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nd prospects of perovskite-based
fuel electrodes in solid oxide cells for CO2

electrolysis to CO

Ruijia Xu†a Shuai Liu†a Meiting Yang,a Guangming Yang, *a Zhixin Luo, b Ran Ran,a

Wei Zhou a and Zongping Shao *b

Carbon dioxide (CO2) electrolysis to carbon monoxide (CO) is a very promising strategy for economically

converting CO2, with high-temperature solid oxide electrolysis cells (SOECs) being regarded as the most

suitable technology due to their high electrode reaction kinetics and nearly 100% faradaic efficiency,

while their practical application is highly dependent on the performance of their fuel electrode (cathode),

which significantly determines the cell activity, selectivity, and durability. In this review, we provide

a timely overview of the recent progress in the understanding and development of fuel electrodes,

predominantly based on perovskite oxides, for CO2 electrochemical reduction to CO (CO2RR) in SOECs.

Initially, the current understanding of the reaction mechanisms over the perovskite electrocatalyst for

CO synthesis from CO2 electrolysis in SOECs is provided. Subsequently, the recent experimental

advances in fuel electrodes are summarized, with importance placed on perovskite oxides and their

modification, including bulk doping with multiple elements to introduce high entropy effects, various

methods for realizing surface nanoparticles or even single atom catalyst modification, and

nanocompositing. Additionally, the recent progress in numerical modeling-assisted fast screening of

perovskite electrocatalysts for high-temperature CO2RR is summarized, and the advanced

characterization techniques for an in-depth understanding of the related fundamentals for the CO2RR

over perovskite oxides are also reviewed. The recent pro-industrial application trials of the CO2RR in

SOECs are also briefly discussed. Finally, the future prospects and challenges of SOEC cathodes for the

CO2RR are suggested.
1. Introduction

Our current world is over-dependent on fossil fuels to satisfy
global energy demands, resulting in substantial CO2 emissions.
With the increasing concerns about healthy energy supply and
sustainable ecological and environmental systems, the world is
looking for a more sustainable energy system. Many countries
have set targets to achieve net-zero carbon dioxide emissions by
themid-21st century, emphasizing the need to establish a clean,
low-carbon, secure, and efficient energy infrastructure.1

There are mainly three ways to realize a net-zero CO2 emis-
sions target, i.e., the use of renewable energy/hydrogen energy,
CO2 sequestration, and CO2 re-utilization. By developing the
latter two technologies, fossil fuels can still be used to achieve
the net-zero CO2 emissions target, while renewable energy can
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serve as an energy input for CO2 sequestration and re-
utilization. This approach is highly attractive since the current
infrastructure for fossil fuel production, storage and utilization
is highly matured and can be continuously used, while the net-
zero CO2 emissions target is reached due to the storage or
recycling of the CO2 produced. Consequently, the development
of efficient CO2 storage and conversion technologies has
received considerable attention recently.

Over the past few decades, technologies like carbon capture,
utilization and storage (CCUS) and electrochemical conversion
have emerged as the most promising pathways to achieving
carbon balance. Unlike CCUS, electrochemical conversion
methods including solid oxide electrolysis cells (SOECs) (Fig. 1),
alkaline electrolysis technology, and proton exchange
membrane electrolyzers can efficiently convert CO2 into value-
added carbon-containing chemicals, likely hydrocarbons, and
CO, which are in principle more attractive. Such conversion
processes can actually use renewable energy as an energy input
for energy storage; thus, CO2 can be considered just an inter-
mediate energy carrier in these processes. Among the various
available electrochemical technologies, high-temperature CO2

electrolysis via SOECs offers remarkable advantages, such as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A typical schematic of an SOEC.
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high current density, superior stability, and high faradaic effi-
ciency approaching 100%, rendering it more suitable for prac-
tical applications.2–4 Different from low-temperature
electrolysis, the product distribution and selectivity are highly
dependent on the electrocatalysts and operation conditions;
high-temperature SOECs allow the use of pure CO2 as feedstock
to produce CO with 100% selectivity, while CO production from
CO2 is believed to be one of the most economical strategies for
CO2 conversion.5

A SOEC single cell is mainly composed of a porous cathode,
a porous anode, and a dense electrolyte. Among these, CO2

reduction reactions (CO2RR) to form CO, including CO2

adsorption and dissociation, and CO desorption, predomi-
nantly take place at the cathode. Consequently, the efficiency of
SOECs for CO2 electrolysis is highly dependent on the electro-
catalytic activity of the cathodes (fuel electrodes).6 Up to now,
nickel-based metal ceramics, such as Ni/(yttrium-stabilized
zirconia) YSZ, are still the most commonly used CO2RR cath-
odes in SOECs, exhibiting excellent catalytic activity at high
temperatures. However, the stability of the catalytically active
sites in nickel-based metal ceramics remains unsatisfactory.
Over prolonged operation, the oxidation, aggregation, and
carbon deposition of nickel emerge as primary causes for the
signicant decline in the performance of nickel-based cath-
odes.7,8 Perovskite-type mixed ionic and electronic conductors
are considered promising substitutes for nickel-based cathodes
because of their good anti-coking ability and excellent stability,
but they usually show limited CO2RR activity. Hence, numerous
studies are focused on enhancing the CO2 electrocatalytic
activity and stability of perovskite via doping, inltration, in situ
exsolution, and high-entropy modication strategies.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Nonetheless, the stability of current laboratory-grade perov-
skites fails to meet the demands of industrial-grade stacks,
which limits the industrial application, requiring further
exploration and optimization. A good summary of the recent
progress and challenges in perovskite-type CO2RR catalysts for
SOECs, in particular the fundamental understanding of the
reaction processes and cell deterioration mechanism, will
provide useful updated information and guidance to the
researchers for their further studies and development. Pres-
ently, numerous review articles offer summaries of the material
categories, performance comparisons, and the current state of
research on SOECs in CO2 electrolysis. Nonetheless, there is
a lack of a comprehensive overview of methodologies to
enhance the properties and electrochemical performance of
perovskite-based cathode materials and overlook theoretical-
level approaches for SOEC development.

In this review article, we aim to provide an up-to-date
summary of the recent progress in the development of non-
Ni-YSZ cermet cathodes for the CO2RR to CO in SOECs, with
particular attention paid to perovskite oxides and their modi-
cation. We rst summarize the current understanding of the
reaction mechanism of CO2 electrolysis to CO based on SOEC
technology and briey discuss the current challenges. To tackle
the low electronic and ionic conductivity and limited catalytic
activity issues of perovskite oxides, we mainly reviewed the
modication strategies recently applied to such SOEC cathodes.
Additionally, we examined the use of machine learning
methods for rapidly identifying promising new perovskite-type
cathode materials. Density functional theory (DFT) calcula-
tions and advanced in situ characterization have recently proven
to be powerful tools to deepen the understanding of the CO2RR
mechanism from both experimental and theoretical perspec-
tives. We also reviewed the recent progress in using these
techniques for understanding the CO2RR over perovskite-type
electrocatalysts at elevated temperatures. Finally, we offer
some guidelines for the further development of industrially
applicable SOEC cathodes.
2. Mechanism of CO2 electrolysis
over perovskite electrocatalysts in
SOECs

Presently, reducing the reaction temperature to enhance oper-
ational stability stands as one of the primary challenges in CO2

electrolysis within SOECs; however, themechanisms underlying
CO2 electrolysis for many materials remain unclear. Conse-
quently, comprehending the reaction mechanisms linked with
diverse cathode types is pivotal for craing cathodes tailored for
CO2 electrolysis.

The typical setup of SOECs employed for CO2 electrolysis is
composed of an oxygen ion conductor electrolyte and a porous
cathode and a porous anode on both sides.9,10 The porous
structure of the cathode and anode facilitates gas trans-
portation. The dense electrolyte can isolate the gas on both
sides and prevent the direct reaction of the gas inside the cell. In
addition, the insulating nature of the electrolyte can prevent cell
Chem. Sci., 2024, 15, 11166–11187 | 11167
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Fig. 2 Schematic diagram of the current challenges and their
solutions.
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short circuiting caused by electron transmission.11 For a SOEC
with oxygen ion conducting electrolyte, CO2 is reduced at the
cathode to form CO and O2− by acquiring two electrons as
shown in eqn (1); subsequently, O2− passes through the elec-
trolyte to the anode side, where it forms O2 with the release of
electrons, as expressed in eqn (2).

CO2 (g) + 2e− / CO (g) + O2− (1)

O2− / 1/2O2 (g) + 2e− (2)

The C]O in the molecular structure of CO2 possesses a high
bond energy (approximately 750 kJ mol−1), thereby presenting
a signicant challenge to the catalytic activity of the SOEC
cathodes for CO2 activation.12 In SOECs, the CO2RR entails
three fundamental processes: CO2 adsorption, CO2 dissocia-
tion, and CO desorption, which are widely acknowledged.

Currently, there are two distinct CO2 electroreduction
mechanisms based on two different types of cathode materials.
In pure perovskite oxides, surface oxygen vacancies ðV��

OÞ are
believed to be the hosts for CO2 chemisorption at high
temperatures.13 Kozokaro et al. employed DFT calculations to
conduct an extensive investigation into the CO2 electrolysis
mechanism on La0.3Sr0.7Fe0.7Cr0.3O3 (LSFCr) perovskite. Their
calculations revealed that CO2 is predominantly associated with
oxygen ions on the BO2 (B=]Cr and Fe) plane of LSFCr to form
carbonate (CO3

2−) species. Furthermore, the high concentra-
tion of oxygen vacancies aids in mitigating the strong adsorp-
tion of carbonate, thereby facilitating the activation of CO2

molecules and the subsequent desorption of CO.14

CO2 þ */CO*
2 (3)

CO*
2 þ e�/CO3ðadÞ

2� (4)

CO3(ad)
2− + e− / CO* + O(ad)

2− (5)

CO* / CO (6)

Ricardez-Sandoval et al. found that the basicity of surface
O2− ions of the (0 0 1) facet of La0.5Sr0.5FeO3−d perovskite makes
it more likely to attract and bind with the C atom of CO2 (Lewis
acid center) thus forming carbonates.13

CO2 þ * ¼ CO*
2 (7)

CO*
2 þ *þ e� ¼ CO* þO2�* (8)

CO* = CO + * (9)

Metal–oxide interfaces created through inltration or exso-
lution demonstrated superior CO2 electrolysis performance
compared to pure perovskite oxide interfaces. This is attributed
to the enhanced suitability of the active sites at the metal–oxide
interface for CO2 adsorption and activation.15,16

CO2 þ * ¼ CO*
2ðadÞ (10)
11168 | Chem. Sci., 2024, 15, 11166–11187
CO*
2ðadÞ þ e� ¼ CO*

ðadÞ þO* (11)

CO*
ðadÞ þ e� ¼ COþ * (12)

3. Advances in perovskite-based
CO2RR electrocatalysts for SOECs
from experimental investigations

Typical perovskite-based oxides consist predominantly of alka-
line earth or rare earth metal ions occupying their A lattice site,
alongside transitionmetal ions occupying the B lattice site. This
category encompasses simple perovskite structures (ABO3−d),
Ruddlesden–Popper phases (A2BO4+d), and double perovskites
(AA0B2O5+d). As mixed ionic–electronic conductivity (MIEC)
electrodes, the perovskite may enlarge the active sites towards
the entire perovskite surface, compared with the cermet elec-
trode. However, the relatively poor catalytic activity and stability
are the main challenges for most perovskite-related oxides, as
illustrated in Fig. 2. Strategies towards improving the activity
and durability of perovskite CO2RR electrocatalysts in SOECs
include the introduction of high entropy into the oxide lattice,
surface modication with nanoparticles through various
methods, or even the introduction of single atom catalysts. By
integrating these optimizations with targeted electrode struc-
ture design, challenges such as low catalytic activity, poor
stability, and carbon deposition in perovskite-based electrode
materials are effectively mitigated.
3.1 High entropy perovskite oxides

The eld of high-entropy materials (HEM) has been gaining
signicant attention since Yeh and Cantor reported their
groundbreaking research on metallic alloys.17,18 The homoge-
neous blending of various elements elevates the system's
entropy and yields a structure that is stabilized both thermo-
dynamically (DG = DH − T*DS) and kinetically (slow diffusion),
enabling it to endure demanding conditions like high temper-
atures, corrosion, and high electrochemical potential.19 These
properties have also been conrmed in other materials with
high entropy. Lately, many classes of non-metallic oxides have
been added to the category of HEM.20 Therefore, the high-
entropy doping strategy is expected to solve the problem of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrochemical activity and high-temperature stability that are
difficult to realize simultaneously in conventional perovskites.

