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Abstract

Solid oxide cells (SOCs) are regarded as a promising energy technology due to their large current density, diverse
range of fuels, and high energy conversion efficiency. The double perovskite Sr,FeMoO, (SFM) has attracted
considerable attention for SOCs due to its tunable structure with superior performance of high conductivity,
excellent thermal stability, and remarkable carbon deposition resistance in a reducing atmosphere. However, the
electrocatalytic activity of SFM is considerably lower than that of commercial Ni-based SOC electrodes. A timely
summary of the synthesis, modulation, and application of SFM perovskites is of great significance for its further
development for SOCs. In this review, the methods employed in the preparation of SFM electrocatalysts are
introduced first. Then, the advancements in the application of different SFM-based electrocatalysts in the field of
SOCs are reviewed, and the research progress in the in-situ exsolution of SFM-based electrocatalysts through ion
regulation is assessed. Finally, the future issues associated with SFM-based electrocatalysts are addressed in the
realm of electrocatalysis, to advance their application.
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INTRODUCTION

The exponential increase in the world’s population and the concurrent process of industrialization, coupled
with advancements in science and technology, have resulted in a significant surge in the demand for diverse
energy sources'’. The pursuit of clean, secure, and sustainable energy necessitates the advancement of
energy conversion devices that exhibit superior efficiency in power generation, the distinct advantage
offered by these advanced energy conversion devices when compared to conventional power generation
models”. Solid oxide cells (SOCs), i.e., solid oxide fuel cells (SOFCs) and solid oxide electrolysis cells
(SOECs), can facilitate the mutual conversion of chemical and electrical energy and have a high current
density and energy efficiency at a certain temperature, which are ideal energy conversion devices™*. The
SOC has an all-solid-state structure consisting of three layers of different types of solid oxide/metal-oxide
materials: electrolyte, fuel electrode and air electrode. The electrolyte fraction is usually stacked of micron-
level dense oxide particles with high ionic and negligible electronic conductivity. The presence of the
electrolyte can avoid the direct contact between the fuel gas and the oxidizing gas and prevent the direct
contact between the fuel electrode and the air electrode from an internal short circuit phenomenon. The
electrode part (fuel electrode and air electrode) is the site of gas adsorption, diffusion, activation,
transformation and dissociation, which is the place where electrochemical reactions occur®. SOFC can
efficiently and cleanly use hydrogen energy and hydrocarbon fuels at high temperatures, convert chemical
energy into electrical energy, and complete high-efficiency power generation. Using waste heat and
electricity, SOEC can produce hydrogen from water electrolysis on a large scale and electrolysis of CO, to
high value-added chemicals and fuels, completing the conversion of electricity to chemical energy. The
forward operation of the SOFC can generate electricity, and the reverse operation is in the form of SOEC,
which means the conversion between SOEC and SOFC can be completed by changing the voltage on the
fuel electrode of the SOC"*”..

One notable advantage of SOC technology lies in its versatility in utilizing a diverse range of fuels,
encompassing hydrogen, hydrocarbons, syngas, natural gas, and various other fuel gases'®. The fuel side
electrode of SOCs must possess a specific level of catalytic activity towards the fuel gas while also exhibiting
a desired level of electrical and ionic conductivity™®'". At present, the predominant materials used for SOC
electrodes are ceramic-metal composites, specifically the widely used Ni-YSZ (Ni composite yttria-stabilized
zirconia) cermet material, as well as mixed ion electronic conductors incorporating perovskites and related
structures""'?. The conventional Ni-YSZ material exhibits remarkable electrochemical performance and
catalytic activity as a SOC fuel electrode”. However, because of its susceptibility to splitting C-C and C-H
bonds, along with the potential reactivity between Ni and S, carbon deposition and sulfur poisoning may
occur on the surface of the fuel electrode!***). Whether in the carbon dioxide reduction reaction (CO,RR) or
the hydrocarbon fuel utilization process, the occurrence of carbon deposition and sulfur poisoning are
challenges to the structural stability and activity of the Ni-based electrode"*'”. Hence, the development of
electrocatalysts resistant to carbon deposition and sulfur poisoning is a research hotspot in the field of SOC.
Oxide materials with perovskite structures have piqued the interest of many researchers due to their
wonderful controllability and anti-carbon deposition ability''>'¥. The double perovskite (DP) Sr,FeMoO,
(SFM) electrocatalyst has piqued the interest of researchers because of its good electrical conductivity and
strong catalytic activity in hydrogen and hydrocarbon fuels"**". However, SFM electrocatalysts cannot exist
stably in an oxidizing atmosphere and their electrochemical performance as electrodes is lower than that of
Ni-based electrodes"**”. Hence, it is imperative to enhance the design of SEM electrocatalysts to enhance
their electrochemical performance and redox stability when utilized as SOC electrodes.

SEM electrocatalysts can be prepared via the sol-gel method, the citrate self-combustion method, the solid-
state reaction method, the chemical coprecipitation method, the hydrothermal method, and the metal-
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organic salt thermal breakdown in the organic solvent. Thin film SFM catalyst can be prepared using the
chemical spray thermal deposition and the laser pulse deposition methods”*"***’. Traditionally, SFM
electrocatalysts have been generated by solid-state reactions, but the shape and grain size of SFM
electrocatalysts prepared in this manner are difficult to control”**!. SEM electrocatalysts utilized in SOC are
currently generated via the sol-gel method"*****. The physical and chemical properties of the SFM catalyst
are influenced by different preparation techniques and conditions, which further affect the catalytic activity
of the SEM catalyst®. As a result, one of the issues that need to be addressed is how to select the
preparation method and design the synthesis conditions in various preparation strategies to regulate the
physical and chemical properties of SEM-based electrocatalysts.

Surface modification, element doping, and in-situ exsolution are important methods to modulate SEM-
based electrocatalysts, and their activity and stability can be effectively controlled through these
approaches™ .. Catalytic activity of SFM electrode can be enhanced by infiltration/impregnation. A liquid
phase containing specific components can infiltrate the electrode, and a specific microstructure can be
generated on the electrode surface through heat treatment. A suitable nanostructure interface of SFM can
enhance the catalytic activity of SFM catalysts more effectively>**. Because of the high valence state of Mo
and the structural tolerance of SEM, the doping of ions can cause valence differences between distinct B-site
ions, alter the order within the perovskite lattice, and exhibit high catalytic activity, strong redox stability,
and quick oxygen transport ability*¥. The modulation of the A-site ions in the SFM catalyst can prevent
the segregation and enrichment of Sr** ions on the catalyst surface, stopping the formation of harmful
carbonates and preventing the B-site ions responsible for catalytic activity and electron transfer from being
blocked™*!. In comparison to surface modification, the introduction of B-site ions enables the SFM-based
electrocatalyst to anchor alloy nanoparticles (NPs) on the surface of SEM-based SOC electrodes at a lower
cost, in a shorter time, and more evenly™ . In short, element doping and surface modification can
effectively modulate the electrocatalytic performance of SFM-based electrocatalysts, but exploring how to
better regulate the various physical and chemical properties of SEM catalysts by designing the composition
of elements and surface modification to aid electrocatalysis is still needed.

To deepen understanding of the electrocatalytic mechanisms and facilitate wider application of SEM in the
field of SOCs, a timely review of the synthesis, regulation, and most recent progress of SEM catalysts is of
great significance. Herein, this review highlights the most recent advancements in the synthesis,
modulation, and applications of SFM-based electrocatalysts in the field of SOCs [Figure 1]. Following an
overview of several SEM catalyst synthesis methods, there is a summary of SEM catalyst uses in the field of
SOCs and examines how to modulate its catalytic activity through element doping and other means.
Afterwards, the origin of the reaction activity of SFM-based electrocatalysts is explored. Finally, the current
challenges and possible applications of SFM-based electrocatalysts are proposed to advance their
application.

STRUCTURAL CHARACTERISTICS AND SYNTHESIS METHOD OF SR,FEMOO;,

Structural characteristics of Sr,FeMoO,

Crystal structure characteristics of Sr,FeMoO,

SEM is a perovskite oxide. As shown in Figure 2A, the ideal SFM has a DP structure and belongs to the
cubic Fm-3m lattice”. FeO, and MoO, octahedra are alternately positioned along the three axes of a/b/c to
form a lattice skeleton in the face center cubic daughter lattice, the oxygen in the middle bridges is
connected with alternating Fe and Mo ions, and the Sr** ions of large radius occupy the gap between FeO,
and MoO, octahedra™*!. At 400 K, due to the large radius of Sr* ions, FeO, and MoO, octahedra tended to
lower energy structures, and the two transition metal octahedra will be synergistic tilt distortion; the ideal
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Figure 1. Schematic diagram summary of the application, synthesis methods, and modulation of SFM electrocatalysts. OER: Oxygen
evolution reaction; SFM: Sr,FeMoOQ.

cubic unit cell of SFM thus becomes a tetragonal unit cell I4/m™. The lattice parameters of SFM were
characterized by a =b = 5.575 A and ¢ = 7.907 A. At temperatures over 400 K in a reducing atmosphere,
SFM transformed a cubic structure with great symmetry”. In this structure, the unit cell parameters were
a=b=c=7.924 A, which also showed that under the operating temperature of the SOC fuel electrode and
the corresponding atmosphere, the SFM exhibited a highly symmetrical cubic structure more conducive to
catalysis">*. The structure showed a significant overlap between the transition metal ions Fe and Mo and
the oxygen ions, hence promoting efficient electron conduction***!. Additionally, the bond angle between
the B-O-B atoms was precisely 180°, further enhancing the conduction of electrons'***.

