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Table 1 Comparison of electrochemical properties of self-assembled air electrode materials prepared for RSOCs application

Performance
. ) . . . Temperature/
Nominal formula Self-configured (mass fraction) Difference phase functions ° FC mode/ EC mode/ Reference
(W-cm?)  (A-cm™)
PrBapgCag 2Fe1 gCeq206-5 Bao_&xcao_zFel_gclEo_z,yOe_,; (897%) Main phase 600 0.870 1.73 [25]
BaCeOs (5.76%) Enhanced proton conductivity
CeO; (4.59%) Enhanced oxygen ion and
electron conductivity
BaCo.7(Ce0sY0.2)0303-s BaCe,Y,C0,03; (68.0%) H*/e~conductive phase 600 0.740 [27]
BaCo,CeyY,035 (32.0%) O?%/e-conductive phase
Sro9Ceo.1Fe0gNio203-5 SrFe03-5 600 0.530 0.360 [37]
Sr.CepFecNigOs_s Promoting hydration and
proton conductance
CeO; Promoting O, surface
exchange and O? transfer
NiO
Cep 2Bag 2Sro2Lag 2Cap 2C003 5 Ceo,z_yBao,zsl’o.z_xLao,z_xcao.2COO3_g Main phase 600 1.66 1.76 [26]
(81.9%)
Lao,55r0.5COO3_g (290%)
CeO; (15.2%) Provide or consume protons
BaCoo,GZr0_4O3_,; Bazl’o,82C00'1803_g (620%) 600 0.740 [28]
BaC00.96Zr0.04026+5 (38.0%)
Bao5Sr05C006F€0.2Zr01Y0103-5  BaosSrosC0o.7F€0.2Zr0,07Y0.0303-5 Promotion of electrocatalytic 600 1.10 [29]
activity
Bap 6Sr0.4C00.3F€0.2Zr0.4Y 01035 Support for microstructural
stabilization
PrBaCo1.95Zr0.0805+5 PrBa;4C01.62Zr0,08-yOs:+5 Main phase 600 0.550 [30]
BaZrO; Promote proton transfer
channel formation
Bao.ssro,s(C00,7Feo.3)o,ea75 Bao,ssro,s(C00,424(6)Feo,075(5)) two—phase interactions to [32]
W0 3125035 (W0.447(9)FE0,055(5))O3 adapt to changes in the
Bao,ssro,s(:Oo,sg(l)FEO,354(9)W0.055(3)02'30 composite environment.
Enhanced thermal and
chemical stability through
dynamic self-equilibration
(Bao_55r0_5)0_75Pro_25F80_3Wo_703ﬂ5 Pro_33Bao_25SI‘0_37C00_62F80_330},5 ngh conductivity and active 600 0.270 [33]
catalysis
Bay 3Sro.7CoFe 2sWp 75065 Improved ORR activity at low
temperatures
SrCop 7Fe(.2S¢0.103-5 Rich Sc cubic phase 600 0.410 [35]
Fewer Sc tetragonal phase
Ba1+de1_xC0205_g BaGdCOZOs_,; 650 0.870 [38]
BaCo0O3_s
Bag 55r0.5(C0o.8F€0.2)0.90Er0.103-5  BaosSro5C00.72F€0.18E10,0003-5 Provides oxygen activation 650 1.33 222 [34]
and hydration
Er,0O3 Enhanced proton conduction
Ba(CeCo0)o.4(FeZr)o 1035 BaCoy-x+y+z)CexFeyZr,03-5 Mixed ion and electron 600 0.680 [39]
conducting phase
BaCey_(xy+)CoxZIyFe;, 035 protons as the main
conducting phase.
Increased oxygen vacancy
concentration and proton
defect formation and
transport in the material
Sr4Fe,C0,013+45 SrgFegO23qs (81.0%) 600 0.660 [40]
C0304 (19.0%)
Perio,eC00,404_,; Pr4Ni1,aC01,2010_(; (896%) 600 0.860 1.81 [41]

Pr¢O11 (104%)
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Application and Research Progress of Nanotechnology in Air Electrode for Low-
Temperature Reversible Solid Oxide Cells

XUE Qiang, ZHENG Guozhu, WU Yucheng, ZHANG Guangjun, WANG Chenxiao, XIE Kaifeng, CHEN Ting, WANG Shaorong
(School of Chemical Engineering and Technology, China University of Mining and Technology, Xuzhou 221116, Jiangsu, China)