As depicted in Fig. 3a, the presence of multiple elements
(four, ve, or more) occupying the same crystallographic site
could result in considerable congurational disorder in HEM.
The denition of high-entropy perovskite asymptotically follows
the concept of high-entropy alloys. Nonetheless, there isn't
a single, widely accepted denition of what constitutes a high-
entropy substance. There are two commonly accepted deni-
tions: (1) congurational entropy larger than 1.6R (Fig. 3b), and
(2) single phase and equimolar.22 Many investigations have
evaluated the perovskite structure by mixed entropy (DSmix),
Goldschmidt tolerance factor (t), and A/B site cation size
difference (d).21,23–25 The molar congurational entropy of the
perovskite oxide can be calculated according to eqn (13):

S ¼ �R
" XA

a¼1

xa ln xa þ
XB
b¼1

xb ln xb

!
cation-site

þ
 XM

j¼1

xj ln xj

!
anion-site

#
(13)

where xa, xb and xj are the mole fractions of elements found in
the cation and anion sites, respectively, with R being the
universal gas constant. The Goldschmidt tolerance factor (t) is
employed for evaluating the perovskite structure.

t ¼ rA þ rOffiffiffi
2

p ðrB þ rOÞ
(14)

where rA and rB are the ionic radii of the cations on the A and B
sites, respectively, and rO is the radius of the oxygen ion. For an
ideal cubic perovskite structure, t is equal to 1. Research indi-
cates that the t value for a stable perovskite structure is expected
to be in the range of 0.78 < t < 1.05.

dðRAÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
i¼1

ci

2
66641� RA�PN

i¼1

ciRA

�
3
7775

2
vuuuuuut (15)

where RA is the radius of the ith cation on the A site, and ci is the
mole fraction of the ith cation. The observed d(RA) values in the
Fig. 3 (a) Typical schematic of a high-entropy perovskite. (b) Ideal
configurational entropy as a function of the number of elements, n, in
equiatomic proportions. Reproduced from ref. 21. Copyright 2019, The
American Chemical Society.

© 2024 The Author(s). Published by the Royal Society of Chemistry
HEPOs varied from 9.9 to 13%, which is in line with earlier
research and within the boundaries set by the Hume-Rothery
solid-solution rule.24,26 Table 1 lists several typical high-
entropy perovskite oxides that have been utilized as electrodes
for SOFCs/SOECs. HEM primarily consist of high-entropy
perovskites and spinels. Present research predominantly
centers on the air electrode of SOFCs, and related investigations
concerning the utilization of HEM for CO2 electrolysis in SOECs
have emerged. Depending on the doping position, HEM can be
categorized into A-site high entropy and B-site high entropy.
Despite numerous high-entropy perovskites being documented,
the elements chosen for the A-site or B-site are oen similar.

The A-site high-entropy perovskite comprises at least ve
near-equimolar metal cations with similar ionic radii (La3+,
Pr3+, Nd3+, Pm3+, Sm3+, Gd3+, Ba2+, Sr2+, Ca2+), thereby mini-
mizing lattice mismatch. Meanwhile, a “cocktail” effect takes
place as a result of the crystal lattice distortion and component
mixing, wherein the characteristics of the nal material differ
dramatically from the properties of the individual components.
A-site cations can affect the overall catalytic activity of the
perovskite by inuencing the oxygen vacancy concentration of
the transition metal at the B-site, the metal–oxygen bond
strength, oxidation, and spin states.50 Up to now, only a few A-
site HEM have been utilized as cathodes in SOECs to investi-
gate their performance in CO2 electrolysis. For example, it was
reported that the lattice distortion caused by the highly
dispersed A-site ions in La0.2Pr0.2Nd0.2Sm0.2Sr0.2MnO3−d (HE-
LSM) effectively inhibited Sr segregation at high tempera-
tures,51 and the distinctive high-entropy structure enabled Ni-
YSZjYSZjGDCjHE-LSM single cells to exhibit robust stability
during long-term operation. This fully demonstrates that the
concept of high entropy in the A-site provides a novel perspec-
tive for designing a stable cathode of SOFCs. In addition to
a variety of alkaline-earth and rare-earth metal doping, alkali
metal multiple doping is worth exploring.52,53

The B-site high entropy exhibits signicant potential in the
design and optimization of the perovskite by exploiting the
distinct effects of each element on electrochemical properties.
High-entropy alloys (HEAs) reside in a state of near non-
equilibrium thermodynamics due to signicant lattice distor-
tion resulting from atomic size mismatches. As a result, during
the catalytic process, HEAs have a lower energy barrier due to
their larger potential energy.54 Particularly, when integrated
with an exsolution strategy, the incorporation of multiple
elements into the B site of perovskite oxides can enable the
exsolution of multimetallic or alloy NPs driven by hydrogen
reduction or an applied electric potential. He et al. introduced
a novel medium-entropy perovskite, Sr2(Fe1.0Ti0.25Cr0.25Mn0.25-
Mo0.25)O6−d (SFTCMM), aiming to augment CO2 activation by
bolstering metal 3d–O 2p hybridization and diminishing the O
2p bond center (Fig. 4a).27 The SFTCMM-based symmetrical
SOECs delivered 1.50 A cm−2 at 800 °C and 1.5 V. Yang et al.
reported a new layered perovskite, Pr0.8Sr1.2(CuFe)0.4Mo0.2-
Mn0.2Nb0.2O4−d (HE-PSCFMMN).30 Through the reduction of
PSCFMMN, an in situ exsolution of the CuFe alloy@FeOx

(CFA@FeO) core–shell structure was achieved (Fig. 4b). Unlike
simple in situ exsolved NPs, the abundance of oxygen vacancies
Chem. Sci., 2024, 15, 11166–11187 | 11169
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Table 1 Recent applications of HEM in solid oxide cells

Applications Materials Ref.

R-SOEC (CO2) Sr2(Fe1.0Ti0.25Cr0.25Mn0.25Mo0.25)O6−d 27
SOEC cathode (CO2) Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−d 28
SOEC cathode (CO2) Pr0.5Ba0.5Mn0.2Fe0.2Co0.2Ni0.2Cu0.2O3−d 29
SOEC cathode (CO2) Pr0.8Sr1.2(CuFe)0.4Mo0.2Mn0.2Nb0.2O4−d 30
R-SOEC (H2O) Pr0.2Ba0.2Sr0.2La0.2Ca0.2CoO3−d 31
SOFC air electrode La0.2Pr0.2Nd0.2Sm0.2Sr0.2CoO3−d 32
SOFC air electrode (La0.2Nd0.2Sm0.2Ca0.2Sr0.2)MnO3 25
SOFC air electrode (La0.2Pr0.2Nd0.2Sm0.2Gd0.2)BaCo2O5+d 33
SOFC air electrode (La0.2Pr0.2Sm0.2Gd0.2Nd0.2)Ba0.5Sr0.5Co1.5Fe0.5O5 34
SOFC air electrode (La0.2Sr0.2Pr0.2Y0.2Ba0.2)Co0.2Fe0.8O3−d 35
SOFC air electrode (La0.2Pr0.2Nd0.2Sm0.2Gd0.2)2CuO4 36
SOFC air electrode (Fe0.2Mn0.2Co0.2Ni0.2Zn0.2)3O4 37
SOFC air electrode La0.7Sr0.3(Co,Cr,Fe,Mn,Ni)O3−d 38
SOFC air electrode LaMn0.2Fe0.2Co0.2Ni0.2Cu0.2O3−d 39
SOFC air electrode Ni(Fe0.2Mn0.2Co0.2Cr0.2Ni0.2)2O4 40
SOFC air electrode La0.7Sr0.3Co0.25Fe0.25Ni0.25Mn0.25O3−d 41
SOFC air electrode La0.2Pr0.2Nd0.2Sm0.2Ba0.1Sr0.1Co0.2Fe0.6Ni0.1Cu0.1O3−d 42
SOFC anode FeCoNiCuAl 43
SOFC electrolyte BaCe0.4Zr0.4Y0.15Ni0.01Cu0.01Co0.01Fe0.01Zn0.01O3 44
PCFC electrolyte BaSn0.16Zr0.24Ce0.35Y0.1Yb0.1Dy0.05O3−d 45
R-PCEC Pr1/6La1/6Nd1/6Ba1/6Sr1/6Ca1/6CoO3−d 46
R-PCEC BaHf1/6Sn1/6Zr1/6Ce1/6Y1/6Yb1/6O3−d 24
PCFC air electrode La1.2Sr0.8Mn0.2Fe0.2Co0.2Ni0.2Cu0.2O4+d 47
PCFC air electrode Fe0.6Mn0.6Co0.6Ni0.6Cr0.6O4 48
PCFC air electrode BaCo0.2Zn0.2Ga0.2Zr0.2Y0.2O3−d 49

Fig. 4 (a) Theoretical calculations and I–V curves for CO2 reduction of
SFTCMM and SFM. Reproduced from ref. 27. Copyright 2023, The
American Chemical Society. (b) TEM, HRTEM, and the corresponding
EDX mapping of PSCFMMN after reduction in H2 at 800 °C for 2 h.
Reproduced from ref. 30. Copyright 2023, Wiley-VCH. (c) HRTEM,
HAADF-STEM, and EDS element mappings of reduced HE-PBM with
exsolved NPs. Reproduced from ref. 29. Copyright 2023, Elsevier. (d)
STEM-EDS image of the five elements in the alloy. Reproduced from
ref. 55. Copyright 2024, The American Chemical Society.
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in the FeOx shell permitted the triple phase boundary (TPB) to
extend from the CFA@FeO/HE-PSCFMMN interface to the
whole FeOx shell. In situ exsolved Fe–Co–Ni–Cu quaternary alloy
nanocatalysts from a Pr0.5Ba0.5Mn0.2Fe0.2Co0.2Ni0.2Cu0.2O3−d

(HE-PBM) cathode exhibited excellent electrochemical
11170 | Chem. Sci., 2024, 15, 11166–11187
performance and stability (Fig. 4c).29 Recently, a study has re-
ported an Fe0.1Co0.35Ni0.35Cu0.1Mo0.1 (FCNCM) quinary HEA as
a cathode in SOECs (Fig. 4d).55 Due to larger particle sizes,
predominantly having a magnitude of several tens of microm-
eters, the high-entropy fuel electrode exhibited a reduced
specic surface area compared to the perovskite electrode.
Moreover, aer the stability test, slight oxidation of the alloy
occurred. Oxidation would lower the electronic conductivity and
potentially trigger the mechanical strength to degrade.

High-entropy perovskite oxides (HEOs) have emerged as
promising materials for fuel electrodes in the electrochemical
reduction of CO2. The incorporation of multiple elements into
HEOs serves to stabilize the lattice via congurational entropy,
thereby preserving the original perovskite structure while
concurrently enhancing catalytic activity. Moreover, the inte-
gration of HEAs with perovskite-based materials can be ach-
ieved through various techniques such as mixing and
inltration to develop exceptional cathodes. The HEA formed by
the combination of the B-site high entropy and in situ exsolution
strategy is expected to exhibit an efficient and robust cathode of
SOECs. Despite this, the precise impact of entropy alone on the
catalytic activity enhancement of B-site high-entropy perov-
skites remains uncertain. Traditional high-entropy alloys have
not received the same level of scrutiny as high-entropy perov-
skites. It is imperative to conduct comprehensive studies to
enhance our understanding and achieve signicant short-range
disorder in HEAs, thereby unlocking their full potential.
Moreover, the inherent complexity of multi-elemental synthesis
presents a synthesis challenge, compounded by the ease of
phase separation and elemental segregation among multiple
© 2024 The Author(s). Published by the Royal Society of Chemistry
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distinct elements.19 In conclusion, additional research is
necessary to elucidate the distinctive band structure, identify
catalytic sites, and explore the in situ formation of advantageous
phases in HEAs.
Fig. 5 (a) Schematic image of Pt-loaded onto PNO to form Pt1–PNO.
Reprinted with permission from ref. 60. Copyright 2022, Elsevier. (b)
Probing atomic Pt: HAADF-STEM images of Pt/ceria. (c) k2-Weighted
Fourier transform of the Pt L3-edge EXAFS spectra of Pt/ceria and
model compounds. Reprinted with permission from ref. 61. Copyright
2022, Elsevier. (d) Atomic-scale HAADF-STEM images and EDS
elemental maps of SDCRu-1100 and (e) the corresponding intensity
profiles are labeled with the blue boxes in (d). Reproduced from ref. 62.
Copyright 2023, Wiley-VCH.
3.2 Surface modication with single atom catalysts

As early as the 1960s, Boudart et al. discovered, through
hydrogen adsorption isotherms, that the H/Pt ratio on
extremely low-loading platinum catalysts was very close to 1 : 1,
thus demonstrating the possibility of Pt existing in the form of
single atoms.56 In the 1990s, Nellist et al. employed trans-
mission electron microscopy (TEM) technology to distinctly
observe platinum and rhodium dispersed as single atoms on g-
Al2O3 for the rst time.57 Subsequently, in 2011, Zhang et al.
synthesized single atom catalysts (SACs) comprising individual
Pt atoms dispersed on the surface of iron oxide nanocrystals
(Pt1/FeOx) and utilized them in heterogeneous catalysis for the
rst time. The Pt1/FeOx SACs demonstrated superior stability,
high activity, and preferred oxidation of CO in H2, along with an
unmatched atom use efficiency.58 In recent years, the intro-
duction of SACs has garnered increasing research attention.
Due to their exceptional atom utilization and diverse catalytic
activities and selectivities, SACs nd wide applications in the
hydrogen evolution reaction (HER), oxygen evolution reaction
(OER), oxygen reduction reaction (ORR), carbon dioxide
reduction reaction (CO2RR), nitrogen reduction reaction (NRR),
and other rapidly advancing elds. In contrast to traditional
NPs and nanocluster catalysts, single atom structures offer
enhanced precision and exibility in adjusting the crystal,
coordination, and electronic structure of the catalyst. Through
minimal precious metal loading, SACs can achieve outstanding
catalytic performance, presenting a resource-efficient and
effective approach. The synthesis of SACs stands as a research
priority. With the continuous emergence of advanced catalyst
synthesis methods, there has been a concomitant enhancement
in the catalytic performance of catalysts. Nonetheless, the
precise manipulation of atoms in the synthesis of theoretically
designed SACs remains a formidable challenge. Driven by ultra-
high surface free energy, individual atoms have a propensity to
readily migrate and aggregate into NPs.