As depicted in Figure 2B, every preparation method enables effective regulation of the concentration of total
Fe and Mo atoms in the SFM catalyst. However, the arrangement of Fe and Mo ions within the SFM lattice
does not exhibit complete order and alternation. Instead, the presence of anti-site defects (ADs) has been
observed, wherein Fe and Mo ions exchange positions; in addition to the conventional Fe-O-Mo bonds, the
SFM lattice also contained Fe-O-Fe and Mo-O-Mo bonds"*>**¥, Furthermore, the presence of ADs, i.e., Fe
and Mo, are dislocated from each other, was observed™. The existence of ADs can be observed by a series
of characterization methods such as high-resolution transmission electron microscopy (HRTEM) and
Mossbauer spectroscopy. Affected by the ADs, the electronic structure and semi-metallic properties of SEM
were changed. The formation of oxygen vacancies and the number of delocalized electrons in SFM were
affected. The magnetic moment size of the ions around the ADs of SFM was changed***),
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Figure 2. (A) Schematic crystal structure of SFM (plotted by the authors); (B) Schematic diagram of the crystal structure of ideal double
perovskite SFM and crystal structure after introducing ADs. Reproduced with permissionBZJ,Copyright 2018, Wiley-VCH; (C) HRTEM
image of (220) lattice fringes and corresponding fast Fourier transform. Reproduced with permission'*® Copyright 2021, Wiley-VCH;
(D) Oxygen vacancy formation energy for different B-O-B’ bonds in SFM. Reproduced with permissionm,Copyright 2011, Royal
Society of Chemistry; (E) Mossbauer spectra of SFM prepared by (a) sol-gel method and (b) solid-state reaction method; (F) Scanning
electron microscope diagram of SFM powder prepared by sol-gel method; (G) SEM diagram of SFM powder prepared by solid-state
reaction method; (H) HRTEM diagram of SFM prepared by sol-gel method. Reproduced with permission[zol,Copyright 2014, Elsevier;
(1) Schematic diagram of the reaction of SFM@CF-SDC solid oxide fuel cell anode under hydrogen. Reproduced with permission™®”,
Copyright 2020, Elsevier; (J) Schematic diagram of solid oxide electrolysis cell cathode electrolysis under CO, atmosphere. Reproduced
with permission®®, Copyright 2022, American Chemical Society. SFMO: Sr,FeMoOyg; CF: Co-Fe nanoparticles; RP-SFM: Ruddlesden-
Popper phase Sr;FeMoO,; SDC: Sm doped ceria; LSGM: Lay,Sr, 3Ga, Mg, ,05; SFM: Sr.FeMoOg; ADs: anti-site defects; SEM: scanning
electron microscope.
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Electron structure characteristics of Sr,FeMoO,

At room temperature, SEM attracts attention because of its intrinsic tunneling magnetoresistance, and its
electronic structure is impressive. Density functional theory (DFT) is a powerful method for studying multi-
electron systems, so it is applied to investigate the electronic structure of SFM. Kimura et al. used DFT to
calculate the total density of states for SEM with an ordered Fe/Mo arrangement, along with the local
density of states of elements. Analysis of the DFT calculation results showed that SFM was semi-metallic at
room temperature, and this semi-metallic property rose to 100% spin-polarized charge carriers in the
ground state'™.

Furthermore, the electronic structure of SFM was calculated using the spin-polarized GGA + U method,
and the effects of the ADs in the synthesis of SFM and the non-stoichiometric ratio of oxygen on the
structure and magnetic properties of SFM were studied. The DFT results showed that the saturation
magnetization was affected by the proportion of ADs in the stoichiometric SFM and the more ADs, the
lower the saturation magnetization, and the spin polarization can be close to 100% when fewer Ads existed.
The presence of oxygen vacancies in the SEM reduced the saturation magnetization but retained the semi-
metallic properties, meaning that 100% of the spin polarization was retained***’. Based on specific SOC
application scenarios, Mufoz-Garcia et al. studied SEFM materials by DFT + U calculations. ADs can be
observed by HRTEM, and the corresponding DFT calculations for SEFM also showed the formation energy
of oxygen vacancies varies across distinct B-O-B’ bonds. Specifically, the total formation energy may be
assigned to the following order: O, °™ > O <M > O f<OF [Figure 2C and D]"*"*\. Due to the low oxygen
vacancy formation energy caused by the presence of the ADs. The high concentration of oxygen vacancies
in the expected SFM promoted the diffusion of oxygen ions while enhancing the electronic conductivity,
which is important for SOC applications™*'. The DFT calculations for SFM show that the nature of various
defects in SFM has a profound impact on its application in the magnetic and electrical fields. Therefore,
there is no doubt about the importance of SEM synthesis. Regulating the intrinsic structure and properties
of SFM by modulating synthesis methods and conditions may be an important direction for modifying SFM
in the future.

Chemical synthesis methods of Sr,FeMoO,

The synthesis of SEM-based electrocatalysts used in the field of SOC is critical, and different preparation
methods affect their structure and properties. There are a lot of methods, among which the solid-state
reaction and sol-gel techniques are the main approaches for the synthesis of SEM.

The solid-state reaction method

The solid-state reaction method is a straightforward, widely used, low-cost synthesis approach for inorganic
solid materials. Its advantage in synthesizing perovskites lies in its flexibility to produce multi-element
phases under high temperature and solvent-free conditions, with strong scalability and simplicity. However,
its disadvantage is that the large grain size prepared it yields, which may adversely affect a series of catalytic
reactions. The solid-state reaction method for the preparation of DP oxide is typically as follows: after a
high-purity stoichiometric oxide of the corresponding element was uniformly mixed and calcined at a
specific temperature for a specific time, the precursor of the corresponding substance or the substance itself
can be obtained, and then annealed under specific conditions to obtain an oxide with a perovskite
structure®*". Traditionally, SEM has been prepared by solid-state reactions. It is widely assumed that the
ordered arrangement of Fe and Mo affects the activity of SEM-based electrocatalysts, and different methods

20,21,24,33]

determined the degree of order of Fe and Mo! .

The region in the phase diagram of SrO-Fe,O,-MoO, at 1,200 °C 1% H,/Ar was systematically studied.
According to the oxidation metrological ratio and lattice parameter measurement, the solution limit of Mo
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in SrFeO, in air was 17%. The corresponding chemical formula was Sr,Fe, ,,Mo, ,O,, which indicated that
SFM cannot exist stably in the oxidizing atmosphere. DP SEM precursor powder composed of two phases
(StMoO, and SFM) was obtained by calcining SrO, Fe,O,, and MoO, at 900 °C for 3 h by a solid-state
reaction method. Then, the precursor powder was calcined at 1,100 °C by spark plasma sintering, followed
by annealing at 5% H,/Ar reducing atmosphere at 1,200 °C for 2 h to obtain a high-purity SEM phase.
Compared with the SFM prepared by the solid-state reaction method, the SFM phase prepared by the
sol-gel method had a smaller grain size and showed smaller saturation magnetization strength®*>*. A
nanoscale DP SFM was successfully synthesized in air utilizing SrO, Fe,O,, and MoO, as raw materials,
rather than the usual solid-state reaction method. The phase composition and physicochemical properties
of the SFM catalyst were significantly affected by the change in the H, ratio under a reducing atmosphere**.
At present, SFM electrocatalysts can be synthesized under unrestricted conditions by solid-state reaction. By
manipulating the solid-state reaction conditions, the fast and convenient preparation of high-purity and fine
SEM powders may be the basis for future industrial-scale applications.

Sol-gel method

The sol-gel method originated from the phenomenon of combustion of solutions. The size of the various
ions and ligands in the solution is usually between 0.1-1 nm, smaller than the size of the solid powder
particles. In addition, the spontaneous combustion of the solution involves the generation of a large number
of gaseous products, resulting in a more porous and fine structure of the final powder sample than the
powder sample prepared by the solid-state reaction method. The porous and fine powder is suitable for
SOC, which represents an increase in the density of the reaction site. Therefore, the sol-gel method is widely
used in the synthesis of SOC electrode materials’®>*. This method can be used to create high-purity
nanomaterial powder at comparatively low temperatures for SOC electrodes™*, and its complete process
involved sol preparation, gel gelation of the sol, and solvent removal”. When compared to the solid-state
reaction method, the sol-gel method had the benefit of being able to control the crystal shape and crystalline
size of nano powder, which was highly useful for catalytic reactions™>*". Citric acid was used as a coupling
in the citrate self-combustion method based on the sol-gel method, and the corresponding metal salt ions
were hydrolyzed to form metal citrate. The gelation process was carried out with metal-citrate bonding,

