tong et al. proposed a perovskite-based dual-phase nanocompos-
ite, with nominal composition BaCe,,Fe,,Co,,0;;, combining
BaCe,Co,Fe,0; 5, a Cerich phase capable of mixed H*/e

Adv. Funct. Mater. 2024, 34, 2405851 2405851 (15 of 28)

conductivity, and BaCo,Fe,Ce,0;;, a Co/Fe-rich phase capable
of mixed O%~ /e~ conductivity. The resulting BaCe, ,Fe, ,C0,,05 5
air electrode showed excellent performance; for instance, the
button H-SOC with BaCe, ,Fe,,Co,,0;; as air electrode had a
low polarization resistance of 0.075 Q ¢cm?.[204]

The works of Shao and Tong underscore several critical chal-
lenges in developing air electrodes for H-SOCs. Early attempts
directly employed O?~ /e~ mixed conductors as air electrodes.
However, the lack of proton conductivity, which is essential
for H-SOCs, restricted ORR reaction zones to the electrode-
electrolyte interface (Figure 12a,b). Using H* conductors with
low e~ conductivity also proved limiting, confining ORR re-
actions to the electrode surface (Figure 12c). While some re-
searchers explored introducing proton conductors via infiltra-
tion or mechanical mixing, these composite air electrodes suf-
fered from poor contact under H-SOC conditions. Moreover,
large grain size and uneven phase distribution reduced the num-
ber of active sites, leading to low and unstable cathodic activ-
ity (Figure 12d). To overcome these limitations, Shao and Tong
proposed an in situ assembled triple-conducting nanocompos-
ite air electrode. This design addresses the need for high triple
conductivity, abundant ORR active sites, and optimal multi—
phase contact, promising superior activity and robust stability
(Figure 12¢).5%
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Figure 12. Comparative schematics of air electrode configurations in SOCs. a) O-SOC with O>~ /e~ conducting air electrode. b) H-SOC with e~ con-
ducting air electrode. ¢) H-SOC with H* /e~ conducting air electrode. d) Mixed ion and electron conductor with poor phase contact. e) In situ assembled
nanocomposite air electrode for H-SOCs, featuring high H*/O?~ /e~ conductivity, ample active sites, and optimal phase contact for enhanced perfor-
mance. Generally, 02~ conductors are characterized by higher activation energy than H* conductors. Reproduced with permission.[32] Copyright 2019,

Elsevier Inc.

4.2.2. Segregation

Surface cation segregation in perovskites can be induced by var-
ious mediators, including H,/O,, water vapor, and oxides (e.g.,
SrO, BaO), especially at high temperatures. This process leads
to secondary phase formation. By carefully controlling segrega-
tion, researchers can create beneficial secondary phases that en-
hance the material’s catalytic activity toward oxygen reactions.
Surface decoration offers a powerful tool for tailoring local-
ized chemistry, driving cation segregation, and promoting the
development of these advantageous secondary phases. Three pri-
mary types of surface segregation have been extensively inves-
tigated: 1) H,/O,-mediated, where the presence of these two
species alters the surface structure, inducing cation segrega-
tion; 2) oxide-mediated, where introducing specific oxides (e.g.,
SrO, BaO) triggers segregation, generating desirable secondary
phases; and 3) water-mediated, where water vapor modifies the
surface chemistry, thus influencing the segregation process.
H,/O,-Mediated Surface Segregation: H,/O,-mediated sur-
face segregation process can be used to create metal nano-
catalysts with strong particle-substrate interaction, which en-
hances catalytic activity and durability.?®] In a recent study,
Jung et al. developed a novel perovskite air electrode modified
with socketed Ag nanoparticles, using a BaCo,¢Nb,;Ta,,0;5
(BCNT) precursor that was doped with Ag to make up
Bag gsAg 5 CoysNby 1 Tay 055 (BACNT) and then exsolved in
situ during a pre-processing step conducted in H,/Ar mix-
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ture at 320 °C (Figure 13a). The resulting Ag nanoparticles
modified Ba,¢sAg ,sCoygNby;Tay; 05, (e-BACNT), facilitating
the oxygen surface exchange rate and leading to lower po-
larization resistances (0.020 and 0.098 Q cm? at 650 and
550 °C, respectively) compared to pristine BCNT (0.032 and
0.098 Q cm?) (Figure 13b,c). A button cell using the mod-
ified electrode was stable during a 225 h stability test with
no significant degradation (Figure 13d), indicating the excel-
lent anti-sintering capability of the exsolved Ag nano-catalysts
(Figure 13e).120%]