Apart from their extensive utilization in low-temperature
catalysis, SACs have recently begun to nd gradual application
in high-temperature solid oxide cells (SOCs) over the last two
years. Inspired by the atomic trapping mechanism, Li et al.
introduced a reverse atom trapping strategy.59 At high temper-
ature, MoO3 was employed to trap Sr atoms on the surface of
(La0.6Sr0.4)0.95Co0.2Fe0.8O3−d (LSCF), leading to the creation of
additional Sr/O vacancies and higher covalency of (Co/Fe)–O
bonds, as well as some harmless SrMoO4 phases. Compared
with the pristine LSCF cathode, the oxygen reduction activity of
Srvac/LSCF was signicantly enhanced. Within the temperature
range of 873–973 K, the cell performance using Srvac/LSCF-1%
as the cathode exhibited an improvement of over 70%. Unlike
the conventional method of controlling oxygen vacancy
concentration in perovskites through A/B site doping, reverse
atomic trapping achieved the activation of lattice oxygen in
© 2024 The Author(s). Published by the Royal Society of Chemistry
perovskites with atomic precision. Li et al. proposed a custom
method to selectively anchor Pt atoms to the B-site in Pr4Ni3-
O10+d using a simple and universally applicable mechanical
mixing approach. This single-atom catalyst not only withstood
treatment at 700 °C for 800 hours in air but also saw its elec-
trochemical performance improve by nearly 100%.60 Shin et al.
reported a single-atom Pt/ceria nanocatalyst loaded in the oxide
fuel electrode of a SOC via an in situ synthetic process, which
can securely anchor isolated Pt atoms on the surface of ceria
NPs and suppress their high-temperature migration.61 Wang
et al. recently synthesized SACs (SDCRu-1100) where a solitary
ruthenium (Ru) atom was anchored on the surface of an oxygen
ion conductor, Ce0.8Sm0.2O2−d (SDC), exploiting the phenom-
enon that robust covalent metal–support interactions under
certain conditions can securely anchor a single atom (Fig. 5d
and e).62 This catalyst found application in the direct electrolysis
of CO2 in SOECs. Due to the distinctive coordination environ-
ment and electronic structure of SDCRu-1100, the existence of
single atom Ru enhanced the oxygen hole concentration and
conductivity of SDC. Compared to the pristine SDC, DFT
calculations revealed that SDCRu-1100 exhibited robust CO2

adsorption and CO desorption capabilities. These ndings
collectively signify that SDCRu-1100 served as a highly efficient
catalyst for the electrolysis of CO2 in SOECs. SDC and SDCRu-
1100 were mixed with La0.6Sr0.4Co0.2Fe0.8O3−d (LSCF) to fabri-
cate composite SDC–LSCF and Ru1/SDC–LSCF cathodes for
electrochemical performance evaluation. In contrast to SDC–
LSCF, the current density of the Ru1/SDC–LSCF cathode reached
1.68 A cm−2 at 1.6 V, representing a notable enhancement of
54.13%.
Chem. Sci., 2024, 15, 11166–11187 | 11171
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The integration of SACs into perovskite materials has
demonstrated potential for enhancing the performance of
SOECs. However, extensive studies have demonstrated that NPs
on electrode surfaces tend to agglomerate during high-
temperature operation, leading to performance degradation.
The interactions between perovskite carriers and single atoms,
as well as the stability of single-atom active sites within elec-
trodes under operational conditions, remain underexplored. In
contrast, the eld of low-temperature catalysis has made
signicant progress in understanding the stabilization mecha-
nisms of single atoms and their coordination environments
with supports. For instance, studies on catalysts using metal–
organic frameworks (MOFs) as single-atom carriers have shown
that various amine sites within MOFs can form strong metal–
nitrogen bonds with metal atoms, thereby stabilizing these
atoms during high-temperature pyrolysis preparation.63,64 Yao
et al. conrmed the capture and anchoring effects of defects in
graphene on Ni atoms through advanced characterization
techniques such as high-angle annular dark-eld scanning
transmission electron microscopy (HAADF-STEM).65 However,
current research on SACs in high-temperature applications
remains supercial, lacking necessary studies on the coordi-
nation of single atoms with perovskite surfaces. Therefore,
future research on SACs for SOECs should focus on the state of
single atoms within the catalyst. This will provide a deeper
understanding of their stability during long-term operation,
facilitating widespread commercialization of SOECs.
3.3 Surface modication with nanoparticles

Since the perovskite oxide in SOECs is well sintered with limited
surface area, and the surface properties of the perovskite are
sometimes difficult to tailor, the deposition of the perovskite
surface with some NPs was found to be an effective way to
increase the surface active surfaces and to tailor the surface
adsorption capability and other properties, to adjust the cata-
lytic performance of the perovskite electrocatalyst for the
CO2RR in SOECs. There are several ways to introduce the NPs
onto the perovskite surface, including inltration and exsolu-
tion, and each method has its advantages and disadvantages.

3.3.1 Inltration. Inltration is a simple method to intro-
duce NPs on the surface of the perovskite scaffold, which can
effectively increase CO2RR active sites in SOEC cathodes. By
inltrating catalytically active species onto the perovskite
support, it is possible to enhance the chemical adsorption of
CO2 and foster the formation of active carbonate intermediates.
Given that only low-temperature calcination (<800 °C) is
necessary during the inltration process, excessive growth and
agglomeration of the inltrated particles are avoided.66 Directly
inltrating metal catalysts (Co, Fe, Ni, and Ru) as active species
on the surface of La0.6Sr0.4Fe0.9Mn0.1O3 (LSFM) can signicantly
promote the CO2RR activity of the cathodes.67 Research
comparisons indicated that under a 50% CO/CO2 atmosphere,
the Fe particle-inltrated LSFM cathode demonstrated the most
optimal electrolytic performance, achieving an electrolysis
performance of 2.20 A cm−2 at 1.5 V and 850 °C. CeO2 is an
outstanding mixed ion/electron conductor. The abundance of
11172 | Chem. Sci., 2024, 15, 11166–11187
the reversible redox pair Ce3+/Ce4+ endowed it with remarkable
anti-carbon deposition properties during the catalytic conver-
sion of carbon-containing molecules.68 La0.3Sr0.7Ti0.3Fe0.7O3−d-
CeO2 (LSTF0.7-CeO2) was prepared by using the inltration
method as a fuel electrode for the 50% CO/CO2 conversion
reaction in a reversible SOC (LSTF0.7-CeO2jScSZjLSM-ScSZ).66 In
SOEC mode, the current densities reached 2.36 A cm−2 at 2.0 V
and 800 °C. The composite cathode SFM-SDC is a promising
material for SOECs, enhancing CO2RR efficiency through
increased active sites and TPBs compared to the SFM cathode.
The inltrated electrode can further increase the electrode TPB
area compared to the composite electrode, offering an effective
method for constructing highly active electrode materials. Lv
et al. inltrated Gd0.2Ce0.8O1.9 (GDC) NPs onto the Sr2Fe1.5-
Mo0.5O6−d (SFM) surface enhancing the oxide ionic conductivity
of the SFM electrode, leading to improved CO2RR efficiency.69

The current density reaches 0.446 A cm−2 at 1.6 V and 800 °C.
Improving the CO2 adsorption capacity on the perovskite oxide
surface enhances the generation of active carbon intermediates,
thereby signicantly enhancing electrochemical performance.
Zhang et al. show that different alkaline-earth metal
compounds were inltrated into SFM perovskite oxides as
cathodes enhancing the chemisorption and activation capacity
of CO2.70 Moreover, the co-inltration of Pd and GDC NPs onto
the LSCM cathode signicantly enhanced the electrocatalytic
activity and anti-coking properties.71 The extensively distributed
Pd–GDC NPs improved the electrochemical performance of
LSCM by increasing the number of active reaction sites and
forming many metal/oxide interfaces.

Loading NPs on the surface of perovskites to enhance the
electrochemical performance of electrodes is a well-established
and effective methodology. Through a simple immersion
process that inltrates precursor solutions into the electrode
scaffold, nanostructured catalyst composite electrodes can be
fabricated. This approach leads to the enhancement of the
triple phase boundary (TPB), thereby effectively improving the
electrochemical performance. Due to the weak NP–substrate
interaction and high surface energy of the NPs of the electrode
prepared by the inltration method, at high operating temper-
atures, agglomeration of NPs remains a major problem leading
to performance degradation of the cathode.72 Improving the
substrate–NP interaction is key to further enhancing the oper-
ational stability of such NP modied perovskite electrodes in
high-temperature CO2RR.

3.3.2 In situ exsolution. An alternative method to inltra-
tion for introducing NPs onto the perovskite surface is the in
situ exsolution method. Through the incorporation of reducible
metals such as Fe, Co, Ni, and Cu into the perovskite oxide,
coupled with high-temperature reduction treatment, these
elements can undergo migration from the bulk to the surface of
the perovskite, ultimately coalescing to form metal NPs. Unlike
precipitating NPs onto the perovskite surface, exsolved analogs
become tightly embedded within the host perovskite structure,
thereby effectively mitigating the tendency for NP agglomera-
tion.73 Following reduction at 800 °C, the in situ exsolved Ni NPs
derived from (La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9Ni0.1O3−d markedly
elevated the electrochemical performance, with current density
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reaching 0.38 A cm−2 at 2.0 V, and substantially augmented the
faradaic efficiency from 50% to 80% during CO2 electrolysis.74

Numerous studies have demonstrated that prolonged
annealing in a hydrogen atmosphere induced structural evolu-
tion in perovskites. In situ exsolved Fe NPs incorporated onto
the La1.2Sr0.8Mn0.4Fe0.6O4−a surface originated from the phase
transition of La0.6Sr0.4Mn0.2Fe0.8O3−d induced by treating in
a H2 atmosphere at 800 °C for 10 h. This material displayed
noteworthy current densities of 2.04, 1.43, and 0.88 A cm−2 at
850, 800, and 750 °C, respectively, at a voltage of 1.5 V.75 To
further augment the catalytic activity of perovskite electrodes,
the design of bimetals (Fe–Cu76), alloys (NiFe,77 RuFe,78 CoFe,79

IrFe,80 etc.) and core–shell (NiFe@FeOx)81 NPs on the perovskite
surface is becoming increasingly prevalent. For example, Wang
et al. systematically investigated the CoFe alloy exsolved from
the La0.4Sr0.6Co0.2Fe0.7Mo0.1O3−d (LSCFM) using in situ STEM
and DFT calculations at the atomic scale. Compared with the
LSCFM cathode, CoFe@LSCFM demonstrated an approximately
1.21 times increase in CO2 electrolysis performance. Through
DFT calculations, this notable enhancement primarily was
found to have stemmed from the robust CO2 adsorption and
dissociation capabilities, facilitated by the highly active metal–
oxide interface between CoFe and LSCFM.15 In addition to the
exploration of diverse exsolved metals, the size and distribution
of the exsolved particles are also critical factors inuencing
catalytic activity. To optimize the metal/oxide interfaces, Wang
et al. proposed a strategy of repeated redox manipulations to
enhance the exsolution of RuFe alloy NPs on the surface of
Sr2Fe1.4Ru0.1Mo0.5O6−d (SFRuM) perovskite.78 This strategy aims
to enrich the Ru beneath the perovskite surface, facilitating the
exsolution process. Aer repeated redox manipulations,
a substantial number of RuFe particles (∼21 000 mm−2) exsolved
on the surface of SFRuM, marking a 3.6 times increase
compared to the exsolution observed during the rst reduction
manipulations. The abundant metal/oxide interfaces formed
aer the repeated redox processes signicantly enhanced the
CO2RR, thereby bolstering the electrochemical performance of
the SOECs employing SFRuM-GDC as the cathode. In compar-
ison to the cathode before the reduction, the electrochemical
performance of the SOECs aer six repeated redox manipula-
tions exhibited an 86.4% increase at 800 °C and 1.2 V. It is
noteworthy that repeated redox manipulations can facilitate
exsolution while preserving the Fe/Ru ratio and size of the
exsolved metal NPs. Neagu et al. meticulously investigated the
Ni NPs exsolved from La0.5Ca0.4Ni0.2Ti0.8O3−g.82 Through
detailed analyses encompassing XRD and SEM images, they
discerned that neither the reducing gas nor the reduction time
was a decisive factor for exsolution control. Instead, the
reduction temperature emerged as the primary determinant,
with the particle population decreasing and the particle size
increasing as the reduction temperature increased. Upon
employing the Ni-exsolved La0.5Ca0.4Ni0.2Ti0.8O3−g in methane
conversion, it became evident that the particle characteristics,
encompassing size and population, played a pivotal role in the
methane activation temperature, selectivity, and anti-coking
properties of the NPs. Moreover, the continual enlargement of
NPs in a reducing atmosphere led to particle agglomeration,
© 2024 The Author(s). Published by the Royal Society of Chemistry
representing one of the principal causes of the reduction in
catalytic activity. As shown in Fig. 6a, Wang et al. utilized in situ
TEM technology to discover the emergence, growth, and
agglomeration process of CoFe alloy on the surface of Sr2-
Fe1.35Mo0.45Co0.2O6−d under an H2 atmosphere.79 They also
investigated the connection between the electrochemical
performance of SOECs and reduction time, density, and particle
size (Fig. 6b–d). Their investigation conrmed that the size of
NPs exsolved aer prolonged reduction treatment (4 hours) was
larger, but the CoFe alloy particle density experienced a sharp
decrease, and the electrochemical performance was only three-
quarters that achieved with a reduction time of 2 hours.