resulting in a high uniformity and purity powder®*>*,

The microstructure of SEFM powder generated by the sol-gel and solid-state reaction methods was examined
[Figure 2E-H]"***". The average particle size of SFM prepared by the sol-gel method was about 0.9 um, while
the particle size of SFM prepared by the solid-state reaction method was about 1.3 um. The powder
prepared by the sol-gel method was finer than the solid-state reaction method. At the same time, both SFM
samples contained a certain amount of SrtMoO,, but the content of SrMoO, in the solid-state sample was
more than in the sol-gel sample. As shown by the Méssbauer spectrum, after reduction at the same
atmosphere and temperature, the sample prepared by the sol-gel method showed higher magnetization
[Figure 2E]. The ultrafine field value of the Mdssbauer spectrum of the sample that the SEM prepared by the
sol-gel method showed that SFM formed an ordered DP structure. The ultrafine field value of the
Mossbauer spectrum of the sample proves that the SFM prepared by the solid-state method obtained a
slightly disordered structure. The reason was attributed to the exchange positions of Fe and Mo ions. When
Fe and Mo ions exchange positions, Mo’s 4d' electrons and Fe* 3d° electrons spin polarizations were
reversed, while the electron delocalization of the Mo ions represented a decrease in charge density, resulting
in a decrease in the overall spin density”*". The citrate sol method was used to prepare DP SFM powder
with a small grain size, and the effect of sol pH on the order of B-site ions in SFM powder was studied. The
results showed the purity of SEM powder prepared from precursor sols with pH 7.5 and 9.0 was the highest,
and the sample calcined at 1,050 °C was a quadrangular I4/m structure. After calcination at 975 °C, the SEFM
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sample exhibited a monoclinic structure. By varying the flow rate of the reducing gas (5% H,/Ar), the
synthesis of SFM was studied under various gas flow rates. It was found that SEM prepared at different flow
rates exhibited diverse properties under the influence of magnetic fields, which were related to the ADs,
crystallinity, and oxygen vacancy of various SFM samples”. The grain size, ADs, and oxygen vacancy
concentrations of perovskite oxides were controlled by modulating the synthesis conditions of the sol-gel
method (e.g., pH, temperature, gas flow rate) to promote its application in electrocatalysis by improving the
intrinsic properties and structure of the materials. At the same time, it is worth noting that the
magnetization intensities of SFM catalysts prepared by different preparation methods are different™***’),
This may mean that improving the spin of Fe in SFM by specific methods (e.g., atomic doping, lattice strain,
and magnetic field coordination) could reduce the chemical reaction energy barrier and promote the
occurrence of reactions.

Other synthesis method

In addition to the traditional sol-gel and solid-state reaction methods, there are numerous ways to prepare
SEM catalysts. These techniques were typically used to produce SEM with specific characteristics. For
instance, the microwave radiation method enhanced the diffusion and nucleation process of ion precursors
in the process of a synthetic sol, and the grain size was reduced”. The effects of several synthesis methods
on the number of oxygen vacancies in SFM catalysts were investigated. It was discovered that the number of
oxygen vacancies in SEM catalysts generated by the thermal decomposition of metal salts using organic sols
> the number of oxygen vacancies in sol-gel-produced SFM catalysts > the number of oxygen vacancies in
SEM catalysts made by the hydrothermal method. The photocatalytic activity of SEM catalysts prepared by
the corresponding preparation method also followed the above rules®. The X-ray photoelectron
spectroscopy results also showed that different preparation conditions and methods had effects on the
valence state of transition metal ions and the content of lattice oxygen and interstitial oxygen in SFM. The
above research demonstrated that increasing the amount of oxygen vacancies in SFM catalysts is an

[26]

extraordinary strategy for improving catalytic performance®.

Collectively, to construct the relationship between synthesis methods, structure, and purity, it is necessary to
summarize various preparation methods and consider their influence on SEM electrocatalysts [Table 1].
Although the solid-state reaction method has the significant advantages of being simple, direct, and
low-cost, it generates large-size powder grains, which is not conducive to the catalytic reaction to a certain
extent. In contrast, the sol-gel method is widely used in the SOC field because of its characteristics and
ability to control the size of grains. Different preparation methods affected the physicochemical properties
of SFM electrocatalysts, especially the ADs and oxygen vacancy concentrations, which were closely related
to the catalytic activity of SFM. The magnetic properties of SFM have also been continuously studied, but
whether there is a certain relationship between magnetic properties and electrocatalysis still needs to be
investigated. The sol-gel method is more suitable for laboratory-level production, whereas the solid-state
reaction method is better suited for industrial-scale production. Therefore, balancing performance and scale
of production is undoubtedly one of the difficulties encountered in future SFM applications.

APPLICATION OF SR,FEMOOQO, IN SOLID OXIDE CELLS

Sr,FeMoO, electrode materials for SOC anodes

SEM electrocatalysts are commonly used in solid oxide electrochemical cells, especially anodes for medium
and high-temperature fuel cells. Under reducing conditions, DP SFM was stable and exhibited splendid
catalytic activity for fuel oxidation and high conductivity. SFM anodes demonstrate better resistance to
Jroesee),

sulfur poisoning and carbon deposition than Ni-based fuel electrodes in the use of hydrocarbon fue
The principle of the SFM-based anode using hydrogen fuel is that the anode accepts oxygen ions conducted
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Table 1. The summary of Sr,FeMoO, (SFM) synthesis methods

. Precursor . Reaction conditions Grain Oxygen
Synthetic Ligand T t size  ADs (%) vacancies Ref
method Sr source Fe source Mo source /medium omperature Time [h] Atmosphere '

[°c1 (nm) ()
Sol-gel (CH5CO),Sr Fe(NO3);9H,0  MoO, Citric acid 1,700 + 1,200 3h+2h Air +5% H,-Ar  -900 - - [20]
method monohydrate
Sr(NO,), Fe(NO3);9H,0  (NH,)¢Mo,0,,4H,0  C,H;0,H,0 900 +1,150 10h+12h Air +5% H,-Ar  ~-800  ~10.96% - [56]
Sr(NO5), Fe(NO3);9H,0  (NH,)¢(Mo,0,,4H,0  Citric acid 900 - 5% H,-Ar - - - [26]
monohydrate
Sr(NO5), Fe(NO3);9H,0  (NH,)¢(Mo,0,,4H,0  Citric acid 450 + 750 1.5h+3h Air +5% H,-Ar  -250  5.1% - [23]
/NHyH,0/H,0
Sr(NO,), Fe(NO3);9H,0  (NH,)¢Mo,0,,4H,0  Citric acid 600 +800+1200 5S5h+4h+12h Air+5%H,-Ar - - - [24]
Sr(NO,), Fe(NO5);4H,0 Mo powder Citric acid 500 + 1,050 2h+38h Air+5% H,-Ar  ~200  ~10% - [30]
/NHH,0/H,0
Sr(OH),nH,O0  Fe(NO;);9H,0  (NH¢Mo,0,,4H,0  Acetic acid 1,000 8h N, ~1,000 - - [58]
/acetone
/oxalic acid
(CH5CO),Sr Fe(NO3);9H,0  MoO, Citric acid 900 + 1,200 3h+2h Air +5% H,-Ar ~ ~1100 - - [21]
monohydrate
Sr(NO3) Fe(NO5);9H,0  (NH,) Mo,0,,4H,0  Citric acid 700 +1,000 6h+3h Air +3% H,-Ar - - - [59]
372 373 2 476 724 2 2
/NH5:H,0
Sr(NO,), Fe(NO3);9H,0  MoO, Citric acid 900 +1,200 3h+3h Air +5% H,-Ar  -340 - - [28]
Sr(NO5), Fe(NO3);9H,0  (NH,)¢Mo,0,,-4H,0  Citric acid 500 + 700 6h Air +1% H,-Ar ~ ~100 - - [60]
/NH5;:H,0/H,0
Solid-state SrO Fe,0, MoO, - 1,100 2h 5% H,-Ar ~200  16.55% - [61]
reaction
method SrCO, Fe,0, MoO, - - - - - - - [25]
SrCO, Fe,04 MoO, Isopropyl-alcohol 1,000 + 1,150 3h+3h 0,+5%H,-N, - - - [62]
SrCO, Fe,O; MoO, Ethanol 900 +1,060 4h+4h Air +5% H,-Ar - - - [47]
SrCO, Fe,0, MoO, - 900 +1,200 3h+75h Air +5% H,-Ar - 14% 5.58 [63]
SrO Fe,0, MoO, Ethanol 900 + 1,200 3h+2h Air +5% H,-Ar ~ ~1,200 - - [21]
SrCO, Fe,O; MoO, - 900 +1,200 3h+15h Air+6% H,-N, - - - [64]
SrO Fe,O; MoO4 - 1,700 + 1,200 3h+2h Air +5% H,-Ar  ~1,300 - - [20]
Hydrothermal Sr(NO5), Fe(NO;9H,0  (NH,)¢Mo,0,,4H,0  NaCit 1,150 8h 5% H,-Ar - - - [26]
preparation /deionized water
method
Thermal decomposition of ~ C,oH,,SrO, CisH,FeOg CioHiuMoOg Oleic acid, 900 5h 5% H,-N, - - - [26]
a metal-organic salt in oleyl amine,

an organic solvent benzyl ether
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from the cathode, and hydrogen dissociates into protons at the corresponding active site and combines with

conducted oxygen ions to form water molecules [Figure 2I]. The process converts chemical energy into

electrical energy, and the fuel oxidation process becomes more complex based on the diversification of fuel
[67]

gases'’).