In another study, Zhu et al. synthesized a high-performance
air electrode by incorporating Ag nanoparticles into
StyosNDby;Coy 4055 perovskite. The Ag nanoparticles were
formed by processing Sr,gsAg, ,sNby,C0y00;, in a 10 vol%
H,/Ar atmosphere at 320 °C. The presence of Ag enhanced
performance and demonstrated significantly better ORR ac-
tivity of the Ag-containing compound relative to unmodified
Sty95NDy 1 C0y 9055 In an SDC-supported symmetric cell, the
nano-Ag-modified Sr;4sNb,;Co,,0; ; electrode exhibited lower
ASR values of 0.037 and 0.21 Q cm? at 600 and 500 °C, respec-
tively, in air, compared to pristine Sr,qsNb,;Co0,,0;; (0.056
and 0.36 Q cm?).2%] Building upon the work of Zhu et al. on
Ag exsolution, the rationale behind the excellent anti-sintering
capability of socketed Ag nanoparticles on Sr,4sNb,;Co, 05 ;
is elucidated. To quantify the contact strength between the Ag
nanoparticles and the Sry4sNb,;Co,,0;; support, Zhu et al.
employed adhesion energy (E,y,) as a proxy.22%1 A high E_;,
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Figure 13. a) Schematics of exsolution process. b) EIS profiles and c) Arrhenius plots of the polarization resistances of SDC-supported symmetric cells
with Ag nanoparticles modified BACNT (e-BACNT) and pristine BCNT as electrodes. d) Operational stability of Ni-SDC fuel electrode-supported cell
with e-BACNT as air electrode at 500 °C. e) Surface morphology of e-BACNT air electrode after >225 h of operation. Reproduced with permission.[20°]

Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

value signifies a strong metal-support interaction, implying
robust bonding between the Ag and Sr, s Nb, ; Co, ,O; 5 support.
The E, 4, correlates almost linearly with the negative heat forma-
tion of the oxide support per mole of oxygen (—AHpg,s,,), and as
—AHi o, decreases, the E,g, increases.[?*”] For perovskite, aver-
age metal-oxygen bond energy (ABE) equals AH; ,,,.1*'"! In this
study, the authors compared the AHy g, of St,9sNb,;C0y40; 5
with that of CeO,, since socketed Ag nanoparticles on CeO,
surfaces have excellent anti-sintering capability.[29-20%211] They
found that the —AH;q,q,, of Sty95Nby;C04y0;,; was much
lower than that of CeO,, suggesting stronger adhesion be-
tween Ag nanoparticles and Sr;,sNb,;Co,,0; ;. In addition,
the SryosNby;Coys0;; showed high oxygen vacancy con-
tent, which may also play a key role in determining adhesion
energies on the basis of previous research that oxygen va-
cancies stabilize metal nanoparticles’ adsorption on various
oxides.[?!?]

Perovskite materials can be engineered to generate nano-
catalysts through a two-step in situ process: exsolution fol-
lowed by re-oxidation. First, active elements are doped into the
perovskite lattice during synthesis. Under high temperatures
and a reducing atmosphere (often containing H,), these ele-
ments exsolve as metal nanoparticles onto the surface. Subse-
quently, switching to an oxidizing atmosphere transforms the
exsolved metal nanoparticles into oxide nanoparticles. These
surface-enriched oxide nanoparticles can enhance oxygen surface
reaction kinetics, potentially improving catalytic performance.
Under certain air electrode conditions, exsolved metal nanopar-
ticles may spontaneously oxidize, forming oxide nanoparticles
that enhance O, surface reaction kinetics by providing addi-
tional oxygen adsorption sites. For example, Shen et al. devel-
oped a Pd nanoparticle-modified perovskite electrode by reduc-