To address the issue of aggregation of exsolved particles
arising from oversized particles in a hydrogen atmosphere, we
introduced, for the rst time in our previous work, a strategy to
selectively regulate the exsolution energy of active metals at the
B-site of perovskites, aiming for simple, efficient, and precise
control of NPs (Fig. 6e).83 By incorporating an appropriate
amount of Zn element into Sr2Fe1.5Mo0.5O6−d (SFM), the exso-
lution energy of Fe from the initial −1.66 eV increased to
−1.56 eV, thereby controlling the passivation exsolution of Fe
metal and effectively preventing overgrowth and agglomeration
of exsolved particles on porous SFM electrodes (Fig. 6f). In
comparison to the SFM electrode, the electrolytic cell utilizing
Sr2Fe1.4Zn0.1Mo0.5O6−d as the fuel electrode exhibited a current
density of 2.74 A cm−2 at 850 °C and 1.6 V, demonstrating an
improvement of approximately 93% in performance.

In addition to hydrogen-driven exsolution, the electro-
chemical technique of voltage-driven exsolution was employed
to construct a more robust metal/oxide interface.84 Owing to the
sluggish ion diffusion rate in perovskites, the hydrogen-driven
exsolution process required several hours to complete. In
contrast, the voltage-driven exsolution behavior can typically be
completed within a few seconds. Wang et al. conducted
a comprehensive investigation into the exsolution of IrFe alloy
in Sr2Fe1.45Ir0.05Mo0.5O6−d (SFIrM) under voltage-driven condi-
tions. The investigation revealed a close correlation between the
activation process (i.e. exsolution) of the electrode and the
applied voltage. Continuous application of a 1.0 V voltage for
4000 s resulted in the gradual stabilization of the current
density of the electrolytic cell, indicative of electrode activation
completion. At this juncture, particles exsolved on the surface of
SFIrM measured approximately 1 nm, with a density of 80 000
mm−2. With increasing applied voltage, the duration of elec-
trode activation is signicantly shortened (250 s at 1.2 V, 40 s at
1.4 V, 20 s at 1.6 V). Intriguingly, variation in applied voltages
does not affect the nal density and average particle size of
particles on SFIrM. Relative to the SFM-based electrolytic cell,
the current density of the IrFe@SFIrM-based electrolytic cell
increased by 25.8% at 800 °C and 1.6 V (1.46 A cm−2 vs. 1.16 A
cm−2), owing to the heightened activity and density modica-
tion of IrFe alloy particles.80 Current research indicates that the
primary hindrance to the practical implementation of voltage-
driven exsolution is the limited stability of perovskites under
high voltages.85 Despite the thermal stability of exsolved NPs
being indeed bolstered by certain methods mentioned above,
numerous studies have demonstrated that prolonged annealing
Chem. Sci., 2024, 15, 11166–11187 | 11173
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Fig. 6 (a) In situ STEM images before reduction and after reduction and re-oxidation. (b) XRD patterns under different conditions and (c) the
enlarged XRD patterns of (b). (d) The relationship between reduction time, particle size, population density, and current density. Reproduced
from ref. 79. Copyright 2020, Wiley-VCH. (e) Design scheme of NPs exsolved from perovskites with different methods. (f) SEM images under
different reduction times. Reproduced from ref. 83. Copyright 2023, The Royal Society of Chemistry.
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in a hydrogen atmosphere induced structural evolution in
perovskites, thereby affecting the stability of exsolution-
facilitated perovskites.83 Luo et al. discovered in their research
that the exsolution of B-site reducible cations unavoidably
resulted in numerous B-site vacancies within the perovskite
bulk, which caused unfavorable A-site segregation and a reduc-
tion in electronic conductivity.86 They proposed a B-site
supplement mechanism to mitigate the degradation of perov-
skite following reduction. Through the precise introduction of
foreign Fe ions to supplement the B-site vacancies in reduced
Sr2Fe1.3Ni0.2Mo0.5O6−d, they achieved a robust perovskite scaf-
fold and ensured long-term stable performance.

Compared to directly inltrating NPs onto the perovskite
surface, the embedded structure of in situ exsolved NPs within
the perovskite matrix confers greater stability. Additionally, in
situ exsolved NPs exhibit a more uniform distribution on the
electrode surface, possess higher particle density, and provide
more active sites. Nevertheless, during prolonged operation,
these exsolved NPs inevitably coarsen and agglomerate.
Consequently, research increasingly focuses on the controllable
precipitation of nanoparticles, utilizing methods such as
repeated redox manipulations, electrochemical reconstruction,
and exsolution energy passivation. These strategies effectively
optimize NP size and density, mitigating agglomeration during
actual operation. Notably, NP exsolution oen coincides with
phase changes in the perovskite matrix, which are positively
correlated. Further detailed exploration is required to
11174 | Chem. Sci., 2024, 15, 11166–11187
determine whether phase changes in the perovskite inuence
electrode stability during prolonged operation.
3.4 Perovskite-based nanocomposites from self-assembly

In addition to surface modication, the formation of nano-
composites can introduce rich grain boundaries and tailor the
lattice strain to induce an effect on the bulk ion conducting
properties and surface physicochemical properties, and mate-
rials sintering behavior, thus causing an effect on the catalytic
performance and durability in the CO2RR for the perovskite
oxides in SOECs.

Self-assembly is widely used in the creation of functional
perovskite-based nanocomposites for different applications.
The self-assembly strategy involves initially uniformly mixing
metal precursor liquids in each phase, following a calculated
stoichiometric ratio, to form a gel-like precursor. Subsequently,
the gel-like precursor is subjected to high-temperature calci-
nation, inducing cationic self-assembly into thermodynamically
stable multiphase composites. These phases exhibit uniform
distribution, close three-dimensional connectivity, abundant
TPBs, and facilitate the establishment of rapid ion/electron
transmission pathways during electrochemical reactions.87 For
example, He et al. fabricated a Ni@Ni-SFM/Ni-GDC cathode via
a one-pot synthesis approach.88 Based on DFT calculations, they
demonstrated superior CO2 adsorption capacity and enhanced
catalytic conversion ability of Ni@Ni-SFM and Ni@Ni-GDC
compared to pristine SFM. Employing Ni@Ni-SFM/Ni-GDC as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the cathode, the SOEC attained a remarkable current density of
1.72 A cm−2 at 800 °C and 1.5 V. Recently, Shao et al. employed
a one-pot method for synthesizing Cux–Sr2Fe1.5Mo0.5O6−d–

Gd0.1Ce0.9O1.9 (Cux/SFM–GDC) and utilized it as a cathode in
SOECs for direct electrolysis of CO2.89 Experimental evidence
has demonstrated that Cux/SFM–GDC exhibited outstanding
capabilities in CO2 adsorption and activation, signicantly
enhancing the O2−/e− conduction rate during the CO2RR
process. In comparison to the traditional physical hybrid SFM–

GDC cathode, the Cux/SFM–GDC demonstrated a signicantly
higher current density of 2.22 A cm−2 at 850 °C and 1.6 V,
marking a notable increase of 65.7%.

Nanostructured composite materials, prepared through self-
assembly, offer a promising alternative to multiphase elec-
trodes produced by physical mixing methods such as ball
milling. Self-assembly composites can be efficiently achieved
via a single heat treatment at relatively low sintering tempera-
tures, resulting in enhanced interfacial areas. Furthermore, the
self-assembly technique presents advantages such as height-
ened catalytic activity, excellent chemical and physical phase
compatibility, and robust structural stability.90,91 Despite these
benets, the precise design principles governing the self-
assembly process remain incompletely elucidated. Further in-
depth investigations into reaction mechanisms are imperative
to facilitate the rational development of superior heterogeneous
electrodes.
3.5 Morphology-controlled perovskites

In addition to the compositional tailoring and surface modi-
cation, or the formation of nanocomposites, morphology
control is also an effective way to optimize the catalytic activity
of perovskite catalysts for the CO2RR in SOECs, since the
microstructural characteristics of the electrode can also greatly
impact the performance of SOECs. During operation, the sin-
tering and agglomeration of particles within the electrode
would result in loss of TPB and exert adverse effects on the
overall cell performance. Fiber materials fabricated via elec-
trospinning exhibit a distinctive three-dimensional network
structure, which is favorable for efficient gas diffusion within
the electrode. Moreover, this distinct structure boasts a higher
specic surface area, consequently offering a greater number of
active sites for the CO2RR and enhancing the catalytic activity of
the electrode.92 Their unique structure andmorphology can also
result in a fast exsolution of metal NPs. Furthermore, the
distinctive structure, when coupled with exsolution engi-
neering, enables the swi exsolution of metal NPs. For example,
Ahmedjonov et al. fabricated a La0.6Sr0.4Co0.15Fe0.8Pd0.05O3−d

(H-LSCFP) nanober framework electrode via electrospinning
technology, subsequently crushing and integrating LSCFP into
the nanober framework, resulting in the formation of hybrid
nanober electrodes.93 By using a Focused Ion Beam-Scanning
Electron Microscopy (FIB-SEM) dual-beam system and cutting
edge 3D reconstruction techniques to digitally twin two nano-
ber electrodes, they established a correlation between the
microstructural attributes of the fuel electrode and its CO2

electrolysis efficacy. Crushed nanobers were added to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
original nanober matrix, which resulted in a signicant
increase in the volume fraction (48.7%) and tortuosity factor
(2.4). This improved O2− transport within the H-LSCFP and
improved the CO2 surface adsorption/desorption kinetics of the
H-LSCFP. Besides, a honeycomb structure with straight chan-
nels prepared by freeze casting has also been used in anode-
supported SOECs.10

In comparison to alternative thin lm preparation technol-
ogies, atomic layer deposition (ALD) offers distinct advantages
in nanomaterial synthesis, such as uniform and conformal
deposition onto the substrate, along with meticulous control
over the thickness of the deposited layer at the atomic level.94

Uncontrolled chemical reactions are prevented due to their self-
limiting behavior.95 Moreover, the layers deposited via ALD
exhibit notable consistency and repeatability in surface
features. Common metals/oxides have been explored to over-
come the issues associated with the catalytic activity of elec-
trodes in fuel cells.87–90 The thickness of the catalyst layer is an
essential factor as the increased bulk charge transport resis-
tance in the thicker ALD.96,97 For example, Pandiyan et al.
deposited Pt NPs (18 nm) on the surface of La0.75Sr0.25Cr0.5-
Mn0.5O3 (LSCrM) perovskite oxides via ALD, boosting the elec-
trocatalytic properties.98 Nevertheless, the Pt NPs deposited on
the LSCrM are prone to agglomeration during annealing, which
is not conducive to the long-term stable operation of the cell.

While morphology-controlled methods have demonstrated
the ability to increase the contact area with CO2, achieving
precise control over the preparation process remains a signi-
cant challenge. An alternative strategy worth exploring is the
development of single-phase oxides with exceptional catalytic
activity to advance the industrialization of SOECs for CO2

electrolysis.
4. Numerical modeling assisted
cathode materials development
4.1 Machine learning

The conventional exploration process of material design based
on experimental studies is extremely costly and time-
consuming. Predicting material quality by machine learning
(ML) has been shown to be a greatly helpful technique for
screening materials, which complements the role of statistics in
scientic research.99 ML is an efficient and practical approach
for predicting and comprehending the catalytic activity, optimal
composition, active sites, and CO2RR pathways of materials.100

As depicted in Fig. 7, the process of ML is like emulating the
human learning process, wherein the system scrutinizes a vast
dataset through algorithms to construct models and render
assessments on novel data.