The process of direct methane and hydrogen utilization when SFM materials were used as SOFC anodes
was investigated. It was discovered that SFM as an anode exhibited power densities of 864.7 and
604.8 mW-cm? under a hydrogen atmosphere and a dry methane atmosphere at 850 °C, demonstrating the
excellent catalytic activity of SEM for hydrogen and methane"”. The properties of SFM breakdown into
SrMoQ, and SrFeQ, in a high-temperature oxidation environment were investigated, and the redox stability
of the material was derived from the maximum solubility of SFM in the air, which can only exist in the air at
most Sr,Fe, ., Mo, O, single phase”. Sr,Fe, Mo,.O, (SF1.5M) can exist stably in the air or a reducing
atmosphere when applied to symmetric SOFCs***". The polarization resistance of SF1.5M in a humidified
hydrogen atmosphere was 0.21 Q-cm® at 850 °C, 0.27 Q-cm’ at 800 °C, and 0.46 Q-cm*® at 750 °C. The
excellent redox stability and good properties of SF1.5M make it a promising electrode material in SOC
electrodes”* ™). Although SFM as a SOFC anode shows acceptable hydrogen oxidation and methane
splitting capabilities, its activity is still lower than that of Ni-YSZ anodes. Therefore, the current research
still focuses on how to improve the catalytic activity of SEM-based electrodes.

Sr,FeMoO, electrode materials for SOC cathodes

DP SEM can be used as the cathode of SOEC. CO, fuel gas is employed by SFM-based SOEC cathodes
[Figure 2]]"7". CO, takes electrons in the cathode to form CO and oxygen ions, while oxygen ions are
transported to the anode via the electrolyte. The oxygen ions are sent to the anode and lose electrons to
produce oxygen molecules””.

SEFM is developed as a SOEC cathode with a current density of roughly 0.8 A-cm™ at 800 °C and a potential
of 1.5 V under pure CO,". SFM and La,,Sr,,Ga, Mg,,O, (LSGM) were combined as electrodes for
symmetrical cells, showing high current density and good stability. 20% SFM-LSGM|LSGM|20% SFM-
LSGM were prepared for CO, electrolysis by simple casting strip and permeation methods. At 800 °C, the
current density was 1.24 A-cm™ at an applied potential of 1.5 V. Under a pure CO, atmosphere, the cell ran
for 53 h without carbon deposition"®. Furthermore, based on the instability of SFM in an oxidizing
atmosphere, redox-stable SF1.5M was proposed for SOEC electrodes. The use of SF1.5M for hydrogen
production by water electrolysis on the fuel electrode of SOEC was studied. At 900 °C, with absolute
humidity of 60%, and applied voltage of 1.3 V, the electrolysis current was 0.88 A-cm™ and the hydrogen
production rate was 380 mL-cm™h, while also demonstrating outstanding stability due to the stability of
SF1.5M itself in a high-temperature redox atmosphere'”. Compared to SFM, SF1.5M not only had good
redox stability but also exhibited faster reaction kinetics. When running at 800 °C, the SF1.5M reversible
SOC had a high power density of 1.24 W-cm™ under hydrogen and a significant electrolytic current of
1.5 A-cm” at 1.5 V when utilizing CO, as fuel™!. The reason for the fast kinetics of electrocatalytic reaction
of SF1.5M was that increasing the Fe content in SF1.5M enhanced the metal-oxygen hybrid state, which
promoted the p-band center of lattice oxygen towards the Fermi level and boosted the intrinsic catalytic
activity of SF1.5M".

Not only for SOEC cathodes, SFM can also be applied to SOFC cathodes. SFM also exhibited certain oxygen
reduction activity when used as a SOFC cathode. SFM|LSGM|SFM was prepared with a symmetrical
configuration, and it was found that the cell exhibited power densities of 0.025, 0.125, and 0.25 W-cm™ at
700, 750 and 800 °C under pure hydrogen atmosphere. Although SFM exhibits good activity in CO,RR, it is
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still too early to be truly applied. Manipulating SFM to achieve better activity and stability is the future
development direction.

Sr,FeMoO,-based catalyst for oxygen evolution reaction
Perovskite oxides have already emerged as promising oxygen evolution reaction (OER) catalysts due to their
great structural controllability and mixed conductivity”*7.

Previous studies showed that doping can significantly enhance the performance of OER. The presence of
oxygen vacancies enhanced the OER performance of perovskite catalysts. For instance, the SEFM-based triple
perovskite oxide Sr.NiFeMoO, required 260 mV to reach an anode current density of 10 mA-cm™ under
alkaline conditions, which was much lower than SFM’s overpotential of 297 mV. And the triple perovskite
Sr.NiFeMoO, showed the smallest Tafel slope (42.3 mV-dec") compared to SFM (64.5 mV-dec’)". In
addition, in-situ exsolution plays an important role in the OER performance enhancement. SEM-based
Sr,Fe, .Ni ,Mo,.0, (SENM) can produce oxygen vacancies and in-situ exsolution of Fe-Ni NPs due to
treatment under a reducing atmosphere, reaching a current density of 10 mA-cm? at an overpotential of
360 mV, and a Tafel slope of 59 mV-dec’, showing excellent OER activity”. The perovskite oxide
Sr,,.Fe,,,Co,,.M0O, based on SFM showed that Co can be segregated on the surface of SFM lattice to
generate Co NPs and an amorphous phosphating layer can be obtained by phosphating”. The generated

1.92

Co/SEM-P had outstanding activity and stability for OER, which came from the strong synergy between Co
NPs and the oxide substrate”™. Because of its unique properties, SFM was expected to become a material
capable of replacing noble metals-based catalysts. However, their activity is still not as good as that of
traditional noble metal-based OER catalysts*". The OER activity of SEM-based catalysts still needs further
improvement.

Generally, the applications of SFM catalysts in the field of electrocatalysis have great potential. However,
compared to Ni-based electrodes, they still face some challenges due to insufficient activity. To improve the
catalytic activity of the SFM catalyst and promote its application in SOC, it is necessary to control its crystal
and electronic structure, deepen the understanding of the catalytic mechanism, and optimize its surface and
interface design.

Modulation of SOC Sr,FeMoO,-based catalysts

Currently, there are three main methods to improve the electrochemical performance of SFM-based
catalysts for SOC electrode materials, namely surface modification, element doping, and in-situ exsolution,
among which element doping and in-situ exsolution strategies based on element doping are current
research hotspots.

Surface modification

SFM-based catalysts must have good chemical stability, thermal stability, and mixed conductivity at SOC
working temperatures and in various atmospheres. As a result, one important approach to improve the
performance of SFM-based electrocatalysts is surface modification (impregnation/infiltration).
Impregnation/infiltration refers to the use of a liquid phase containing the desired components to infiltrate
the porous SOC electrode substrate and then carry out a certain heat treatment to produce a specific
nanostructured interface on the electrode surface so that the impregnated electrode exhibits lower resistance
and better electrochemical performance"****. SEM was impregnated with Pd or Co-Ni-Mo on the surface
using the glycine-mediated impregnation method and used for SOFC electrodes. The Pd and Co-Ni-Mo-
impregnated SFM had R, values of 0.087 and 0.060 Q-cm* under humidified H, at 800 °C, respectively, while
the produced single cells had power densities of 1,066 and 480 mW-cm™ in hydrogen and methane
atmospheres at 800 °C, respectively. The results showed that the impregnation effectively improved the
catalytic activity of the SFM electrode'™.
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At present, there are not many studies on the surface modification of SFM. The surface modification studies
of SF1.5M are more diverse. Wang et al. increased the CO,RR activity of SF1.5M by impregnating
nano-sized Pr,0,, on the surface of the SF1.5M electrode'™. Zhang et al. successfully improved the
electrochemical performance of SOEC by constructing a composite heterogeneous interface between
alkaline earth metal oxide and SF1.5M electrode through infiltration®. It is not difficult to see that the
current researches are mainly focused on the impregnation of oxides (e.g., Gd-doped ceria, alkaline-earth
metal oxide, and Pr,O,,) or metals (e.g., Ni and Ru) on the surface of the electrode to form an oxide-oxide/
metal-oxide heterojunction®*. Hence, in terms of surface modification, promising catalysts are SFM
electrodes covered with oxide/active transition metal particles. However, many scientific questions still exist
in surface modification, such as how surface modification interacts with the SFM catalyst matrix to affect
electrode reactions and how nano coatings composed of surface modification affect the electrocatalytic
process.

Element doping

In the regulation of SFM-based catalysts, element doping is a research hotspot. Firstly, based on the
structural characteristics of perovskite, element doping can well regulate the structure of SEM, thereby
improving its intrinsic activity. Secondly, the in-situ exsolution strategy based on element doping can
construct the metal-oxide heterogeneous interface from the bottom up, which improves the performance of
the SOC electrode while maintaining long-term stability'*>*. The basic principle of elemental doping is
doping various elements based on the different actions of A, B, and O ions in the perovskite oxide structure.
The partial replacement of their ions has the effect of regulating the chemical composition of perovskite and
the lattice structure, allowing the structure’s oxygen vacancy concentration to be adjusted, the crystal
geometry to be improved, and the performance of electron conduction to be promoted"**..

Element doping at various locations can result in a variety of outcomes. The A-site ions are primarily
responsible for the stability of the perovskite structure. Doping and defects of A-site ions can also affect the
oxygen conductivity of the material itself by affecting the generation of oxygen vacancies. Because A-site
doping alters the ratios of Fe*'/Fe’* and Mo*/Mo®" in SFM, it can affect the crystal structure and electronic
characteristics of perovskite, and hence its chemical properties**". Doping of B-site ions is the most
common doping strategy; using different types and amounts of transition metal ions in the B-site of
perovskite, the conduction of electrons can be adjusted. The in-situ exsolution strategies differ from
conventional element doping methods. They introduce active transition metals into the interior of the
crystal lattice to cause phase transformation of the main phase perovskite under specific conditions, hence
optimizing the surface and interface structure of the perovskite!*”*>*°.