Adv. Funct. Mater. 2024, 34, 2405851 2405851 (17 of 28)

ing LaCo, ; Fe( 5 Pd, ;055 in 10 vol% H,—Ar at 800 °C. The ex-
solved Pd oxidized to PdO, during symmetric cell testing (800 °C,
air atmosphere), significantly enhancing ORR activity. This mod-
ification resulted in a lower polarization value (0.35 Q cm?)
compared to the LaCo,,Fe,;0, ;-infiltrated SDC air electrode
(0.99 Q cm?).1% Similarly, Yang et al. demonstrated that re-
oxidizing exsolved metal nanoparticles into oxides can activate
the perovskite surface and boost ORR activity. After reducing
SrFe g5 Tiy ;1 Nig ;055 in 10 vol% H,—Ar, they calcined it in air
at 600 °C. This oxidized the exsolved Ni into NiO nanoparticles,
enriching them on the SrFe; 4 Ti, ;Ni, 45O, 5 surface. Symmetric
cell tests of SrFe;Ti;,0;; and SrFe;¢sTi,,Nij 5O ; electrodes
demonstrated that the NiO nanoparticles primarily enhance the
surface reaction kinetics, contributing to lower ASR values.[?#]

Oxide-Mediated Surface Segregation: Oxides also play a signif-
icant role as segregation mediators. It has been observed that
oxides enriched on the surface, can effectively inhibit the segre-
gation of the same cations in the substrate material. However,
intriguingly, these surface-modified materials can promote the
segregation of other cations within the substrate. Figure 14 illus-
trates key results from a study by Li et al. in which a Sr(NO,), so-
lution was used to deposit SrO on the surface of La, ¢ Sr,, ,CoO, ;.
The introduced Sr?* exhibited higher mobility than those within
the La,¢Sr,,Co0;; bulk. This greater mobility allows them to
occupy surface sites more prone to segregation (e.g., defects,
grain boundaries, or dislocations), ultimately inhibiting the flux
of Sr toward the surface. Preventing Sr?* segregation promoted
La** and Co’" migration to the surface. There, these cations re-
acted with the infiltrated SrO, forming nano-sized (La,Sr)CoO, g,
which enhanced electronic and oxygen-ion conduction and led
to a nearly 30 times lower electrode resistance than pristine
La St,C00; 5.1
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surface for oxygen reduction reactions with enhanced cation flux dynam-
ics (Right). Reproduced with permission.['] Copyright 2018, Wiley-VCH
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Xia et al. employed a similar strategy, infiltrating Sr(NO;),
onto the surface of LaSr,,FeO,; and subsequently calcining
it at a high temperature (800 °C). This process resulted in the
formation of a (La,Sr),FeO,-decorated La,¢Sr,,FeO,; hetero-
structured electrode. Oxygen chemical surface exchange coeffi-
cient measurements were increased by an order of magnitude
relative to bare La,gSr,,FeO, ;. The lattice mismatch between
the (La,Sr),FeO, and La,4Sr,,FeO, ; phases resulted in tensile
strain. In this heterostructure, the O, adsorption and oxygen va-
cancy formation were more favored than pristine La, 4 Sr, ,FeO, ;
because of weakened in-plane Fe-O bonds,[*'*?'*] thus enhancing
ORR activity.?1]