In ML research, a subset of the data is kept aside to evaluate
the reliability of the model, with the remaining data being used
to train the model (generally following a 1 : 4 ratio). To create
the database, Jacobs et al. gathered 749 data points from 313
studies that included 299 distinct perovskite compositions.101

Considering that biases arising from various experimental
conditions during data collection can directly impact ML
Chem. Sci., 2024, 15, 11166–11187 | 11175
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Fig. 7 The flow chart of ML in screening catalytic materials.
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outcomes, it is imperative to conduct a comprehensive analysis
of the underlying statistics for each catalytic property in the
database. This analysis aims to mitigate or eliminate these
biases, thereby ensuring the reliability of ML outcomes. In
contrast to experimentally acquired data, leveraging DFT
calculations to furnish training data for ML models offers
advantages such as low data acquisition costs and expedited
acquisition of substantial datasets. While the Inorganic Crystal
Structure Database (ICSD) and Crystallography Open Database
(COD) offer abundant material structure information for ML
applications, the primary deciency in the realm of SOECs lies
in the scarcity of extensive and dependable electrochemical
datasets on materials. To effectively investigate protonic
ceramic fuel cell (PCFC) cathodes with a minimum dataset, Ni
et al. suggested a unique method based on the experimental
design paradigm (EDP),102 which facilitated efficient screening
and discovery of novel materials by meticulously selecting
elements and design matrices, even in the absence of extensive
datasets. Furthermore, the Dchem, kchem, area-specic resistance
(ASR), and EC response parameters of materials like
BaCo0.667Ce0.167Fe0.083Y0.083O3−d and Ba0.5Sr0.5Co0.8Fe0.2O3−d

predicted by EDP are highly consistent with the experimental
results, providing further validation of the model's reliability.
Presently, there are two primary types of learning algorithms for
supervised learning, in which we instruct the computer on
specic tasks, and unsupervised learning, where the computer
learns autonomously. In supervised learning, the selection of
electrochemical-related features can profoundly impact the
model's performance.99 Therefore, feature engineering is
central to the investigation of catalytic materials. By integrating
diverse features, MLmodels can adeptly capture and predict the
properties of perovskite electrodes. Furthermore, converting
features into descriptors, which should be universal and effec-
tive, is necessary. For perovskite oxide electrodes, the crystal
structure, and bulk oxygen p-band center, along with funda-
mental physical and chemical properties, constitute relevant
feature parameters that inuence the electrochemical perfor-
mance of the materials.103 For the CO2RR, the adsorption energy
of CO2 on the perovskite surface, the structure features of
adsorbates, and the active sites are also important descrip-
tors.104 Hence, the selection of suitable descriptors to elucidate
structure–activity relationships is paramount for ML in the
realm of SOECs. With the progress of deep learning, descriptors
are no longer exclusively provided by researchers but can also be
automatically acquired through the amalgamation of deep
learning with high-performance computing, facilitating the
acquisition of suitable descriptors.100 More specically for
SOFCs/SOECs, appropriate descriptors such as ASR values and
11176 | Chem. Sci., 2024, 15, 11166–11187
ionic Lewis acid descriptors can further enhance the perfor-
mance of ML models.101,105 Choosing a suitable ML algorithm is
an essential task. The ideal model should aim to maximize
computational accuracy while minimizing resource consump-
tion. Among the various types of models, kernel-based learning
methods, decision tree ensemble methods, and articial neural
networks are widely used mathematical models in ML. For
example, Ni et al. implemented 8 different regression methods
to t the prepared dataset to predict the ASR values of unex-
plored materials. Ultimately, four oxides were successfully pre-
dicted and conrmed to have superior electro-activity.105 One
has the option to employ a diverse range of algorithms for data
training, followed by the selection of the most optimal algo-
rithm based on predictive accuracy. McGuinness et al. used
a variety of ML methods including partial least squares (PLS),
support vector machine (SVM), principal component regression
(PCR), local weighted regression (LWR), multiple linear regres-
sion (MLR), articial neural network (ANN), and gradient-
boosted decision tree (GBDT) to predict the thermal expan-
sion coefficients (TEC) of AA0BB0O3-type perovskites.106 Aer
model training, one crucial step is to evaluate for validation and
optimization. Regression problems are commonly assessed
using metrics like mean absolute error, root mean squared
error, and coefficient of determination. Error rate, accuracy,
balanced F score, and other metrics are typically used to assess
model performance in classication algorithms.107 As an effi-
cient and effective ML algorithm, the extreme learning machine
algorithm was designed to predict the performance of H2O and/
or CO2 electrolysis of the SOECs.108

The design of the cathode material in SOECs plays a crucial
role in high-temperature electrocatalytic CO2 reduction tech-
nology, signicantly inuencing the efficiency of the CO2 reduc-
tion reaction. The adoption of ML algorithms for the analysis of
extensive datasets facilitates the identication of essential cata-
lytic properties, material optimization, and the exploration of
potential reaction mechanisms, thereby advancing the develop-
ment of perovskite-based cathode materials. The availability and
quality of raw data in databases are fundamental for ML training
purposes. However, accurately capturing every electrochemical
step occurring on the catalyst surface and within particles poses
challenges under practical operating conditions. In particular,
obtaining in situ experimental data at high temperatures is
challenging. Therefore, the selection of utilizing DFT calculations
to construct a catalyst database for screening the most promising
candidate catalysts can be considered as a favorable approach.
Based on varying structures, one can calculate properties relevant
to catalytic reactions, including band structure, adsorption
energy, electronic structure, reaction barriers, and more. By
quantifying the relationship between each variable and electrol-
ysis performance, further screening of these descriptors can
provide guidance for material design and synthesis. Until now,
there has been limited research on the application of ML in
SOECs for CO2 electrolysis. Hence, enhancing existing databases,
descriptors, and their renement is crucial for enhancing the
decision-making capabilities of cognitive systems.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.2 DFT calculations

Combining DFT calculations with experiments has been an
increasingly common strategy for perovskite design and
discovery. DFT calculations have been extensively employed to
corroborate experimental results and elucidate the CO2RR
mechanism within SOEC cathodes, thereby furnishing a crucial
reference for the meticulous design of cathodes. CO2 adsorp-
tion and dissociation reactions are signicant for efficient
CO2RR. Li et al. calculated the relative energy proles for CO2

adsorption and decomposition on the surface of Sr2Fe1.5Mo0.5-
O6−dF0.1 (F-SFM), revealing that F-SFM exhibited a lower CO2

adsorption and dissociation energy compared to SFM. Based on
a series of theoretical calculations, the fundamental steps of the
complete electrochemical CO2RR cycle within the F-SFM
cathode were subsequently proposed.109 Kozokaro et al.
employed DFT and nudged elastic band methodologies to
discern the optimal active sites for CO2 adsorption on the
perovskite surface and demonstrated the signicance of oxygen
vacancies in the catalytic process.14 The energy calculation for
CO2 adsorption revealed that CO2 adheres to the oxygen atoms
on the BO2 plane via the Osurface–C bond, establishing a robust
surface connection through chemical adsorption as CO3

2−. Ye
et al. employed the DFTmethod to investigate the CO2RR on the
surface of SDC surfaces with exsolved Fe clusters (Fe-SDC).110

Analysis of the Density of States (DOS) revealed that Fe doping
enhanced the d-band center of Ce in SDC, thus augmenting CO2

adsorption and activation. Bader charge analysis conrmed that
CO2 adsorption on Fe clusters transpired more readily than on
the SDC surface, accompanied by a lower energy barrier for CO
desorption from Fe clusters. Furthermore, it was discovered
that the highly coupled gradient of 3d–2p–4f in Fe–O–Ce facil-
itated the generation of Ce3+–Ce4+ redox pairs, consequently
enhancing the electronic conductivity of Fe-SDC. Ultimately,
these enhancements expedited the CO2RR on the surface of Fe-
SDC. Furthermore, theoretical calculations have revealed that
the CO2RR was inuenced by the metal/electrolyte interface.
Consequently, the composition, density, and size of NPs emerge
Table 2 Summary of advanced characterization techniques applied to t

Materials Techniques

La0.66Ti1−xFexO3−d

(x = 0, 0.1, 0.2, 0.3, 0.4)
� In situ XRD & NAP-XPS & 57Fe
Mossbauer spectra

Cu/YSZ � NAP-XPS & NEXAFS

(La,Sr)FeO3−d, (La,Sr)CrO3−d � NAP-XPS
Fe0.05Sm0.2Ce0.8O2−d � UV Raman spectra & XAS
Ru1/SDC-La0.6Sr0.4Co0.2Fe0.8O3−d � In situ XPS & XAS & PALS
Sr2Fe1.45Ir0.05Mo0.5O6−d � In situ NAP-XPS & in situ

XAS & in situ XRD
Nanober
La0.6Sr0.4Co0.15Fe0.8Pd0.05O3−d

� 3D reconstruction technique
with a FIB-SEM dual beam system

La0.7Sr0.2Ni0.2Fe0.8O3−d � In situ XRD & in situ TEM & in situ
TPD-DRIFTS & XAS

La0.6Sr0.4Co0.7Mn0.3O3−d � In situ XRD & XAS
Pr0.1Ce0.9O2−d � AP-XPS & AP-XAS

© 2024 The Author(s). Published by the Royal Society of Chemistry
as pivotal factors in shaping the CO2RR.111 Moreover, J. Payne
et al. conducted a DFT-based thermodynamic analysis, which
corroborated the mechanism governing dissolution, NP nucle-
ation, and perovskite structure evolution. The surface energy
scans that were obtained suggest that the Ir3+ ions freely moving
on the ideal STO surface will be captured by Sr vacancies, since
the Ir ions to move away from the V

00
Sr need to overcome a high

energy barrier (z5 eV). Subsequently, these captured ions can
pair with other mobile Ir ions forming a stable Ir–O–Ir under the
mediation of surrounding O, potentially serving as initial
nucleation sites for Ir cluster growth and reduction.112

Sr surface segregation in perovskites may lead to degrada-
tion of the electrode performance. Numerous studies on SOFCs
have demonstrated that Sr-containing perovskites undergo
segregation during high-temperature operation, resulting in
surface enrichment and the formation of various product pha-
ses, including SrO and SrCrO4.113 During SOEC operation, these
segregated A-site metal oxides have demonstrated a signicant
enhancement in the CO2 adsorption for the CO2RR on perov-
skite oxide cathodes, but an optimal doping amount still exists,
and the stronger adsorption of carbonate could lead to
complete reduction of CO2 to form carbon during electrolysis.114

Kozokaro et al. calculated the energy of Sr segregation with
three different amounts of oxygen surface vacancies on the
LSFCr surface. The calculations showed that the reduction of
CO2 to CO and the formation of SrCO3 were competitive reac-
tions on the same LSFCr, and therefore O vacancies were
needed not only to improve catalysis but also to block the
competing reaction of SrCO3 adsorption.14
5. Advanced characterizations for the
fundamental understanding of CO2

electrolysis in SOECs

The in-depth understanding of the fundamentals in CO2 elec-
trolytes over the SOEC anode is of critical importance to provide
he cathode in SOCs

Issues/challenges Ref.