A-site modulation

Substitution of A-site ions, whether partial or complete, is an effective approach for regulating the
electrocatalytic performance of SFM-based electrocatalysts. The A-site ion Sr** in SFM can be partially or
entirely substituted by alkaline metals (e.g., Na and Cs) or lanthanides (e.g., Ce and La) to achieve increased
activity. Since the ionic radius of Sr, Ba, and Ca are similar, the A,FeMoO, (A = Ca, Sr, Ba) were investigated
as a potential anode material for SOFCs, and the performance of the anode materials followed Ca,FeMoO, <
Ba,FeMoO, < SEM™”. At 850 °C, the maximum power density of SFM anode cells was 831 mW-cm™ in dry
H, and 735 mW-cm™ in commercial city gas, respectively'*”. The high conductivity of A,FeMoO, (AFM,
A =Ca, Sr, Ba) as the SOFC anode was studied, and they have good structural stability under a high-
temperature reducing atmosphere, with no phase decomposition, and demonstrate good thermal matching
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with the electrolyte material. The Ba,FeMoO, and SFM anodes were evaluated from the performance point
of view, and the maximum power densities under a hydrogen atmosphere were 605 and 757 mW-cm?,
respectively'*. The aforementioned results suggest that a complete substitution of the A-site ion strategy
may be a good element doping strategy.

The partial doping strategy of A-site ions of SFM is more mainstream. The effects of potassium doping SFM
on crystal structure and magnetism were investigated. It was discovered that potassium doping effectively
regulated the ADs in Sr, K,FeMoO, (0 < x < 0.04). The presence of ADs affected the formation energy of
oxygen vacancies, and the large radius of potassium ions caused changes in the crystal structure, making the
crystals more symmetrical and favorable for magnetic'***”". DFT calculation was used to study the crystal and
electronic structure of La** doped with SFM and the electrochemical performance of the Sr, La FeMoO,
anode. With the doping of La, Sr, .La,FeMoO, gradually changed from the tetragonal crystal system to the
orthogonal crystal system with higher symmetry. The introduction of La ions served to increase the
additional electrons on the e, and t,, anti-bond orbitals of Fe/Mo ions. The increase of electrons in the
antibonding orbital led to the increase of oxygen vacancy concentration of Sr,,La,FeMoO,, so
Sr, La,FeMoO, had excellent performance when used as an anode of SOFC"*”. La doping influenced not
only the electrical structure but also the crystal structure of SEM. The effects of La on crystal structure, grain
morphology, and electrical properties of SEM were investigated. The doping of La boosted the number of
grain nucleation centers, which, in turn, increased small-sized grains and refined the grains. The resistance
of the La-doped SEM was lower than that of the matrix SFM"”. In summary, partial substitution of A-site
ions can effectively regulate the crystal/electronic structure of SFM.

In comparison to the doping strategy, regulating the defect number of A-site ions can promote the valence
state change of the B-site ions to form additional oxygen vacancies. Artificially creating A-site defects may
be able to drive the in-situ exsolution of B-site transition metal ions, significantly improving the activity of
SFM-based catalysts"*"?. Sr.Fe, .Mo,.O, (x = 1.9-2.0) was investigated as a SOFC cathode. It was
discovered that as the number of defects increased, the unit cell characteristics became orthogonal.
Simultaneously, the rise in A-site defects caused a shift in the proportion of redox couples of S.F1.5M,
which directly influenced the material’s conductivity. S,,.,F1.5M was constructed as a SOFC cathode, with
the maximum power density reaching 1,083 mW-cm™ at 800 °C"”. Under certain conditions, NPs can be
exsolved in-situ on the surface of perovskite oxides with A-site defects and the doping of transition metal
ions"*. Feng et al. studied Ni-doped Sr, Fe, Ni, O, (x = 0-0.1) with A-site defects and discovered Ni NPs in
X-ray diffraction (XRD) and scanning electron microscopy"'*.. It can be inferred that in-situ exsolution can
be promoted by combining the two strategies of regulating A-site defects and B-site doping.

Obviously, the regulation of the A-site ions of SFM is mainly focused on doping and defect modulation. The
electronic structure of SFM can be regulated by doping elements with a similar ion radius to Sr (e.g., IA
main group elements, ITA main group elements, lanthanides), and then, the electrochemical reaction
process of SFM to fuel gas can be promoted. The preferred A-site doping element is La. The doping of La
successfully modulated the electronic structure of SFM, reduced the oxygen vacancy formation energy of
SFM, and improved its catalytic activity for methane and hydrogen"®. In addition, the radii of Pr and Sr are
similar, and there are related research suggests excellent electrochemical performance of Pr-doped SF1.5sM
excellent"*>'*. Therefore, Pr is also the preferred choice among the A-site elements. As Pr has f electrons,
how the doping of Pr affects the electronic structure of SFM needs to be explored. The unfavorable
segregation of Sr can be inhibited by regulating the defects of Sr ions, and the combination of this strategy
and B-site ion control can well promote the in-situ exsolution of NPs. Therefore, the A-site ion modulation
strategy has a wide range of application prospects.
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B-site modulation

Modulating the types of B-site ions in perovskite oxides is a widely employed approach in the field of SOC
material engineering. There are two primary methods for regulating the B-site ions of SFM-based
electrocatalysts. The first approach involves optimizing the Fe/Mo ratio, which has been shown to
significantly enhance the electrochemical performance of SFM as a SOC electrode®"””. The second method
involves doping the SFM material with various transition metal ions, which actively modifies the crystal and
electronic structure of SEM catalysts, thereby promoting electrocatalytic activity””**>**"*l_ Additionally,
when transition metal-doped SFM electrocatalysts (e.g., Ni, Cu, and Co) are exposed to a reducing
atmosphere, in-situ exsolution occurs, resulting in the formation of a metal-oxide heterogeneous interface.
The strong synergy between the exsolved NPs and oxide substrate changes the interaction between the
catalyst and small molecules, promoting the reaction on the surface of the electrode””***>***"*), NPs formed
through this process become embedded on the surface of the perovskite matrix, and the resulting metal-
oxide interface exhibited enhanced stability and electrocatalytic performance®'**"°.

The maximum solubility of Mo in air was determined by utilizing previously reported oxidation metrology
and lattice parameter measurements”. Reversible phase transitions of SFM under oxidative and reductive
conditions were also demonstrated [Figure 3A]. Despite the formation of a mixed phase (SFM and SrMoO,)
in SFM under oxidizing conditions, the associated insulating phase (SrMoO,) disappeared under reducing
conditions. It is inferred from Figure 3A that although the phases present in the SFM are different under
redox conditions, the performance of the SFM used for SOC may be unchanged after reduction. The cycle
number test of SFM in dry CH, and H, also showed that SFM had good stability in CH, and H,, and the
maximum power density of SFM in CH, and H, decreased slowly within 20 cycles. The test in CH, showed
that compared to the traditional Ni-based anode, SFM had better stability [Figure 3B]"”. The conductivity
test of SFM also showed that the generation of SrMoO, affected the conductivity of SEM. The conductivity
of SFM was low in an air atmosphere, with only 25 S-cm™ at 800 °C. And the conductivity of SEM (sintered
in H,/Ar) was high in hydrogen atmosphere, with nearly 250 S-cm™ at 800 °C [Figure 3C]"*. Even in
hydrogen, the conductivity of SEM synthesized under various conditions was quite different, which also
confirms the importance of synthesis methods for SFM®. Based on the maximum solubility of Mo in air,
the SF1.5M was proposed. It was observed that SF1.5M exhibited high conductivity both in air and a
reducing atmosphere and also displayed certain catalytic activity?”*”'. Figure 3D presents the XRD pattern
of SFM and SF1.5M calcined in air or H,, with a, representing the pattern of SFM obtained from air
calcination, a, and a, representing patterns of SF1.5M obtained from calcination in air and under H,
atmosphere, respectively. It can be seen that SF1.5M remained stable in phase structure compared with
matrix SEM7". Liu et al. used SF1.5M to make a symmetrical cell. By switching the fuel-side electrode
gases (hydrogen and air and emptying the fuel cell system with nitrogen), the authors tested the maximum
power density of the SF1.5sM symmetrical cell and the electrochemical impedance spectrum after each redox
cycle. There is no significant change in the electrochemical impedance spectrum and maximum power
density of SF1.5M after five redox cycles of up to 40 h, which showed the excellent stability of SF1.5sM
[Figure 3E]"*. To assess the performance of SF1.5M as SOFC anodes, a cyclic test method was employed
[Figure 3F]. By switching the fuel-side electrode gases (hydrogen and CH,, and emptying the fuel cell system
with nitrogen). After 200 h and 16 redox cycles, the maximum power density of the SF1.5sM symmetrical
cell remained stable””.