Chen et al. studied oxide evaporation as an alternative method
to infiltration for introducing beneficial oxides onto perovskite
air electrode surfaces. They developed a PrNi,sMn, 0, ; (PNM)
nanocomposite air electrode via a one-pot in situ assembly pro-
cess, which resulted in a PNM primary phase with surface-
enriched PrOx nanoparticles. During the fabrication and op-
eration of a Ni-BZCYYb|BZCYYb|PNM cell, BaO vapor dif-
fused and deposited onto the PNM electrode. The formed BaO
then reacted with both PNM and the PrO, nanoparticles dur-
ing operation. This reaction formed additional Ba-doped PNM
nanoparticles and proton-conducting BaPrO, ; (BPO) nanoparti-
cles, respectively (Figure 15a,b). The oxygen-vacancy-rich PrO,
nanoparticles facilitated oxygen surface exchange, while the
PNM phase promoted oxygen transfer within the electrode
(Figure 15Db). Consequently, during cell operation, the surface-
enriched PNM/PrO, composite gradually transformed into a
BPO/Ba-doped PNM composite, leading to an increase in power
density (Figure 15c). This surface modification demonstrably en-
hanced performance as evidenced by a PPD increase (H-SOC
operation) from 0.66 to 0.79 W cm™ at 700 °C with H, fuel
(Figure 15d).121¢
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Steam-Mediated Surface Segregation: Kim et al. proposed a
water-mediated surface in situ assembly strategy to enhance ORR
activity. These authors used steam (3 vol% H,O-Air) at 600 °C
to segregate BCO toward the surface of PBCC. The presence
of BCO enhanced O, adsorption, thus improving ORR activity
(Figure 16a). In situ Raman characterization revealed the for-
mation of surface hydroxyl groups and proton-elongated super-
oxol on the PBCC phase after steam treatment. These species
are implicated in a significant ORR pathway under wet air con-
ditions (Figure 16b,c). Density functional theory calculations
further supported this mechanism, indicating that these sur-
face modifications facilitated the diffusion of dissociated oxy-
gen atoms into the sublattice, further enhancing ORR activ-
ity (Figure 16d). Symmetric cell tests demonstrated the bene-
fits of steam treatment as PBCC electrodes decorated with BCO
nanoparticles achieved lower ASR and activation energy in wet
air compared to dry air (Figure 16e,f). Notably, conventional
LSCF electrodes exhibited the opposite trend. An O-SOC (Ni-
YSZ|ScSZ|SDC|PBCC) with the steam-treated PBCC air elec-
trode achieved a significantly higher maximum power density
in wet air (1.46 W cm™?) compared to dry air (0.94 W cm~2)
(Figure 16g).12'7]

Zhou et al. employed PBCC material as an H-SOC air elec-
trode. Under high-temperature humidified H-SOC conditions,
they observed in situ exsolution of BCO nano-catalysts, which en-
riched the PBCC surface and significantly enhanced OER activ-
ity. The resulting H-SOC achieved (at 600 °C) a maximum power
density of 1.06 W cm~2 in fuel cell mode and a current density
of 1.51 A cm™ at 1.3 V in electrolysis mode. Density functional
theory calculations were used to compute the free energy of vari-
ous OER steps, suggesting that the BCO promotes water adsorp-
tion and dissociation (H,0—»OH*+H*; OH*—0*+H¥), while
PBCC facilitates oxygen formation (O*—2e~—1/20,) and des-
orption. These two contributions synergistically enhance OER
activity.[*¢]

Pei et al. developed Ba,,Co,,Fe,,Nb,,;0;; (BCFN) as a
reversible H-SOC air electrode. During operation, a reac-
tion with steam transformed it into an Nb-deficient BCFN
nano-perovskite. This transformation generated additional
ORR- and OER-active regions, significantly boosting catalytic
activity (Figure 17a). A button cell utilizing this composite deliv-
ered a high PPD of 1.7 W cm™ in fuel cell mode (Figure 17b)
and a current density of 2.8 A cm™ at 1.3 V in electrolysis
mode (Figure 17c) at 650 °C. Notably, the same cell demon-
strated stability in both fuel cell (%112 h) and electrolysis
(=220 and ~380 h at constant current densities of —1.0 and
—0.5 A cm™?, respectively) modes (Figure 17d,e).2"®! Simi-
larly, Xu et al. used PrBaCo, (Fe,,Nb,,O,; as a reversible
H-SOC air electrode. During H-SOC operation, it reacted with
water vapor at 650 °C, resulting in the in situ formation of
Nb-deficient PrBaCo, ;Fe,,Nb,,,Os s nano-catalysts on the
PrBaCo, (Fe,,Nb,,0s, ; surface. These nanoparticles enhanced
OER and ORR activity. An H-SOC using this composite air
electrode reached a high PPD of 1.059 W cm™2 in fuel cell
mode, a current density of 2.148 A cm™ at 1.3 V in electrolysis
mode, and exhibited reversible durability between 0.5 and —0.5
A cm™? for 200 .29 In both studies, the exsolved Nb-deficient
perovskite possessed a higher oxygen vacancy concentration
than the substrate due to Nb deficiency.
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with the PNM composite, b) electrode reaction mechanism during H-SOC operation, c) power density changes resulting from Ba-PNM interaction, and