� Phase stability under a simulated electroreduction atmosphere 115

� The evolution of the status of Cu thin lm electrodes
in contact with YSZ during the CO2 reduction reaction

116

� Revealed the formation of a carbonate intermediate 117
� Conrm the oxygen vacancies and the change in the valence of Fe 118
� Demonstrate the presence of single Ru atoms on the SDC surface 62
� Exsolution mechanism of Ir and Fe on the SFIrM surface
using the in situ electrochemical method

80

� Illustrates the microstructure of the electrode 93

� Structural transformations under a reducing atmosphere 119

� Determine the average oxidation state of the B-site element 120
� Quantify the differences between surface defect chemistry of
PCO
and the bulk counterpart

121
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useful guidance for the design and optimization of perovskites
and other materials to realize highly efficient, durable CO
production from electrochemical reduction of CO2 at elevated
temperature. In the past few years, various advanced in situ
characterization techniques have been developed, as listed in
Table 2, which are extremely helpful for understanding cell
degradation mechanisms, probing the underlying mechanisms
of CO2RR, and ultimately providing guidance in designing new
advanced materials for accelerating commercialization. Char-
acterizing the electrode state under operating conditions,
particularly for high-temperature SOCs, presents signicant
challenges. Such characterization necessitates the consider-
ation of numerous factors, including temperature, applied
voltage, and the atmospheric conditions of the two electrodes,
among others.
Fig. 8 (a) In situ XRD patterns of SFRuM upon switching between
a reducing and oxidizing atmosphere at 800 °C and corresponding
depth profile of XRD patterns. Reproduced from ref. 78. Copyright
2021, Springer Nature. (b) In situ XPS. Reproduced from ref. 115.
Copyright 2020, The Royal Society of Chemistry. (c) In situ Ir L3-edge
XANES spectra. Reproduced from ref. 80. Copyright 2023, Oxford
University Press. (d) STEM micrographs of grains monitored in situ.
Reproduced from ref. 112. Copyright 2023, Springer Nature Limited. (e)
3D reconstructed architecture image. Reproduced from ref. 93.
Copyright 2024, Springer Nature. (f) AFM image. Reproduced from ref.
73. Copyright 2015, Springer Nature Limited. (g) Quasi in situ IR
absorbance spectra. Reproduced from ref. 122. Copyright 2021,
Elsevier. (h) In situ high-temperature Raman spectra. Reproduced from
ref. 123. Copyright 2023, Elsevier. (i) Mössbauer spectra. Reproduced
from ref. 114. Copyright 2021, Elsevier. (j) Schematic of typical analysis
depths for techniques.
5.1 X-ray techniques

X-ray diffraction (XRD) has demonstrated its importance in
characterizing physical and chemical properties. Targeting the
high temperature of SOC technologies, high-temperature in situ
XRD is one of the most attractive methods to reveal structural
and chemical information.107–109 Through high-temperature in
situ XRD, we can see how the crystal structure of the electrode
changes in the temperature range from room temperature to
working temperature. For example, Wang et al. utilized in situ
XRD technology to visually capture the exsolution and subse-
quent disappearance of the RuFe alloy within Sr2Fe1.4Ru0.1-
Mo0.5O6−d (SFRuM), achieved through cyclic switching of the
redox atmosphere at 800 °C.78 Concurrently, detailed analysis of
the peak intensity variations in in situ XRD indicated that
repeated redox operations signicantly facilitated the exsolu-
tion of the RuFe alloy (Fig. 8a). The dynamic evolution of the
structure of Sr2Fe1.45Rh0.05Mo0.5O6−d (SFRhM) during redox
activity has also been investigated with in situ high-temperature
XRD.124 Aer high-temperature reduction, the double perovskite
(SFRhM) gradually evolved into layered perovskite (RP-SFRhM),
accompanied by the emergence of RhFe alloy. During the
reoxidation process, the RhFe alloy phase gradually dis-
appeared, and the RP-SFRhM recovered to pure SFRhM. The
voltage-driven exsolution method for in situ electrochemical
reconstruction is an efficient way to produce abundant nano-
structures faster than the conventional reduction by hydrogen.84

Investigating the dynamic structure evolution to understand the
correlation between structure and the CO2 electrolysis process
is imperative. By applying a voltage that increases in steps, the
Ruddlesden–Popper perovskite (RP-SFIrM) and the IrFe alloy
phase could be observed respectively.80

X-ray photoelectron spectroscopy (XPS) is an effective surface
analysis technology to monitor surface metal valence states and
surface oxygen vacancies by tting peaks.83 However, because of
the intense interaction between the photoelectrons ejected and
gas phase molecules, conventional XPS needs to be carried out in
high vacuum or ultra-high vacuum settings.125 These are far from
the real working conditions. In situ near ambient pressure XPS
(NAP-XPS) measurements were used to investigate the exsolution
of NPs and adsorbed carbonate species, revealing numerous
11178 | Chem. Sci., 2024, 15, 11166–11187
details of the CO2 electrolysis. Under the simulated electro-
reduction environment, it was observed by NAP-XPS (Fig. 8b) that
Fe3+ in La0.66Ti0.8Fe0.2O3−d (LTF2) began to reduce to Fe2+ at 300 °
C, and Fe0 appeared at 800 °C.115 Under cathodic polarization,
inferring possible CO2RR mechanisms based on the evolution of
carbon species represents a prominent subject of discussion.
Opitz et al. employed NAP-XPS to visually unveil the formation of
carbonate intermediates during cathodic polarization, subse-
quently engaging in a comprehensive discussion on the CO2

electrolysis mechanism at the perovskite surface.117
© 2024 The Author(s). Published by the Royal Society of Chemistry
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X-ray absorption spectroscopy (XAS), which reects the
electronic transition from the inner shell to the valence band,
provides valuable information on the oxidation state, site
symmetry, bond strength, coordination number, bond
distances, and identities of nearest neighbor atoms. X-ray
Absorption Fine Structure (XAFS) spectra are commonly sepa-
rated into the X-ray Absorption Near Edge Structure (XANES)
and the Extended X-ray Absorption Fine Structure (EXAFS).126

Typically, the oxidation state of an element and its alterations
are primarily ascertained through the displacement of the main
absorption edge. XANES spectroscopy discerns the oxidation
state of pertinent elements in unfamiliar materials through
spectral comparison with similar oxidation states of the same
atoms. Kim et al. indicated the increase of Fe–Fe shell intensity
from the Fourier-transformed EXAFS spectra, conrming the
exsolution of Fe NPs onto the surface aer reduction.127 The
development of the single atom synthesis strategy has matured
signicantly. On the other hand, the primary difficulty with
SACs is the aggregation of metal atoms at high temperatures
(600–800 °C). It is a challenge to verify the formation of single
atom species using atomic-resolution characterization tech-
niques. Instead of the Pt–O correlation observed in model
compounds (such as Pt metal, Pt acetylacetonate, and PtO2), it
was conjectured that the predominant peak in the Fourier
transform of Pt L3-edge EXAFS spectra of Pt/ceria stemmed
from Pt–O–Ce. Additionally, the presence of Pt single atoms was
validated through tting and comparative analysis of the EXAFS
data from Pt/ceria with the theoretical spectra of Ce1−xPtxO2−d

type solid solution and Pt metal. Based on the distinction of the
coordination number of 8 for a cubic uorite structure, the
presence of Pt single atoms was conrmed.61 Specically, XAS is
suitable at low concentrations (0.005–10 wt%) and a broad
range of testing conditions (−269–1200 °C) from vacuum to
high pressure. In situ XAS measurements provide strong
evidence of the chemical state and coordination environment.
Shen et al. observed that during the CO2 electrolysis process at
1.4 V, there was a reduction in the intensity of the white line
peak at the Ir L3-edge. The formation of an IrFe alloy was
demonstrated in both cases.80 X-ray diffraction (XAS) has
emerged as a potent method for obtaining the electronic
structure, local coordination environment, and oxidation states,
which are critical to investigating electrocatalysts.128 However,
the uncertainty in t parameters can be 10–15%, and the
insensitivity of minor species in mixtures is also noteworthy.
Hence, XAS results and interpretations do not stand alone.
Without additional information, analysis of the contributions
of different species (different oxidation states, particles of
different sizes and composition) in these cases is extremely
challenging.129
5.2 Microstructure visualization of electrodes

In situ characterization technology enables real-time observa-
tion of the exsolution and growth mechanism of NPs on the
electrode, the dynamic evolution of the solid–solid contact
interface between the electrode and the solid electrolyte under
© 2024 The Author(s). Published by the Royal Society of Chemistry
prolonged high-temperature conditions, and the microstruc-
tural state of the material during device operation.112,127,130–132

In situ transmission electron microscopy (in situ TEM) is
widely recognized as a powerful characterization technique that
enables real-time observation of electrochemical reactions with
high spatial resolution (atomic scale) and temporal resolution
(subsecond). In situ exsolution is a highly effective strategy for
CO2 electrolysis in SOECs. Comprehending the exsolution
process not only enables better adjustment of activity and
stability but also offers valuable guidance for developing
abundant interfaces with enhanced functionality. Neagu et al.
employed in situ TEM to capture pictures at various points in
time of the progressive development of a particle socket and
nucleation of two more particles from a powder sample of
La0.43Ca0.37Ni0.06Ti0.94O3 at 900 °C in an H2 (20 mbar) environ-
ment. Rather than the few hours reduction durations
commonly reported in the literatures, the majority of the
particle growth occurred in less than 100 s.133 Neagu et al.
further elucidated that the diffusion of Ir originated from
SrIr0.005Ti0.995O3 bulk and the amalgamation of mobile metal
clusters proceeded from the atomic scale to their ultimate
nanoscale conguration through in situ high-resolution STEM
observations (Fig. 8d).112

The correlation between structure and performance is
crucial for optimizing the design and efficiency of CO2 elec-
trolysis systems. The 3D reconstructions obtained by FIB-SEM
tomography can offer valuable insights into the relationship
between the microstructural features of the fuel electrode and
its CO2 reactivity.134 Analyzing these reconstructions will help in
understanding how the electrode's physical characteristics
inuence its functionality in the electrolysis process. Following
a duration operation at 800 °C in a CO/CO2 atmosphere with
varying constant current densities (0 and −1 A cm−2), FIB-SEM
tomography was used to reconstruct the microstructure devel-
opment of Ni/YSZ-supported planar-type SOECs.135 Akhmadjo-
nov et al. demonstrated the phenomenon of nickel migration at
the electrolyte/electrode contact during long-term CO2 elec-
trolysis, suggesting that the current was a signicant factor in
this process. The durability of the hybrid structured nanober-
based fuel electrode was further conrmed by quantied 3D
microstructural characteristics based on parameters like
volume fraction, tortuosity coefficient, connectivity, surface
area, and TPB value analyzed in the total volume of the elec-
trode sample (Fig. 8e).93

An atomic force microscope (AFM) is a powerful tool used to
visualize and manipulate materials at the nanoscale level.
Similar to lightly gliding your ngertip along the surface of an
item, it measures the forces between the tip and the atoms on
the sample surface by scanning a sharp tip across it.136,137

Surface pitting occurred when concentrated HNO3 was used to
etch La0.52Sr0.28Ni0.06Ti0.94O3. The number density and size
distribution of these pits were comparable to the exsolved
particles, suggesting that the exsolved particles were deeply
entrenched in the perovskite bulk. This nding was demon-
strated in research by Neagu et al. using AFM (Fig. 8f).73 The
large coverage of the Sr-rich phase of the surface with the
segregated particles can also be detected by AFM.132,138
Chem. Sci., 2024, 15, 11166–11187 | 11179
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5.3 Spectroscopy: Raman, IR and Mössbauer

Taking advantage of the ngerprinting of molecules based on
their vibrational modes, infrared spectroscopy (IR) is a powerful
technique for identifying adsorbed species on electrode
surfaces. The majority of studies based on IR on the CO2RR
have identied CO3

2− as a common intermediate. The infrared
band ranging from 2380 to 2300 cm−1 is attributed to the
adsorption of CO2 molecules on the perovskite surface, whereas
the band spanning from 1450 to 1380 cm−1 is associated with
CO3

2−.6,139 In situ IR absorbance spectra were recorded during
CO2 desorption to comprehend the CO2 adsorption congura-
tion on cathode surfaces.131–133 During desorption, the peak
intensity of the 2360.79 cm−1 absorption peak associated with
the C]O vibration of the CO2 molecule and the 1600–
1300 cm−1 absorption vibration frequency double peak related
to the tridentate carbonate species gradually decreases
(Fig. 8g).122 In addition, in situ infrared can also be used to test
the stability of the adsorbed CO2 on the Sr2FeMo2/3Mg1/3O6

(SFMM-R) sample at elevated temperatures between 200 and
700 °C.140

Raman spectroscopy is a unique chemical ngerprint of
specic molecules or materials, which can be used to quickly
conrm the type of material or distinguish between different
materials.141 Typically, Raman has been successfully used to
detect whether there is carbon deposition on the cathode aer
stability testing due to the reasonable sensitivity of Raman
spectroscopy to carbon species.142 Materials with centrosym-
metric crystal structures like cubic metals (BCC or FCC) and
perfect perovskites (ABO3) cannot generate Raman scattering.143

This property makes Raman spectroscopy a valuable tool for
analyzing changes in lattice symmetry due to factors such as
doping, element segregation, contamination, and redox reac-
tions in SOEC electrodes. In situ exsolution of Ni NP-supported
(La4Srn−4)0.9Ti0.9nNi0.1nO3n+2 (n = 5, 8, 12 (LSTNn)) is a potential
CO2 electrolysis catalyst. Under reducing conditions of 5% H2/
95% N2 from 20 °C to 600 °C, in situ Raman spectroscopy
revealed a gradual weakening in the rotational vibration of the
TiO6 octahedron of LSTNn along the c-axis (Fig. 8h).123 This is
because oxygen atoms depart from the lattice of the BO6 octa-
hedron and nickel segregates from the lattice, leading to
a signicant contraction in lattice parameters.