The intrinsic factors of SF1.5M electrochemical performance improvement were studied*”. The
enhancement of metal-oxygen hybridization in SF1.5M led to an increase in the oxidation state of Fe,
causing the p-band center of lattice oxygen to shift towards the Fermi energy level. Consequently, the
formation of oxygen vacancies and the migration of oxygen ions were promoted by the doping of Fe,
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Figure 3. (A) XRD patterns of (a) SFM precursor and (b) SFM-R powder and (c) SFM-R-O (O means oxidize) powder and (d)
SFM-R-O-R (R means reduce) powder; (B) Cycle number and power density test of SFM at 850 °C under CH, and H, atmosphere.
Reproduced with permission”™, Copyright 2011, Elsevier; (C) Conductivity changes of SFM synthesized under different conditions
(measured in hydrogen and air). Reproduced with permission'”, Copyright 2016, Elsevier; (D) XRD of (a;) SFM and (a,) SF1.5M
produced following 5 h calcination in air at 1,000 °C; (a;) SF1.5M as synthesized after 24 h of treatment at 1,000 °C in H, (SFM in the
figure means SF1.5M in this review). The EDX analysis of SF1.5M powders is shown in the inset; (E) Redox stability test of SF1.5M.
Reproduced with permission[e'g], Copyright 2010, Wiley-VCH; (F) 16 cycles of switching the fuel gas between hydrogen, air, and CH,, the
stability of the SF1.5M|LSGM|SF1.5M single cell at 850 °C. Reproduced with permission”®, Copyright 2011, Elsevier; (G) The occupation
of d electrons for Fe in the ideal SF1.5M and SF1.5M with oxygen vacancies; (H) lllustration of SF1.5M's unusual coordinating
environment; (1) Electrochemical performance of SEXM (X =1, 1.3, 1.5) single cells under a hydrogen atmosphere of 800 °C; (J)
Electrochemical performance of SFXM (X =1, 1.3, 1.5) single cells under a CO, atmosphere of 800 °C; (K) O K-edge X-ray absorption
spectroscopy of SF1.5M and SFM. Reproduced with permission™® Copyright 2021, Wiley-VCH. XRD: X-ray diffraction; SFM:
Sr,FeMoOg; EDX: energy dispersive X-ray spectroscopy; SEXM: Sr,Fe Mo, O, (x =1,1.3,1.5).
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resulting in enhanced catalytic activity of SF1.sM"*"'". The d electron occupancy of Fe ions in the presence
of oxygen-free vacancies in SF1.5M was investigated, utilizing crystal field theory, which examined the
impact of Fe ions on structural and energetic changes resulting from the substitution of Mo ions
[Figure 3G]. The results showed that the doping of Mo by Fe affected the generation of oxygen vacancies'*”.

The investigation of the distinctive coordination environment of SF1.5M was conducted using crystal field
theory. The structural modifications observed in SF1.5M were attributed to the augmentation of Fe
substitution for Mo, and experimental and simulation analyses confirmed that the Fe*' content in SF1.5M
exceeded that of SFM [Figure 3H]". SF1.5M electrodes showed a high peak power density of 1.24 W-cm™
achieved under a pure hydrogen atmosphere at 800 °C when used as SOFC anodes [Figure 3I]. Additionally,
under a pure CO, atmosphere, the SF1.5M exhibited a high electrolytic current density of 1.2 A-cm™ at a
voltage of 1.4 V [Figure 3]]". It was evident that as the Fe content gradually increased, the performance of
the SFM electrocatalyst improved. The results of O K-edge X-ray absorption spectroscopy showed that the
enhancements of the electrochemical performance of SF1.5M were related to the enhancement of metal-

[49]

oxygen hybridization [Figure 3K]".

Transition metal ion doping SFM is also a strategy to enhance the electrocatalytic performance of SFM
catalysts. The redox stability of the SFM matrix material was enhanced by doping the transition metal Mg
into SFM, which was achieved by having the Fe ions in the driving SFM occupy two B-sites, resulting in a
lattice structure denoted as Sr,(Mg,,.Fe,..)(Mo,,.Fe,.)O, (SFMM) [Figure 4A]""**. The introduction of Mg
was considered a beneficial enhancement for the redox stability of the SFM matrix material. The findings
from the high-temperature XRD analysis supported the aforementioned claims [Figure 4B]. Specifically,
under an inert atmosphere, the temperature-dependent behavior of SEFMM revealed a transition from a
tetragonal crystal structure to a cubic lattice structure, which led to an enhancement in the crystal’s
symmetry. Notably, no splitting of the diffraction peak was observed in high-temperature XRD, indicating
the stability of the SFMM at high temperatures. Figure 4C shows the change of the total resistance of the
SEMM with time under alternating cycles of redox atmosphere. The obtained resistivity data demonstrated
good reproducibility and further supported the stability and reliability of SFMM in different gas
environments™. In addition to exhibiting preeminent redox stability, SFMM demonstrated superior
electrochemical performance, which achieved remarkable power densities of 531, 803, 1,038, and
1,316 mW-cm” when operated in a pure hydrogen atmosphere at temperatures of 750, 800, 850, and 900 °C,
respectively [Figure 4D]"?. Based on the previous results, it had been demonstrated that the enhanced
electrocatalytic performance of SEMM can be attributed to the doping of Mg, which lacks d-electrons. The
doping of Mg led to a reduction in the coupling of the d-p band and the formation of a range of ADs, which
facilitated the generation of oxygen vacancies”"""”.. The CO, absorption signal of the reduced SFMM sample
was examined using in-situ infrared spectroscopy over a temperature range of 200-700 °C [Figure 4E]. The
doping of Mg resulted in a distinct infrared band, indicating a significant increase in the adsorption capacity
of SFMM. The Mg doping led to the formation of new adsorption sites, which was confirmed by this
observation”"""”.. During CO, electrolysis at 800 °C, the SFMM-R (SFMM-reduce) cathode exhibited an
electrolysis current density nearly twice that of SFM-R (SFM-reduce) [Figure 4F]"". Hence, the
introduction of elements lacking d electrons into DP structures presented a potentially efficacious strategy
for augmenting their catalytic performance®"''”..

Hence, the preferred B-site doping element is Mg, which reduced the d-p band coupling to increase the
catalytic activity of SFM for CO, and hydrogen"". The Mg doping enhances the redox stability of SFM and
can intrinsically regulate its electronic structure. In addition, the doping of active transition metals can
easily lead to the occurrence of in-situ exsolution. Improving the redox stability of SFM through the
regulation of B-site transition metal ions remains to be explored. There is no doubt that the B-site ion
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Figure 4. (A) Possible mechanisms of anti-site defects development in SFMM; (B) XRD of SFMM precursor at high temperatures from
25-1,000 °C in Argon; (C) SFMM redox cycling resistivity at 800 °C; (D) current voltage and related power density for single cell SFMM
with 300 pm LSGM. Reproduced with permission™?, Copyright 2018, Wiley-VCH; (E) At an ambient temperature of 700 °C, in-situ
infrared spectroscopy was used to investigate the adsorption of CO,; (F) Comparison of current density produced with SOEC cathode
prepared by SFM-R and SFMM-R at various applied potentials. Reproduced with permission™"”, Copyright 2021, Elsevier; (G) Structure
and surface morphology evolution models of SFMNi fuel electrode in H, atmosphere; (H) voltage and power density characteristics
about the current density of a cell SFEMNi/LDC/LSGM/LSCF with LSGM electrolyte support, operated under CH, conditions; (1) Nyquist
points of impedance data from symmetrical cells SFMNi/LDC/LSGM/LDC/SFMNi measured in pure H, at different temperatures under
open-circuit voltage. Reproduced with permission®” Copyright 2016, American Chemical Society. SFMM:
Sr,(Mg, 5Fe, 5)(Mo, sFe, 5)O XRD: X-ray diffraction; SOEC: solid oxide electrolysis cell; LSGM: La,,Sr, 3Ga, sMg,,05 SFM-R:
Sr,FeMoOQ,-reduce; SFMM-R: Sr,(Mg, 5Fe, 5)(Mo, sFe, 5)O4-reduce; LDC: La doped ceria; LSCF: Lag (St ,Co,,Feq 05

modulation of SFM is the most promising regulatory strategy. First of all, nearly 30 elements can be doped
in the B-site, which indicates the regulatory strategies of B ions are very diverse. Secondly, the electron
conduction of SFM needs to be achieved by the B-site active element. At the same time, the adsorption and
activation sites of fuel gas are more concentrated in B-site active ions. Therefore, the regulation of the B-site
ion of SFM holds significant importance in the application of SOC.
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In-situ exsolution

In-situ exsolution is performed under SOC operating conditions, and the high temperature,
reduction atmosphere, and electric potential drive induce the reconstruction of the crystal structure and
the formation of oxygen vacancies. The formation of a large number of oxygen vacancies makes it
easier for B-site transition metal ions to aggregate on the surface and pin to the oxide surface, thus
forming a heterogeneous interface®"”. In the traditional surface modification method, due to the
diversification of oxide surfaces, it is difficult for traditional surface modification methods to uniformly
control the size and morphology of NPs. The weak adsorption between oxides and NPs brought about
by traditional surface modification methods leads to unsatisfactory agglomeration of metal particles on
the surface of the catalyst, resulting in a decrease in the activity of the catalyst™***""*. Compared to
traditional surface modification methods, in-situ exsolution enables more uniform and fine NPs to be
anchored into the oxide surface. The alloy NPs embedded in the oxide have the characteristics of anti-
agglomeration and high catalytic activity, which is also the reason for the high activity and stability of the
SOC electrode regulated by in-situ exsolution.

The utilization of perovskite oxides as scaffolds enabled the incorporation of active transition metal ions
into the perovskite oxide structure through oxidation conditions"”. Subsequently, these ions can be
exsolved in-situ under a reducing atmosphere, growing NPs on the oxide surface, which facilitated the
anchoring of NPs that were more uniform and fine, eliminating the need for multiple complex steps,
thereby significantly enhancing its performance. The SFM was transformed into a heterostructure of NPs
and oxides by in-situ exsolution. The synergistic effect between the abundant oxygen vacancies in perovskite
oxides and NPs was significant, thereby significantly improving the catalytic activity of SEM">"**"**/. The
latest research showed that it is possible to anchor the single Ru atoms on the metal oxide and apply it to the
SOEC test by strong covalent metal-support interaction""”. This may be a new direction for future SFM-
related research to carry out SOC electrode modification at the atomic-scale level through the interface
effect.