d) cell performance and stability, including I-V and I-P curves and EIS data before and after operational testing. Reproduced with permission.
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Beyond perovskite segregation, water vapor can also induce
surface segregation of simple oxides (e.g., barium oxide)??°! and
metals (e.g., silver),[??!l thus enhancing the electrocatalytic ac-
tivity of perovskites. Jung et al. demonstrated that water va-
por can modulate exsolution in triple-conducting oxides con-
taining readily reducible metals. The reaction between water
vapor and the oxide (H,0 + 20 +2h" < 20H, + 30,) facili-
tates exsolution by removing holes (b ') in proximity to metal
cations, promoting their reduction and migration to the oxide
surface. The authors studied Ag-doped BaCo, ,Fe,,Zr,;Y,,0;;
(Bag osAg0.0sCopaFep4Zry 1Y, 105.5), subjecting it to humidified
air at 650 °C. This treatment resulted in the exsolution of Ag
nanoparticles, leading to a significant enhancement in ORR ac-
tivity of the air electrode. An H-SOC employing the Ag-modified
air electrode achieved a peak power density of 1.20 W cm™2 at
650 °C. This value represents a nearly 1.47-fold improvement
compared to the cell utilizing BaCo, ,Fe, ,Z1,,Y,;0;; as the air
electrode.[?2")

Jung et al. further proposed a method for enhancing ex-
solution by doping BaCo,,Fe,,Zr,,Y,,0, 5 with monovalent
alkali metal cations (M*, M = K). This approach involves
incorporating 5% K* to create K ,sBa,o5Co, Feg,21,,Y,;05;.
The subjection of the as-synthesized K sBa;q5C0,4-
Fe, 4Z1,,Y,,0;; powder to humidified air (3 vol% H,O) at 600 °C
for 12 h facilitates the in situ exsolution and surface enrichment
of BaO, nanoparticles on the K;Ba,qsCoy,Fe,,Zr,,Y,1055
perovskite. A-site acceptor doping with K* accelerated the
formation of BaO, exsolution due to their stronger basicity
compared to Ba’*. This increased basicity weakens the inter-
action between Ba and the A-site, favoring BaO, segregation
upon exposure to water vapor and oxygen.??2l While exsolved
BaO, nanoparticles might hinder oxygen reduction reaction
sites due to their blockage of charge-transfer pathways, they
can concurrently promote acid-base reactions, particularly hy-
dration. This facilitation of proton conduction can enhance

Adv. Funct. Mater. 2024, 34, 2405851 2405851 (19 of 28)

[216]

the overall performance of the H-SOC. Consequently, an
H-SOC with K, 4sBagsCop.Fey,Z1y,Y,,0;5 as air electrode
showed a peak power density of 1.65 W cm~ in fuel cell mode,
and a current density of —6.5 A cm™2 at 1.3 V in electrolysis
mode.[221]

4.2.3. Phase Reaction

Composite electrodes are typically prepared by blending single-
phase materials followed by high-temperature calcination. While
this process can promote cation exchange or secondary phase for-
mation, thus enhancing electrochemical performance and dura-
bility, the intricate phase interactions often make outcomes diffi-
cult to predict.

During H-SOC fabrication, Shao et al. observed cation ex-
change between BaZr,,Ce,Y,,0;; a protonic ceramic elec-
trolyte, and the PrBaCo,Os,; (PBC), an air electrode. To
promote adhesion, PBC was calcined at 950 °C with the
BaZr,,Ce,,Y,,0;; electrolyte, leading to Y and Co diffusion.
This process led to Co-doped BaZr,,Ce,,Y,,0;; and Y-doped
PBC. Co-doping lowered BaZr,,Ce,,Y,,0;,’s ionic conductiv-
ity; while pure BaZr,,Ce,,Y,,0,; demonstrated conductivities
of 0.014 S cm™' (humidified air) and 0.01 S cm™! (H,) at 600
and 500 °C, respectively, the Co-doped variant exhibited lower
conductivities of 0.0076 S cm™ and 0.0077 S cm™!, respec-
tively. In contrast, Y-doped PBC had enhanced ORR activity. A
BaZr,,Cey,Y,,0; s-supported symmetric cell with YPBC elec-
trodes displayed a lower polarization resistance (0.58 Q cm?)
compared to PBC (0.76 Q cm?) in humidified air at 600 °C.[>**]