Mössbauer spectroscopy has been widely used as a tool for
fundamental research in solid-state physics, especially to
differentiate between various species of iron.139,144 Iron-based
perovskites have been universally used in the development of
cathodes for SOECs, and iron is also oen involved in the
electrolytic CO2 reaction as an active site. The Mössbauer
method was oen used to monitor the oxidation state of Fe
following various long-term operations.145 Mahmoud et al.
compared the initial state of the cell with the Mössbauer spectra
data acquired for 0, 1774, 6100, and 9000 h of operation to
better understand the structural and electrochemical changes
that occur aer an operation.146 Aer prolonged operation, the
Mössbauer spectrum results revealed the reduction of iron from
perhaps pentahedral Fe(IV) to octahedral Fe(III). Aer 9000 hours
of operation, Co3O4 NPs appeared in the
11180 | Chem. Sci., 2024, 15, 11166–11187
La0.58Sr0.4Fe0.5Co0.5O3−d electrode, and the Fe(IV) concentration
decreased from 18% to 11%. According to the different A-site
occupancies, the carbon formation of LSF (La0.8Sr0.2FeO3−d)
will also be different in the electrolysis process of CO2

(Fig. 8i).114 Mössbauer spectra of La0.7Sr0.2FeO3−d (LSF72) and
La0.9Sr0.2FeO3−d (LSF92) collected at room temperature show
that the LSF72 crystal structure exhibited a broader range of
iron species types compared to LFS92. The oxidation state of Fe
in the perovskite decreased with an increase in A-site
occupancy.

Advanced operando techniques are essential to meet the
scientic challenge (Fig. 8k). The new insights they offer have
contributed to a mechanism understanding of degradation and
real-time monitoring of carbon deposition on the electrode and
exsolution of NPs, and are guiding future directions for material
optimization and innovation.

6. Pre-industrial application trials

The electrolysis of CO2 using SOEC technology is a promising
approach for efficiently converting CO2 into valuable fuels and
chemicals. This process contributes to carbon capture and
utilization, offering a potential avenue to mitigate greenhouse
gas emissions. The choice of cathode is pivotal in determining
the overall performance, efficiency, stability, and economic
viability of SOEC systems. When it comes to lower temperature
conversions, an SOEC is more efficient at using industrial waste
heat than other electrochemical techniques. Since part of the
energy is derived directly from heat, this eliminates the inter-
mediate process of converting heat to electricity and improves
energy utilization. While there are many potential uses for high-
temperature electrolysis technology in the chemical sector,
stack performance and degradation may differ signicantly
from single cell studies. There are still many key technological
challenges that urgently require breakthroughs to achieve large-
scale commercialization.

The main structures of SOECs adopted at this stage are
planar structure, tubular structure, and at tubular struc-
ture140,141,147 (Fig. 9a–c). The structure of a planar SOEC stack
includes electrolysis cells, many accessories such as a current
collector plate, interconnect, seal layers, and necessary
components such as a heat management system, purication
system, and automatic control system.151 Since it is easy to
achieve the airtight sealing and interconnection of single cells
in the manufacturing process of tubular SOECs, compared to
planar SOECs, tubular SOECs have certain advantages, but they
also face issues such as complex manufacturing processes, low
power density, and high manufacturing cost. More recently,
micro-tubular and cone-shaped structures have been studied
and developed. However, the problems with the planar struc-
ture and the tubular structure do not seem to have been
completely solved for these designs.152 To address the issue of
substrate edge warping in planar structures during long-term
operation, researchers have developed a at tubular struc-
tured SOEC by integrating the geometric symmetry character-
istics of tubular structures. The at tubular structure, which
amalgamates the benets of both at and tubular structures,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Various SOEC stack structures: (a) planar. Reproduced from ref. 148. 2013, Elsevier. (b) Tubular. Reproduced from ref. 149. 2021, Elsevier.
(c) Flat tubular. Reproduced from ref. 150. 2023, Elsevier. (d) Schematic of the working principle of an electrochemical cell fueled with different
raw materials.
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demonstrates commendable performance and mechanical
properties. Furthermore, it is more convenient to congure as
a stack compared to a traditional tubular structure. Neverthe-
less, challenges persist, including the high costs associated with
stacks and systems, as well as the limited robustness in
managing dynamic operations.153,154 With the development of
novel electrodes, the performance of SOECs has been greatly
enhanced. The CO2RR on the cathode is largely inuenced by
the number of reaction sites, the size and distribution of
porosity for effective gas transport in the high-temperature
reduction environment, and the catalytic activity of the
cathode surface. Haldor Topsoe's commercial CO2 electrolysis
system based on SOEC technology combines CO2 electrolysis
and gas purication in one unit and is capable of producing 96
Nm3 high-purity carbonmonoxide gas per hour.155 Owing to the
good electronic conductivity and catalytic activity of Ni metal,
cermet composites like Ni-YSZ still stand out as the predomi-
nant electrocatalysts utilized in fuel electrodes, having
successfully transitioned into widespread commercial usage.
Regrettably, the Ni surface operating within carbon-containing
fuels is susceptible to carbon deposition and agglomeration,
thereby inducing performance degradation over prolonged
operational durations.156 Zhan et al. used a planar Ni-YSZ
electrode-supported SOFC to achieve 1 A cm−2 at 800 °C and
1.3 V with a combination of 25%H2 and 75% CO2 inlet gas.157 As
Ni-YSZ substitutes, numerous perovskites and uorite oxides
were researched. Kaur et al. investigated the performance of
((La0.6Sr0.4)0.95Co0.2Fe0.8O3−d)–Gd0.2Ce0.8O1.95 with A-site
defects for CO2 electrolysis in symmetric tubular cells.158

With no extra protective gas used, current densities of LSCF–
© 2024 The Author(s). Published by the Royal Society of Chemistry
DCjGDC‖YSZ‖GDCjLSCF–GDC approached 200 mA cm−2 at
1.2 V in CO2 at 800 °C for 350 h.

The main challenges faced by most perovskite oxide elec-
trodes are the lower electronic ionic conductivity and poor
electrochemical catalytic activity. Therefore, the current
research focus is on improving the electrocatalytic activity and
electronic ionic conductivity of perovskite oxides through
methods such as inltration, doping, and in situ exsolution.
Employing SOEC high-temperature CO2/H2O co-electrolysis
facilitates the storage of renewable energy in the form of
chemical energy, such as syngas or hydrocarbon fuels, thereby
boasting potential application scenarios in the realm of energy
storage.159 Reytier et al. performed stack-level studies (10-cell
stack) in both electrolysis and co-electrolysis modes.160 The
conguration of the stack was NiO-8YSZj8YSZjCGOjLSC with an
active area of 100 cm2. The maximum current density applied
per cell at 1.15 V voltage is −0.8 A cm−2 with an inlet gas
composition of 65 vol% H2O + 25 vol% CO2 + 10 vol% H2, the H2

+ CO syngas production of the stack was 0.34 N m3 h−1 at −80 A
and 800 °C. The concurrent occurrence of H2O/CO2 co-
electrolysis and methanation processes at the cathode further
enhanced the advantage of SOEC co-electrolysis. When the
temperature decreased to around 600 °C, methane began to
form in the electrolysis products. Methane synthesis properties
in tubular SOECs (115 mm in length, 5 mm in inner diameter
and 6.59 mm in outer diameter) between 550 and 650 °C were
investigated by Luo et al.161 At 550 °C, when a voltage of 1.5 V
was applied, the CH4 yield reached 12.34%, with an inlet gas
composition of 20% H2O, 20% CO2, 20% H2, and 40% Ar.
Chem. Sci., 2024, 15, 11166–11187 | 11181
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Synthesis gas itself is one of the major chemicals for various
chemical and fuel syntheses in modern industry. Gaseous or
more complex chemicals and fuels require further downstream
processes aer the electrolysis cell. The integration of SOECs
with several chemical industrial processes such as the synthesis
of ethylene, oxidative dehydrogenation of ethane (ODE), and dry
reforming of liquid alcohols have already received attention
from researchers and have been studied to some extent.162–164

As shown in Fig. 9d, SOECs offer a promising avenue for
bridging the energy storage and chemical synthesis industries
through electrolysis. Recent studies have demonstrated the feasi-
bility of enhancing the kinetics of the CO2 electrolysis reaction and
reducing power consumption signicantly. Guo et al. introduced
methane on the SOEC anode side to produce syngas, leading to
accelerated reaction kinetics.165 Chen et al. utilized Sr2Ti0.8Co0.6-
Fe0.6O6−d as a dual anode and cathode material to effectively
catalyze the conversion of ethane to ethylene on the anode and the
reduction of CO2 to CO on the cathode. It provides an important
regulatory knob for achieving high catalytic activity of small
molecule conversion.166 In addition to performance improvement,
an essential prerequisite for stacks in large systems is the ability of
the stack to perform reliably in real-life situations. Long-term
operation of SOECs is susceptible to performance deterioration
because of their high operating temperature. In terms of the
cathode, poisoning of sulfur, cadmium, and SiO2, microstructure
degradation, and carbon deposition are the main degradation
reasons.167–171 Poisoning is caused either by impurities in the
steam or the volatile species evaporated from glass-ceramic seal-
ants, while interconnects reduce reaction sites and hinder charge
transfer and oxygen ion transport pathways, leading to electrode
degradation and electrolysis performance decline. The purity of
the inlet gas is very important for extending the life of the SOECs.
Furthermore, a major challenge to CO2 electrolysis in SOCs is the
conict between carbon deposition (CO2 (g)/ C + O2 (g)) and CO
production (2CO2 (g) / 2CO (g) + O2 (g)). Königshofer et al.
investigated various kinds and intensities of impacts on the
stack's performance at various reactant conversion rates, oper-
ating temperatures, and gas mixes. Mitigation measures of steam
regeneration have been proposed for degradation caused by
carbon deposition.172 To illuminate the carbon deposition mech-
anism, Skae et al. thoroughly studied the relationship between
carbon deposition and oxidized carbon intermediates and
carbonate coverage.173 Furthermore, the Nernst voltage generated
on the SOEC was proportional to the driving voltage provided to
the SOEC, making voltage play a crucial role in regulating Ni
oxidation and carbon deposition. The electrolysis voltage can
simultaneously suppress Ni oxidation and carbon deposition in
the range of −0.9 V to −1.4 V.171 However, the performance
degradation caused by nickel coarsening in nickel-basedmaterials
remains unavoidable. Potential issues within the Ni cermet fuel
electrode encompass Ni particle agglomeration/coarsening and Ni
migration, culminating in a notable increase of the series resis-
tance of the cells. The 3D electrode microstructures, aer
enduring a 1000 hours durability test under CO2 electrolysis, were
utilized to investigate the mechanism of Ni migration using FIB-
SEM tomography. During long-term CO2 electrolysis, not only
will there be coarsening of Ni particles, but Ni will also migrate
11182 | Chem. Sci., 2024, 15, 11166–11187
away from the electrode/electrolyte interface, resulting in irre-
versible loss of electrochemical performance.135 As a result of stack
improvements, degradation rates have dropped to below 0.4% per
1000 h. Meanwhile, the appearance of CO2 electrolysis mode
operating for over 1 year demonstrates that SOECs are one of the
most suitable CO2RR technologies for commercialization.174

7. Summary and outlook

When it comes to storing renewable energy in the form of useful
chemicals and fuels, SOECs are seen as one of the best solutions
due to their high efficiency with nearly 100% faradaic efficiency
and favorable reaction kinetics resulting from elevated opera-
tion temperatures. However, the rapid performance degrada-
tion, mainly due to the poor durability of state-of-the-art Ni-YSZ
based cathodes at high-temperature operating conditions
greatly hinders its widespread application. Alternative cathode
materials are urgently needed, and the advanced ones should
possess certain features to optimize the multiple physical and
chemical processes during the CO2 electrolysis process, such as
a large number of active sites, adequate electronic conductivity,
and chemical, thermal, and mechanical stability. Compared to
the traditional Ni-YSZ cathodes, perovskite oxide cathodes have
demonstrated signicant potential when used for direct CO2

electrolysis in SOECs. In particular, metallic NPs loaded on
perovskite oxide surfaces, through inltration, assembly, or co-
deposition methods, have exhibited excellent catalytic capabil-
ities, but their long-term stability is limited due to weak metal–
support interactions.

In this review article, we have provided a thorough review of
the current advancements, challenges, and prospects of
perovskite-type cathodes for SOECs in CO2 electrolysis. It covers
a comprehensive summary of recent design concepts for SOECs,
aiming to help scholars with more insights into the design of
novel cathodes with improved catalytic activity and stability for
CO2 electrolysis. Emphasis was placed on in situ characterization
and DFT calculations for an insightful understanding of the
mechanism of electrolysis of CO2 and analysis of the origins of
electrode performance degradation. Additionally, the rise of ML
has contributed greatly to the rapid screening of superior
candidate materials. However, to achieve a high degree of
commercialization on an industrial scale, it is essential to
develop new cathode materials that signicantly improve dura-
bility and stability. Based on the latest research results, here we
propose some suggestions for future development directions in
perovskite-type cathodes for SOECs towards CO2 electrolysis.

(1) Exsolution has emerged as a promising method to
fabricate NP-decorated oxides, as the NPs are anchored onto the
host oxide with strong mutual interactions. This can suppress
particle sintering, ultimately improving the stability of the
catalysts. Various strategies involving structural modications
(defects and phases) and control of operating conditions (gas
composition, temperature, potential, and strain) are utilized to
tailor the size, composition, and distribution of the exsolved
nanostructures. Nevertheless, themechanisms of exsolution are
still not fully understood. Actually, there even exist some
conicts in the explanations, like the relationships between the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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perovskite surface and the exsolved NPs. With the help of
advanced characterization techniques and theoretical calcula-
tions, we may get a clearer picture of the electronic and atomic
structures of the materials, thus guiding the development of
new methods for exsolution to precisely control the density and
distribution of exsolved NPs.