Extended Abstract

Reversible solid oxide cells (RSOCs) are electrochemical devices that can convert energy between chemical and electrical ones,
which have attracted widespread attention due to their high energy conversion efficiency, low emissions, and lack of requirement for
precious metals. They can be integrated with renewable energy systems to store excess electrical energy during periods of low
demand (valleys) and efficiently release it during periods of high demand (peaks), demonstrating great potential for promoting the
effective utilization of renewable energy and the achievement of the dual-carbon goals. The RSOCs typically operate at 700-800 C.
The high operating temperature not only impose stringent requirements on the stability and durability of electrode and electrolyte
materials, resulting in prolonged startup or shutdown times for RSOC stacks, but also poses significant challenges to the thermal
stability, thermal expansion matching, and chemical stability of sealing materials and surrounding components. These collective
requirements will lead to increased system costs and reduced operational lifespan, presenting critical barriers to practical application.
Therefore, reducing operating temperature has become a hot topic in RSOC development. If the operating temperature of RSOCs can
be reduced to 400-600 C, a better reliability of power generation and electrolysis in RSOC systems can be obtained, as well as a
lower cost,a promoted industrialization, which aligns with the national strategy of achieving carbon peaking and carbon neutrality as
soon as possible. However, as the operating temperature of RSOCs decreases, the oxygen reduction/ evolution reactions (ORR/OER)
kinetics become significantly sluggish due to the slow oxygen surface exchange rate, charge transfer, and limited bulk oxygen ion
diffusion. Consequently, the polarization resistance (Rp) of the air electrode increases drastically, which severely constrains the
practical application of RSOCs in low-temperature regime. Therefore, enhancing the ORR/OER catalytic activity of the air electrode
at low temperatures is a key factor in reducing the Rp and achieving high performance RSOCs.

Generally, air electrode materials require high electrical conductivity (electronic, ionic, and/or protonic), high intrinsic
electrocatalytic activity, structural and chemical stability, and durability in high oxygen partial pressure and steam content conditions.
Over years of intensive research, substantial progress has been achieved through tailoring the elemental composition and
stoichiometric ratios of air electrode materials, incorporating supplementary active species, and engineering microstructures that
facilitate the ORR/OER processes of air electrode. Among these methods, nanotechnology plays a significant role in enhancing the
ORR/OER catalytic activity of air electrodes and improving the electrochemical performance and stability of RSOCs. This review
summarizes the application and research progress of nanotechnology in RSOCs air electrode materials from two perspectives: the
development of novel air electrode materials and the surface modification of air electrode materials. The development of novel air
electrode materials includes the preparation of nano-powders, in situ self-assembly methods, and in situ water-induced methods. The
preparation of nanoscale powders is achieved through wet chemical methods, yielding high specific surface area and narrow particle
size distribution, which is the first step toward obtaining highly active air electrode materials; In situ self-assembly methods involve
rational design of air electrode materials composition to produce composite air electrodes with nano-particle modifications via a
one-pot process; In situ water-induced methods utilize water molecule-induced cation segregation to form catalytically active phases
in air electrodes. The surface modification of air electrode materials encompasses the nano-infiltration method, atomic layer
deposition (ALD), pulsed laser deposition (PLD), and the construction of new air electrode structures. The nano-infiltration method
can significantly improve the electrical conductivity, electrocatalytic activity, and expand the effective three-phase reaction sites by
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selecting an appropriate catalyst. ALD technology offers advantages such as precise regulation of membrane thickness and
composition at the atomic level, low operating temperature (<300 C), and excellent reproducibility. PLD technology enables
high-precision stoichiometric control of nanoscale films, compatibility with complex materials, and controllable microstructures.
Novel air electrode structures are engineered to facilitate gas and ion transport, thereby increasing reactive sites and reducing
activation losses. Finally, several suggestions for future research directions are proposed.

Summary and prospects Nanotechnology plays a crucial role in advancing the development of low-temperature RSOCs. Although
significant breakthroughs have been made in developing highly active and stable air electrode materials through nanotechnology, the
catalytic activity and stability of air electrode materials at lower temperatures (400-500 ‘C) remain key challenges. Related
nanotechnology needs to be further explored, mainly in the following aspects: a) How to controllably prepare two-phase or
multi-phase materials with specific stoichiometric ratios and accurately determine the phase structure of each phase; b) Further
investigation into the water-induced exsolution and performance enhancement mechanism; ¢) How to more accurately regulate the
distribution, size, loading, and infiltration efficiency of nanoparticles in the infiltration method; d) Further exploration of material
combinations using ALD technology to enhance performance and stability; e) Development of novel air electrode structures that
facilitate gas and ion transport; f) Artificial intelligence-assisted screening of highly active air electrode materials and optimization of
manufacturing process.

Keywords low temperature reversible solid oxide cells; air electrode materials; oxygen reduction/evolution; nanotechnology;
surface modification