Liu et al. controlled phase transformation during the high-
temperature calcination of a BaZr,,;Ce,Y,,0;,-SSC air elec-
trode composite. XRD analysis revealed that reactions be-
tween the proton conductor BaZr,,Ce,,Y,,0,,; and the mixed
0% /e~ conductor SSC generated BaCoO,; (a mixed O* /e~
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Figure 16. a) Schematic of ORR in water-mediated surface in situ assembled PBCC and untreated PBCC. Density functional theory-based clarifies the
surface species adsorbed on PBCC(010) under b) dry and c) wet atmospheres. d) Schematic of the energetics of ORR on PBCC(010) under dry and wet
atmospheres. e) EIS profiles of the symmetric cells with PBCC and LSCF as electrodes measured under 3 vol% H,0-air at 750 °C. f) Arrhenius plot of
the electrode impedance of PBCC electrodes under air and 3 vol% H,O-air. g) I-V and I-P curves of the PBCC air electrode-based O-SOC under dry and
wet air at 750 °C. Reproduced with permission.[27] Copyright 2017, Royal Society of Chemistry.

conductor) and SmZrO, ; (a new proton conductor). These newly
formed phases enhanced ORR activity by promoting O, adsorp-
tion/dissociation and proton conductivity. An H-SOC using the
BaZr,,Ce,,Y,,0;;-SSC composite as air electrode achieved im-
pressive power densities of 725 mW cm™2 at 700 °C and 445 mW
cm~2 at 600 °C in H, fuel.[??*] Interestingly, too-high calcination
temperatures increased SmZrO,; content, introducing higher
interfacial resistances due to its low electronic conductivity, ul-
timately hampering performance.

Zhang et al. developed a strategy to match the thermal ex-
pansion coefficient of typical electrodes to that of YSZ. They
achieved this by mechanically mixing the air electrode material
SrNby,Coy40;; (SNC) with the negative-thermal-expansion
material Y,W,0,, (YWO), followed by calcination of the mixture
at 800 °C. This calcination process induced a phase reaction
between SNC and YWO, resulting in a composite (c-SYNC)
consisting of A-site deficient Sr,(Y,(Nby;Co,,):,)0;5; (SYNC),
SrWO, (SWO), and YWO. The SWO phase, well-connected to
both SYNC and YWO, effectively suppressed thermal expansion.
This resulted in a composite with a thermal expansion coefficient

Adv. Funct. Mater. 2024, 34, 2405851 2405851 (20 of 28)

(12.9 X 10-° K1) closely matching that of YSZ (11.2-12.3 X 10~°
K~!). During the high-temperature (800 °C) preparation process,
a cation exchange occurred: the yttrium from YWO partially sub-
stituted for Co/Nb on the B-site of SNC. Simultaneously, Sr from
SNC reacted with tungstate W from YWO, forming SYNC and
SWO (Figure 18a—c). The presence of A-site deficiencies in SYNC
promoted the creation of oxygen vacancies. This directly boosted
ORR activity and resulted in a more durable composite air
electrode. The electrode’s superior performance is demonstrated
by its significantly lower polarization resistances compared to
pristine SNC (Figure 18d—f). The ¢-SYNC composite exhibited
remarkable durability during rapid thermal cycling tests. Even
after 40 cycles (90 h) between 300 and 600 °C, it showed mini-
mal increases in polarization and ohmic resistances, while the
pristine SNC electrode degraded significantly. This durability is
evident in post-test imaging, where extensive cracking is seen in
SNC (Figure 18g) but not in ¢-SYNC (Figure 18h). Figure 18i,j
explains this resilience, highlighting c-SYNC’s reduced ther-
mal expansion coefficient and the protective role of the SWO
phase.[*]
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Figure 17. BCFN air electrode transformation and H-SOC performance. a) Schematic illustrating the formation of Nb-deficient BCFN nanoparticles
on BCFN. b) I-V and |-P curves of H-SOC with the composite air electrode operating on H, fuel. ¢) H-SOC I-V curves during electrolysis operation.
d) Operational stability in fuel cell mode. e) Operational stability in electrolysis mode. Reproduced with permission.[218] Copyright 2022, Nature Pub-

lishing Group.