(2) Currently, single atoms, high-entropy, and other engi-
neering approaches are being widely explored and exhibit great
potential in improving catalytic performance. High-entropy
perovskite oxides are outstandingly promising materials for
the CO2RR via SOECs, which exhibit favorable performance
stability due to entropy stabilization. Especially at high
temperatures, such stabilization effect is more obvious
considering that the effect of increasing entropy is magnied at
higher temperatures based on DG = DH − T*DS. On the other
hand, the chemical element variation at the A/B sites of perov-
skite oxides can also help to tailor the catalytic activity of the
materials. This leads to a new consideration about the origin of
the improved performance, the high-entropy effect or the multi-
element doping effect. Direct evidence about the real contri-
bution is unfortunately still lacking. The unique maximum
atom utilization and remarkable high catalytic performance of
SACs will undoubtedly attract the attention of researchers.
However, the thermal stability of SACs is crucial for their
practical application under reaction conditions (including CO2

or reducing atmospheres). There is an urgent need to further
improve the stability of SACs. Currently, metal loading in SACs
is still at low levels; to improve the metal loading and prepare
dual atom catalysts, it is necessary to delve deeper into the
structure–performance relationship and catalytic mechanisms.
This will enable the rational design of superior SACs for high-
temperature CO2 electrolysis.

(3) Fundamental understanding is the basis of material
development. An in-depth understanding of the growth and
working mechanisms of NPs based on exsolution from a perov-
skite lattice is still not available. Credible chemical information
on the catalysts is provided by advanced in situ characterization
technologies, such as XRD, XPS, and XAS. In situ Raman and FT-
IR are widely used to investigate the mechanism of the CO2RR by
identifying the carbonate species. Secondary ion mass spec-
trometry and isotope exchange investigations will develop into
potential characterization tools that provide rich information on
structural design. Through the combination of theoretical
calculations and advanced in situ characterization, the pathways
of CO2 reduction will be provided to understand the correlation
of structure and activity during the CO2RR. Most researchers may
lack the opportunity for in situ characterization due to the
expensiveness and access limitations of synchrotrons, so when ex
situ characterization is employed, it should closely approximate
the working conditions of the material and provide a thorough
explanation of the testing conditions.

(4) ML has great potential in rapid material screening. Pre-
dicting catalytic activity, active site identication, and reaction
pathways in the CO2RR through ML techniques will accelerate
the development of high-performance cathodes. In addition, by
combining ML with insights obtained from the mechanisms of
decayed cell performance, we can understand the primary
© 2024 The Author(s). Published by the Royal Society of Chemistry
failure modes and extend that lead to performance degradation.
Therefore, establishing a database with a large amount of reli-
able data and selecting appropriate descriptors are essential to
fully leverage the potential of ML.

(5) Scaling SOEC devices to the industrial level is extremely
challenging. There has been a large amount of experimental
research on single cells. While the current density of single cells
(small-area button-type SOECs) can reach 3 A cm−2 (800 °C, 1.5 V)
or even higher, the output performance of the SOEC stack expe-
riences a substantial decline with the continuous amplication
of single cells. The commercialization challenges of SOEC tech-
nology lie in its short lifespan, susceptibility to damage, and
inability to operate stably for long periods. Particularly at high
current densities, the degradation of the cathode is the main
reason. Therefore, while optimizing the design of the electrolysis
stack system, it is crucial to develop advanced cathodes. Perov-
skites could be feasible electrodes to replace traditional Ni-YSZ in
the future. At the same time, more theoretical simulations and
experimental research should be conducted to further conrm
the cost-effectiveness and technical viability of coupling high-
temperature electrolysis, renewable energy generation, and
chemical synthesis processes.

Overall, while the industrialization of SOECs for CO2 elec-
trolysis still faces signicant challenges, we rmly believe that
combining various in situ characterizations with advanced
theoretical calculations can further clarify the reaction mecha-
nisms of high-temperature CO2 electrolysis in complex reaction
environments. This will lay the foundation for researchers to
design excellent cathodes, eventually making SOECs a practi-
cally applicable technology to help humanity realize a net-zero
carbon society.
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128 M. Wang, L. Árnadóttir, Z. J. Xu and Z. Feng, Nano-Micro
Lett., 2019, 11, 47.

129 J. Timoshenko and B. Roldan Cuenya, Chem. Rev., 2021,
121, 882–961.

130 J. T. S. Irvine, D. Neagu, M. C. Verbraeken,
C. Chatzichristodoulou, C. Graves and M. B. Mogensen,
Nat. Energy, 2016, 1, 1–13.

131 Q. Jeangros, M. Bugnet, T. Epicier, C. Frantz, S. Diethelm,
D. Montinaro, E. Tyukalova, Y. Pivak, J. Van herle,
A. Hessler-Wyser and M. Duchamp, Nat. Commun., 2023,
14, 7959.

132 N. Tsvetkov, Q. Lu, L. Sun, E. J. Crumlin and B. Yildiz, Nat.
Mater., 2016, 15, 1010–1016.

133 D. Neagu, V. Kyriakou, I.-L. Roiban, M. Aouine, C. Tang,
A. Caravaca, K. Kousi, I. Schreur-Piet, I. S. Metcalfe,
P. Vernoux, M. C. M. van de Sanden and M. N. Tsampas,
ACS Nano, 2019, 13, 12996–13005.

134 E. Da Rosa Silva, G. Sassone, M. Prioux, M. Hubert, B. Morel
and J. Laurencin, J. Power Sources, 2023, 556, 232499.

135 Y. Shang, A. L. Smitshuysen, M. Yu, Y. Liu, X. Tong,
P. S. Jørgensen, L. Rorato, J. Laurencin and M. Chen, J.
Mater. Chem. A, 2023, 11, 12245–12257.

136 E. M. Tennyson, C. Gong and M. S. Leite, ACS Energy Lett.,
2017, 2, 2761–2777.

137 H. Chen, C. Lim, T. Tan, M. Zhou, L. Zhang, X. Sun, Z. He,
Y. Ye, X. Li, H. Zhang, J. W. Han, C. Yang and Y. Chen, ACS
Nano, 2023, 17, 10677–10688.
© 2024 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1016/j.fmre.2022.07.010
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc03306j


Perspective Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0.
04

.2
6 

06
:5

2:
31

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
138 M. Pidburtnyi, B. Zanca, C. Coppex, S. Jimenez-Villegas and
V. Thangadurai, Chem. Mater., 2021, 33, 4249–4268.

139 Y. Tian, Y. Liu, A. Naden, L. Jia, M. Xu, W. Cui, B. Chi, J. Pu,
J. T. S. Irvine and J. Li, J. Mater. Chem. A, 2020, 8, 14895–
14899.

140 X. Xi, J. Liu, Y. Fan, L. Wang, J. Li, M. Li, J.-L. Luo and
X.-Z. Fu, Nano Energy, 2021, 82, 105707.

141 A. D. Handoko, F. Wei, Jenndy, B. S. Yeo and Z. W. Seh, Nat.
Catal., 2018, 1, 922–934.

142 Y. Hou, L. Wang, L. Bian, Y. Wang and K. Chou, ACS Appl.
Mater. Interfaces, 2021, 13, 22381–22390.

143 X. Li, K. Blinn, D. Chen and M. Liu, Electrochem. Energy
Rev., 2018, 1, 433–459.

144 S. Hu, H. Li, X. Dong, Z. Cao, B. Pang, L. Zhang, W. Yu,
J. Xiao, X. Zhu and W. Yang, J. Energy Chem., 2022, 66,
603–611.

145 X. Li, K. Zhu, J. Pang, M. Tian, J. Liu, A. I. Rykov, M. Zheng,
X. Wang, X. Zhu, Y. Huang, B. Liu, J. Wang, W. Yang and
T. Zhang, Appl. Catal., B, 2018, 224, 518–532.

146 A. Mahmoud, M. Al Daroukh, M. Lipinska-Chwalek,
M. Luysberg, F. Tietz and R. P. Hermann, Solid State
Ionics, 2017, 312, 38–43.

147 D. J. Deka, S. Gunduz, T. Fitzgerald, J. T. Miller, A. C. Co and
U. S. Ozkan, Appl. Catal., B, 2019, 248, 487–503.

148 X. Zhang, J. E. O'Brien, R. C. O'Brien, J. J. Hartvigsen, G. Tao
and G. K. Housley, Int. J. Hydrogen Energy, 2013, 38, 20–28.

149 L. Lin, S. Chen, J. Quan, S. Liao, Y. Luo, C. Chen, C.-T. Au,
Y. Shi and L. Jiang, Energy Convers. Manage., 2020, 208,
112570.

150 A. Wu, B. Han, Y. Yao, Y. Zhang, Y. Tang, S. Hanson,
J. Wang, W. Guan and S. C. Singhal, J. Power Sources,
2023, 580, 233372.

151 Y. Li, L. Zhang, B. Yu, J. Zhu and C. Wu, Engineering, 2023,
21, 101–114.

152 B. Timurkutluk, C. Timurkutluk, M. D. Mat and Y. Kaplan,
Renewable Sustainable Energy Rev., 2016, 56, 1101–1121.

153 X. Hou, Y. Jiang, K. Wei, C. Jiang, T.-C. Jen, Y. Yao, X. Liu,
J. Ma and J. T. S. Irvine, Chem. Rev., 2024, 124, 5119–5166.

154 A. Lahrichi, Y. El Issmaeli, S. S. Kalanur and B. G. Pollet, J.
Energy Chem., 2024, 94, 688–715.

155 R. Küngas, P. Blennow, T. Heiredal-Clausen, T. H. Nørby,
J. Rass-Hansen, J. B. Hansen and P. G. Moses, ECS Trans.,
2019, 91, 215.

156 S. D. Ebbesen, S. H. Jensen, A. Hauch and M. B. Mogensen,
Chem. Rev., 2014, 114, 10697–10734.
© 2024 The Author(s). Published by the Royal Society of Chemistry
157 Z. Zhan and L. Zhao, J. Power Sources, 2010, 195, 7250–7254.
158 G. Kaur, A. P. Kulkarni, D. Fini, S. Giddey and A. Seeber, J.

CO2 Util., 2020, 41, 101271.
159 Y. Luo, Y. Shi, Y. Chen, W. Li, L. Jiang and N. Cai, AIChE J.,

2020, 66, e16896.
160 M. Reytier, S. Di Iorio, A. Chatroux, M. Petitjean, J. Cren,

M. De Saint Jean, J. Aicart and J. Mougin, Int. J. Hydrogen
Energy, 2015, 40, 11370–11377.

161 Y. Luo, W. Li, Y. Shi, T. Cao, X. Ye, S. Wang and N. Cai, J.
Electrochem. Soc., 2015, 162, F1129.

162 L. Ye, Z. Shang and K. Xie, Angew. Chem., Int. Ed., 2022, 61,
e202207211.

163 Y. Song, L. Lin, W. Feng, X. Zhang, Q. Dong, X. Li, H. Lv,
Q. Liu, F. Yang, Z. Liu, G. Wang and X. Bao, Angew.
Chem., Int. Ed., 2019, 58, 16043–16046.

164 J. Sang, S. Liu, J. Yang, T. Wu, X. Luo, Y. Zhao, J. Wang,
W. Guan, M. Chai and S. C. Singhal, Chem. Eng. J., 2023,
457, 141189.

165 Y. Guo, S. Wang, R. Li, J. Yu, X. Zhang, M. Li, X. Zheng,
J. Zhu, Y. Song, G. Wang and X. Bao, Joule, 2024, DOI:
10.1016/j.joule.2024.04.009.

166 X. Sun, H. Yang, B. Chen, M. Zhou, Y. Ye, X. Li, H. Zhang,
B. Yu, Y. Li, J. W. Han and Y. Chen, ACS Catal., 2024, 14,
5827–5837.

167 S. Wang, P. Shan, B. Qian and Y. Zheng, J. Power Sources,
2024, 592, 233930.

168 R. Kiebach, K. Agersted, P. Zielke, I. Ritucci, M. B. Brock
and P. V. Hendriksen, ECS Trans., 2017, 78, 1739.

169 M. Keane, H. Fan, M. Han and P. Singh, Int. J. Hydrogen
Energy, 2014, 39, 18718–18726.

170 H. Seo, S. Jang, W. Lee, K. Taek Bae, K. Taek Lee, J. Hong
and K. Joong Yoon, Chem. Eng. J., 2024, 481, 148532.

171 S. Hu, B. Pang, L. Zhang, Z. Cao, P. Zhang, Y. Ding,
R. O'Hayre, X. Zhu and W. Yang, Appl. Catal., B, 2023,
324, 122239.

172 B. Königshofer, M. Höber, G. Nusev, P. Boškoski, Đ. Juričić,
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