Due to the comparable ion radius and valence between Ni and Fe, the substitution of Ni for B-site ions in
SEM was a common practice. Hence, the anode material Sr,FeMo, .Ni,..O, (SFMNi) with high performance
in SOFC was investigated. A schematic diagram illustrates the structural transformation and surface
morphology evolution of SEMNi when subjected to a reducing atmosphere [Figure 4G]*”. Under the
reduction conditions, the SEMNIi underwent reduction, resulting in the formation of Ruddlesden-Popper
(RP) phase Sr,FeMoO, [a layered perovskite (LP)], while the internal structure of SFMNi remained as a DP.
Additionally, Fe-Ni alloy NPs grew in-situ on the surface of oxide, leading to a significant enhancement in
the electrochemical performance of electrocatalysts””. Furthermore, in the methane atmosphere at 850 °C,
the power density of the SFMNi anode reached 500 mW-cm™ [Figure 4H]"". The electrochemical
impedance spectrum of the SFMNi anode revealed its exceptional electrochemical performance. At
temperatures of 700, 750, 800, and 850 °C, the anode exhibited impedances of 0.565, 0.290, 0.163, and
0.106 Q-cm?, respectively [Figure 41]"7.

Compared with SFM, SF1.5M had better redox stability"'*"”.. Consequently, the introduction of doped
transition metals into redox-stable SF1.5M maintained amazing structural stability while promoting the
formation of metal-oxide heterogeneous interfaces on the surface of materials"'*"*. To better understand
the whole process of in-situ exsolution, a series of advanced electrochemical in-situ characterization
methods were used. Figure 5 illustrates the results obtained from in-situ TEM, which demonstrated the
reversible nature of the phase transition of Co-Fe NPs under different atmospheres"*. Specifically,
Figure 6A depicts the schematic representation of the reversible phase transition under an oxidizing
atmosphere and the growth of alloy NPs under a hydrogen atmosphere of Co-doped SF1.5sM"*. Figure 6B
and C shows 12 redox stabilization and electrolysis tests performed on Co-doped SF1.5M for 200 h at
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Figure 5. in-situ STEM images of Co-doped SF1.5M before and after reduction, after re-oxidation. (A) SEM images of a redox cycle at
800 °C; the R in the image is for reduction, and the O in the picture stands for oxidation; (B) photographs of a typical region in H,
provided at 800 °C; and (C) images of a typical area in O, given at 600 °C, after that aggrandizing from 600 to 800 °C at rate of
5°C-s” and remaining at 800 °C. Reproduced with permission"”, Copyright 2020, Wiley-VCH. STEM: Scanning transmission electron
microscopy; SEM: scanning electron microscope.

800 °C. The excellent results illustrated the good stability of the metal-oxide heterogeneous interface of
Co-doped SF1.5M, which was attributed to the strong synergy between the NPs and the oxide substrate!*”.

Based on the aforementioned research findings, the strategy involving repeated redox operations of
Sr,Fe, .Ru, Mo,,O, (SFRuM) had been proposed, aiming to enrich the surface of DP with a significant
amount of Ru-Fe NPs through the dissolution and exsolution of Ru-Fe NPs"*". in-situ XRD analysis
revealed that, during the initial reduction stage, the diffraction peak intensity of the Ru-Fe alloy and its
corresponding RP phase was weak [Figure 6D]. Subsequently, in the second reduction stage, the diffraction
peak intensity of SFRuM was observed to weaken. The diffraction peak intensity of the corresponding
Ru-Fe alloy and its corresponding RP phase was enhanced, which suggested that the repeated redox
operations led to an increase of Ru-Fe alloy on the metal-oxide interface''..

Figure 6E and F illustrates the remarkable electrochemical performance of SFRuM in SOEC cathodes
during multiple redox operations. Notably, at an operating temperature and voltage of 800 °C and 1.2 V,
respectively, the electrolytic CO, current density of SFRuM-R1 cells exhibited a 51.3% increase compared to
SFRuM electrolysis cells without reduction"”". Additionally, the electrolysis stability of the SFRuM-R2
electrolytic cell was assessed, demonstrating its exceptional ability to operate stably for 1,000 h. This
confirms the stability of the NPs-oxide interface resulting from redox operations [Figure 6F]"*" These
findings have significant implications for CO, electrolysis, which can serve as a comprehensive strategy for

improving the electrochemical performance of SOC through the process of in-situ exsolution'>'..

The in-situ exsolution method of perovskites exhibits broad applicability across various domains,
particularly in the context of CO,RR. However, certain challenges persist, notably the inadequate stability of
perovskites containing dissolved NPs at high voltage conditions, which significantly impeded their practical
application"”>"””. Hence, the perovskite SFNM was utilized as a prototype to study the connection of
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Figure 6. (A) The schematic diagram illustrates the in-situ exsolution and dissolution course of Co-doped SF1.5M; (B) The redox stability
test of the Co-doped SF1.5M-GDC 2 h cell was evaluated at an operating voltage of 1.2 V and a temperature of 800 °C; (C) the stability
test of Co-doped SF1.5M-GDC and Co-doped SF1.5M-GDC 2 h cell. Reproduced with permission”*”, Copyright 2020, Wiley-VCH; (D)
At 800 °C, in-situ XRD patterns of as-prepared SFRuM after switching between reducing and oxidizing atmospheres; (E) SFRUM-GDC
cell CO, electrolysis performance after six redox cycles at 1.2 V and 800 °C; (F) At 800 °C and 1.2 V, the stability test of the SFRuM R2
cell and Faradaic efficiencies of CO were tested. Reproduced with permissionm”,Copyright 2021, Springer Nature; (G) At high negative
potentials, the processes of degradation caused by structural evolution; (H) The 15-min potential step chronoamperometry current
density response curves; (1) Raman spectra were collected from the cathode surface of SFNM+0.0Fe-red-GDC and SFNM+1.2Fe-red-
GDC after the long-term stability test. Reproduced with permission™'**, Copyright 2022, Springer Nature. XRD: X-ray diffraction; SFRuM:
Sr,Fe, ,Ruy;Mo, :O,; GDC: Gd doped ceria.

structural changes and in-situ exsolution"*'"*". By using SFNM as a representative example, the impact of
the evolution of the perovskite matrix structure on stability was elucidated. By introducing foreign Fe ions
onto the perovskite surface, Zhang et al. completed the reversible regulation of perovskite phase
transformation by controlling the reduction conditions"**"**.. The structural evolution process of SENM
supplemented with foreign Fe ions during the electrolysis of CO, was explained in Figure 6G"**. Figure 6H
presents the step-over-step amperometric measurement of the SENM cathode, both with and without the
introduction of foreign Fe ions, which suggested that SENM supplemented with foreign Fe ions
demonstrates favorable short-term stability at high voltage"*. Furthermore, after subjecting SFNM to a
long-term stability test lasting 100 h, it was evident from Figure 6I that SFNM, without the addition of
foreign Fe ions, underwent surface alterations"*). The presence of a segregating site, where SrCO, and
SrMoO, compounds were formed, effectively inhibited the interaction between CO, and the active site,
thereby impeding the process of CO, electrolysis'**. However, the addition of foreign Fe ions to the SFNM
catalyst effectively mitigates this issue, resulting in improved stability!>*'>*,
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The strategy enabled control over the structural transformation of the primary perovskite phase from a DP
to LP, while simultaneously controlling the dissolution and exsolution of alloy particles"**'**. By optimizing
the interface structure design of the perovskite surface, the important role of phase structure transition in
the catalytic mechanism of perovskite can be better understood [Figure 7A]"*. The study revealed that the
interface structure featuring DP-NPs exhibited the most pronounced catalytic activity. The interface
structure comprising LP-NPs demonstrated superior stability, which contributed to a deeper
comprehension of the catalytic reaction mechanism through the mechanism of in-situ exsolution
[Figure 7B]"*.

The DFT calculation was used to study the heterogeneous interface of CO, adsorption in different
configurations of perovskite oxide SFNM-metal NPs. The CO, adsorption at V, was the most stable on the
surface of DP-V, and LP-V, without in-situ exsolution [Figure 7C]. LP-V, showed stronger chemical
adsorption of CO,, and for the case involving in-situ exsolution of Fe-Ni alloy, CO, was more inclined to
adsorb Fe-Ni clusters exsolved in-situ [Figure 7C]"*!. Among them, the C atom was bonded with the Fe ion
of the Fe-Ni cluster, and the CO, molecule was attached to the oxygen vacancy of the substrate [Figure 7C].
The DP-NPs model showed the strongest CO, adsorption capacity, with an E , of -2.81 eV, followed by the
LP-NPs model, with an E,; of -1.47 eV, and finally, the DLP-NPs (double perovskite and layered perovskite
with exsolved nanoparticles) model with E,, values of -1.04 and 0.54 eV [Figure 7C]. It was not difficult to
see that the heterogeneous interface with pure DP substrate was generally stronger for CO, adsorption
capacity, and on the heterogeneous interface with DLP mixed substrate, DP was also stronger for CO,
adsorption capacity"**..