4.2.4. Dynamic Cation Exchange

Dynamic cation exchange offers a powerful tool to optimize
SOC electrode materials for thermal expansion, stability,
and performance.31?%] Rosseinsky et al. elegantly demon-
strated this principle. By substituting W into the B-site of
Ba, 551 5CoggFeg ;055 (Bay s Sty 5(CogsFe )0 6875 Wo.312503.5)s
they created a composite featuring a single perovskite phase
Bay 55745 C0y 58910 F€0.35409) Wo.056(3) O2.30421) and a B-site ordered
double perovskite phase BaSrCoygu712Feo 260022 Wous01(17)Os
(Figure 19a—). Under O-SOC conditions, W migrated from the
double into the single perovskite, boosting chemical stability.
Additionally, the double perovskite phase acted as a mechanical
support against sintering and, due to its lower thermal expansion
coefficient, helped the composite match the electrolyte’s thermal
expansion. This single/double perovskite system delivered sig-
nificantly improved performance. An SDC-supported cell using
this composite air electrode showed polarization resistance
as low as 0.034 Q cm? at 650 °C, along with an exceptionally
low degradation rate (1.6x107° Q cm? min~!) (Figure 19d).
Crucially, unlike standard Ba,5St,;Co,gFe,,0; ; which sinters
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rapidly (Figure 19e), the composite maintained its porosity
(Figure 19f,g), highlighting the unique stabilizing ability of W¢*
derived from the DP phase.l*!]

5. Summary and Outlook

SOC electrode design is critical for performance and longevity.
Composite materials are promising, but traditional preparation
techniques hinder their full potential. In situ assembled com-
posites provide a significant advantage as they allow us to con-
trol the nanostructure, distributing components more homo-
geneously, and enhancing interphase bonding. This review ex-
plores recent advancements in in situ assembled composite elec-
trodes for SOCs, focusing on strategies for both fuel (metal exso-
lution and oxide segregation) and air (one-pot synthesis, segrega-
tion, phase reaction, and dynamic cation exchange) electrodes.
Developing in situ assembled composite catalysts for fuel elec-
trodes has been predominantly centered around in situ metal
exsolution and oxide segregation. In situ exsolved metal nano-
catalysts typically exhibit a high specific surface area and strong
bonding to the substrate. This translates to several advantages:
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Figure 18. Characterization and performance of the ¢-SYNC composite electrode. a) Refined XRD pattern of ¢-SYNC. b) Schematic of the in situ assem-
bled formation process. c) HRTEM image highlighting the interface between YWO, SWO, and SYNC phases. d) Polarization resistance comparison of
symmetric cells with SNC and ¢-SYNC air electrodes over 40 thermal cycles (600 — 300 °C). EIS Nyquist plots for €) SNC-based and f) ¢-SYNC-based
symmetric cells after cycling. Cross—section SEM images of symmetric cells after cycling: g) SNC and h) ¢-SYNC air electrodes. i,j) Schematic illustrating
the mechanism of thermal expansion suppression in the ¢-SYNC composite electrode via thermal expansion offset. Reproduced with permission.[3]

Copyright 2021, Springer Nature Limited.

more active sites for fuel reactions (boosting performance), along
with better resistance to sintering, coking, and sulfur poison-
ing. Alloy nano-catalysts created by in situ exsolution share these
benefits while offering additional synergies between the different
metals and the supporting oxide. In situ oxide segregation, which
is, in essence, oxidative metal exsolution, has also been shown
to improve the activity and stability of fuel electrodes. Unlike
typical metal exsolution, which disrupts the oxide crystal struc-
ture by creating defects, topotactic exsolution uniquely prevents
the formation of these defects, thus preventing structural
destabilization.

In situ assembled composites offer distinct advantages for
air electrodes in SOCs. Their constituent phases provide the
diverse properties required for SOC electrode functionality.
Furthermore, in situ assembly creates a nanocomposite with
close phase contact, maximizing the density of catalytic centers.
Additionally, lattice interdiffusion between phases leads to strong
adhesion, preventing sintering, mitigating thermal expansion,
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and ultimately improving electrode durability. Strategies for
developing in situ assembled composite air electrode materials
include one-pot synthesis, segregation, phase reaction, and
dynamic cation exchange. One-pot synthesis has been used to
make nanocomposites with nominal compositions SCFN!?]
and BCCY.’?) These composites feature uniform phase dis-
tribution and strong interactions, resulting in bifunctionality,
high activity, excellent thermal compatibility, and resistance to
sintering. The exsolution/re-oxidation and segregation strate-
gies favor the formation of surface-enriched nano-catalysts
(such as Ag, NiO, CeO,, (La,Sr)Co0O;;, and BaCoO,;). These
nano-catalysts modify the substrate and enhance crucial surface
electrochemical processes like oxygen/steam adsorption and
exchange. Phase reactions occur in two ways: cation exchange
between phases or cation segregation followed by inter-reaction
to form new phases. In the case of SNC and YWO, a unique
phase reaction leads to an A-site deficient SYNC perovskite and
SWO. SYNC'’s increased oxygen vacancies boost ORR activity,
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Figure 19. Bag5Srgs(CoggFep2)o.6875Wo312503.5 electrode characterization and performance. ab) Crystal structures of BagsSrgsCogsgg(io)-
Feo.354(9) Wo.056(3) O2.304(21) @nd BaSrCoqg g47(12) Feo 260(22) Wo.891(17)Og Phases. c) HRTEM image of the interface between the two. d) Electrode resis-
tance stability comparison highlights Bag 5Srq5(CoggFeg2)o.6875 Wo.312503.5's superiority over BagsSrysCoggFen 2035, LaggSrg4Cop,FensOss,
and Bag 5SrgsCoggFep,035+BaSrCoWOg composites. SEM images of e) BagsSrgsCoggFeq,03.5, f) BagsSrgs(CoggFens)o.ss7sWo312503.5,

g) BagsSry5CoggFen,035+BaSrCoWO; electrode  microstructures.
Limited.

while SWO improves the SYNC-YWO connection, suppressing
thermal expansion and enhancing durability. Finally, dynamic
in situ assembly involves continuous cation exchange within
the composite, simultaneously improving catalytic activity and
durability.?]

Although in situ assembled composites have shown promis-
ing activity, they present challenges that require further funda-
mental research. A key issue is the difficulty in determining the
precise crystal properties of each phase, especially during SOC
operation. For example, the SCFN composite consists of a pri-
mary SF-based perovskite (T-SCFN) and three minor phases, in-
cluding RP-SCFN, and surface-enriched NiO and CeO,. How-
ever, precisely quantifying and locating Ce and Ni dopants within
the two perovskite phases remains difficult. This limitation forces
researchers to model the T-SCFN and RP-SCFN perovskites with
SrgFe,O,, and Sr,Fe;0,,, respectively, for density functional the-
ory calculations, potentially leading to results that deviate from
actual operating conditions.['?*] Advanced characterization tech-
niques, including neutron powder diffraction, synchrotron X-
ray absorption spectroscopy, aberration-corrected transmission
electron microscopy, and energy-dispersive X-ray spectroscopy
(EDS), are crucial for accurate analysis of phase species, struc-
ture, composition, and interface in situ assembled composites.
In situ microscopy and spectroscopy can detect dynamic forma-
tion and transformation processes, providing valuable insights
for computation and theoretical research.

In the context of SOCs, Ni-based fuel electrode-supported cells
are nearing commercialization. Further research should con-
centrate on modifying these cermet electrodes by substitution
and in situ exsolution strategies to enhance catalytic activity and
ionic conductivity. Alloy exsolution could be a promising av-
enue for improving fuel oxidation, coke and sulfur resistance,
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Reproduced with permission.311  Copyright 2017, Springer Nature

and overall cell performance. A deeper understanding of nano-
metal catalyst exsolution mechanisms, oxide segregation, and the
role of exsolved nano-catalysts in fuel catalysis is crucial. Thor-
ough theoretical and experimental studies should explore these
areas.

Future air electrode research should focus on tailoring materi-
als to the specific electrolyte (oxygen-ion or proton-conducting).
For O-SOCs, optimizing oxygen-related properties (adsorp-
tion/desorption, dissociation, surface exchange, and bulk diffu-
sion) is crucial. H-SOCs require attention to both oxygen and
proton-related properties, including balancing oxygen surface ex-
change and bulk diffusion with strong hydration for proton con-
ductivity. This balance is vital for maximizing cell efficiency and
operational longevity.
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