The SFM was transformed into a heterostructure of NPs and oxides by in-situ exsolution. The synergistic
effect between the abundant oxygen vacancies in perovskite oxides and NPs was significant, thereby
substantially improving the catalytic activity of SEM. The in-situ exsolution strategy is currently a research
hotspot in the field of SOC. By combining the in-situ exsolution strategy with the B-site ion regulation
strategy, the NPs-oxide heterogeneous interface can be formed in-situ under certain conditions. Compared
with traditional impregnation methods, the SOC electrode obtained by the in-situ exsolution method has
higher catalytic activity of SEM. The latest research showed that it is possible to anchor the single Ru atoms
on the metal oxide and apply it to the SOEC test by strong covalent metal-support interaction. This may be
a new direction for future SFM-related research to carry out SOC electrode modification at the atomic-scale
level through the interface effect. Interface can be formed in-situ under certain conditions. Compared with
traditional impregnation methods, the SOC electrode obtained by the in-situ exsolution method has higher
activity and stability while saving costs. However, the structure and mechanism formation process related to
in-situ exsolution still needs to be explored urgently. Fe is more easily dissolved in-situ in combination with
catalytically active transition metal cations (e.g., Ni, Co, Ru, and Cu). When Ru was doped with SF1.5M for
CO,RR, the interface between the dissolved Ru-Fe alloy and the perovskite showed high stability and
activity”). Meanwhile, the combination of Ni and Fe to form an in-sifu exsolution has also attracted
extensive attention. The boundary between in-situ exsolution and structural stability, that is, the extent to
which active transition metal ion doping contributes to in-situ exsolution, warrants further investigation. In
addition, the concept of in-situ exsolution is still underexplored. Current research focuses on how in-situ
exsolution can improve the performance of SOC. However, the boundary between in-situ exsolution and
element doping remains a subject requiring exploration, that is, how to determine the doping ratio of active
transition metals and weigh the relationship between the structure of the electrode surface interface and the
improvement of the intrinsic electronic structure of the material is crucial. This area may also be the
direction of future research.
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Within the SOC segment, the main methods of regulating electrocatalysts based on elemental doping are
A-site ions regulation, B-site ions regulation, and in-situ exsolution strategy [Figure 8]. At present, the
research mainly focuses on the regulation of the effects of A and B ions on the crystal and electronic
structure of SFM electrocatalysts. The beneficial effects of crystal structure and electronic structure change
on electrochemical performance are highlighted. The relationship between crystal/electronic structure and
electrochemical performance is effectively constructed. However, given the variety of perovskite oxides, it is
critical to uncover the relationship between the performance and parameters of SFM-based catalysts, and it
is possible to propose descriptors that can specifically describe the activity of SEM-based electrodes to guide
the prediction of new materials with higher efficiency, thereby avoiding long experimental cycles, which
may be the trend of material design in the era of artificial intelligence.

CHALLENGES AND OUTLOOK

Despite the wide use of SFM-based electrocatalysts in SOC electrodes owing to their high performance,
there are still some challenges regarding the synthesis, modulation and application of SFM-based
electrocatalysts.
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Most studies modulate the magnetic properties of SFM by regulating the synthesis conditions. Conversely, a
limited amount of research is dedicated to exploring the preparation of SFM specifically for catalytic
applications. Selecting appropriate preparation methods, synthesizing high-purity SFM-based catalysts
applied to electrocatalysis, studying the influence of different preparation methods on the physical and
chemical properties of SFM-based electrocatalysts, and then elucidating the relationship between synthesis
and performance may be one of the essential directions of SFM catalyst synthesis in the future.

The main strategies to regulate the activity of SFM-based electrocatalysts are A/B site modulation and
in-situ exsolution. The ion substitution strategy can regulate the intrinsic structure of SFM, but the intrinsic
relationship between the structure and the electrocatalytic activity of SFM needs to be investigated. A clear
understanding of the structure-activity relationship of SFM is the basis for improving its electrocatalytic
activity. At present, extensive research has been conducted on the in-situ exsolution of SFM-based
electrocatalysts. The enhancement of catalytic activity and stability of these electrocatalysts can be achieved
by constructing heterojunctions via in-situ exsolution. Nevertheless, owing to the intricate nature of nano-
heterostructures, numerous obstacles arise. The intricate nature of their formation process often surpasses
the existing model. Therefore, it is necessary to comprehensively study the whole process of in-situ
exsolution and dissolution, and the in-situ exsolution process involves the nucleation and growth of grains;
considering the impact of grain nucleation and growth on the interface effect of electrocatalyst surface, it is
necessary to study the mechanism of in-situ exsolution more thoroughly.
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Ultimately, by comprehending the whole process of in-situ exsolution, it becomes possible to exert
improved control over the surface morphology of SEM-based electrocatalysts through the manipulation of
experimental conditions and preparation methods. Additionally, the utilization of more in-situ and real-
time electrochemical characterization methods enables the identification of rate-limiting steps and catalytic
reactions occurring on the surface of SOC electrodes"””. Establishing the relationship between electrode
performance and structure and influencing the electrocatalytic activity of electrocatalysts through precise
structure and surface interface regulation may be the desired goal.

Furthermore, SFM, a perovskite oxide exhibiting giant magnetoresistance at room temperature, has found
extensive applications in the realm of spintronics™’. Regrettably, there is a dearth of studies exploring the
relationship between magnetism and electrocatalysis, specifically the influence of particle spin on the
electrocatalytic reaction pathway!"***’.. It has been shown that it is feasible to improve the electrocatalytic
activity of SFM through spin regulation based on the spin-orbit coupling exchange interaction of
ferromagnetic materials"****.. Hence, the correlation between spin and electrocatalysis has the potential to
provide insights into the development of catalysts based on SFM.

Due to its magnetic and catalytic properties, SFM has attracted much attention in the field of spintronics
and electrochemistry and has a good application prospect. However, from laboratory scale to industrial
scale production, there will inevitably be problems, such as the mismatch of thermal expansion coefficients,
the poor life of the stack, and the degradation of performance after the increase of cell area, which may be
the basis for SFM-based catalysts to have a broader future.

In addition, SFM has excellent ionic conductivity, which may be the basis for potential applications for
solid-state gas sensors and gas separation membranes. Although SFM cannot be stabilized under air, the
stability of SFM in air and the concentration of oxygen vacancies can be controlled by atomic substitution,
which can be better used in sensors and gas separation membranes. Compared with the proton conductor,
the oxygen ion has a larger radius and higher activation energy. Therefore, the oxygen ion conductor
applied to SOEC needs to operate at high temperatures. While the activation energy of proton conductors is
low, limited by their low stability in the environment containing CO, and H,O, the research on SOEC is
more focused on oxygen ion conductors. In the future, SFM with high oxygen ion conduction performance
may be more used in SOEC devices.

Numerous scholarly investigations on the regulation of electrocatalysts in SOC electrodes have been
published, and the vast majority of these studies are based on experimental phenomena. In recent years,
with the rapid development of artificial intelligence and first-principles computing, it is important to obtain
potential information that may be hidden in existing data sets through data-driven methods, making it
possible to use theoretical knowledge and information science and techniques to guide the design of SOC
electrocatalysts. Consequently, the utilization of machine learning methods for the screening of SOC
electrode materials holds considerable potential******. Currently, the machine learning approach has been
employed to characterize the kinetic reaction rate of perovskite-related oxides at elevated temperatures,
which utilizes the ionic Lewis acid strength descriptor!*”. Hence, the identification of crucial catalytic
activity descriptors and the subsequent design and development of high-performance SOC electrodes using
machine learning-driven approaches pose a novel and significant undertaking.

CONCLUSION

The advancements of SFM catalysts for SOCs are summarized in this review, focusing on the synthesis,
modulation, and application. It is found that different preparation methods affect the physicochemical
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properties of SEM electrocatalysts, especially the ADs and oxygen vacancy concentrations, which are closely
related to the catalytic activity of SEM. It is necessary to take into consideration the effects of various
preparation methods on SFM electrocatalysts. A/B site doping, surface modulation, and in-situ exsolution
are the main ways of regulating. Compared with surface modification and element doping, in-situ
exsolution can better regulate the catalytic activity and stability. Surface modification is often referred to as
impregnation/infiltration, and while better electrochemical performance can be achieved by infiltrating
metals onto the electrode surface using the wet chemistry method, the potential for insufficient stability
remains. At high temperatures, the sintering or agglomeration of metal catalysts reduces the density of
active sites and the performance of SOC. Surface modification often requires complex processes and
instrumentation, which means high costs and is not conducive to the spread of large-scale manufacturing.
The traditional element doping regulates the intrinsic structure of the material through the substitution of
atoms, while the in-situ exsolution generated by the element doping can produce anti-agglomeration NPs,
which are embedded on the surface of perovskite in the form of NPs to form a NPs-oxide heterogeneous
interface, which maintains excellent stability and activity under SOC operating conditions.

Although substantial progress has been made using these regulation methods separately, the rational design
of the SEM structure combining these approaches remains an urgent issue. The main reason lies in the fact
that the relationship between the performance and structure of SFM-based catalysts is still unknown due to
the diversity of modified SFM structures. Advanced tools such as artificial intelligence are needed to solve
these problems. The applications of SEM catalysts in electrocatalysis have great potential for industrial
applications. However, compared to conventional Ni-based electrodes, there are still some challenges due to
insufficient activity and poor stability. In order to improve the catalytic activity of the SFM catalyst and
promote its application in SOGC, it is necessary to control its crystal and electronic structure, deepen the
understanding of the catalytic mechanism, and optimize its surface and interface design. This review
provides a scientific basis for the guidance of the synthesis, modulation, and application of SEM.
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