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Fig. 2 Schematic diagram of various electrodes with different electrolytes. (a) O-SOFC based on oxygen ion/conducting electrolyte
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Fig. 5 A schematic diagram of the oxygen electrode reaction mechanism: Case-1 conventional perovskite structured-MIEC air
electrode; Case-2 Triple-conducting misfit- layered GCCCO air electrode with needle-like morphology!®*
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Fig. 6 Representative structures of spinel: (a) a normal spinel (MgAl,Oy,), (b) an inverse spinel (NiFe,0,), and (c) a complex spinel
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Table 1 Comparison of electrochemical properties of recent cathode materials mentioned in this paper

Oxygen electrode Electrolyte Anode Electrolyte thickness/um TI'C Prad(W-cm™?)  Rp/(Q-cm?) Reference
PrBao_g,Sro_sCol_sFeo_505+(,—BZCYYb BZCYYb NiO-BZCYYb 650 1.33 0.051 [38]
600 0.93 0.144
550 0.62 0.413
500 0.38 1.600
Smg5Sro5C005s—BZCYYb BZCYYb NiO-BZCYYb 650 0.71 0.114 [38]
600 0.40 0.320
550 0.23 1.200
500 0.12 4.650
LaNig gFeg 403-5—Smg5Sro5C003.5 BZCY NiO-BZCY 8 700 1.43 0.039 [48]
650 0.73
600 0.43 0.365
Bag 5Sro5C0g.7Feg2M0g 105-~BZCY BzZCY NiO-BZCY 12 700 1.22 0.041 [60]
BaCo03_s—Lag sSrgsCoo gFe0203-s BZCYYb NiO-BZCYYb ~10 700 2.04 0.040 [80]
600 1.16 0.170
500 0.41 0.840
BaC00_7(C€‘0_3Y0_2)o_303,,j BZCYYb NiO-BZCYYh 16.1 700 2.04 0.040 [36]
600 1.16 0.170
500 0.41 0.840
PrBap sCao2C0206 BZCYYb  NiO-BZCYYb 8 700 1.69 0.076 [22]
650 1.22 0.144
600 0.88 0.319
PrBag sSro.2C0,0¢ BZCYYb  NiO-BZCYYb 8 700 1.60 0.085 [22]
650 1.08 0.141
600 0.72 0.293
PrBay 9Cs0.1C0,0s.5 BZCYYb NiO-BZCYYb 8 650 1.66 0.045 [98]
600 1.19 0.094
550 0.72 0.273
500 0.41 1.037
Pro.2Bag 2Sro 2Lag 2Cag 2,C003_5 BZCYYb NiO-BZCYYb 10 650 1.51 0.120 [162]
600 1.16 0.260
550 0.72 0.750
500 0.40 2.130
Pro.1Ce.90-—-PrBaCo,0s. 5 BZCYYb NiO-BZCYYb 10 700 1.77 0.037 [163]
650 1.21 0.096
600 0.87 0.214
PrBay sCap 2Fe; sCep 206-5 BZCYYb NiO-BZCYYb 10 700 1.78 0.041 [107]
650 1.27 0.089
600 0.87 0.130
Ba,C01 sM0g 25Nbo 25055 BZCYYb  NiO-BZCYYb ~10 700 154 [164]
650 1.17
600 0.87 0.24
550 0.54
500 0.34
PryNi; §C0;2010-5 BZCYYb NiO-BZCYYb 10 650 1.32 0.068 [148]
600 0.86 0.144
550 0.58 0.313

(To be continued)
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(Continue to the table 1)
Oxygen electrode Electrolyte Anode Electrolyte thickness(um) TIC P /(W-cm™)  Rp /(Q-cm?) Reference
Sm;Bay 33Ce 67Cu30q BZCY NiO-BZCY 8 700 167 0.027 [134]
650 1.25 0.054
600 0.91 0.115
550 0.64 0.267
500 0.42 0.687
Gdo3Caz 7C0382CU0.1809-s~BZCYYb BZCYYb  NiO-BZCYYb ~10 700 205 [135]
650 1.60
600 1.16 0.229
550 0.77 0.518
500 0.48
450 0.28
Zng53C02.4204 BZCY NiO-BzZCY ~12 700 1.60 0.051 [159]
650 1.24
600 0.82
LaFe,04 BZCY442 NCAL 500 081 [160]
450 0.60
400 0.22

Note: BZCY is BaZry1Ceo7Y 02035, BZCYYD is BaZr0_1Ceo_7Y0_1Yb0_103_,;; BZCY442 is BaZry4CeosY0203; NCAL is Ni0_3C00_15A|0_05Li02_,$; T is test
temperature; Pray is peak power density; R, is polarization resistance.
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Recent Development on Cathodes for Intermediate- and Low-Temperature Protonic Ceramic
Fuel Cells
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Extended Abstract

Energy is a foundation and driving force for the progress of human civilization. It is vital to the national economy, people
livelihood, national security, human survival, and development, which is crucial to promoting economic and social development.
SOFCs have the advantages of an all-solid structure, high energy conversion efficiency, no need to use precious metal catalysts,
easy-to-achieve modularization, flexible fuel types, etc., which are widely used. As a kind of SOFC, protonic ceramic fuel cells
(PCFCs) with protons as charge carriers have a unique conduction mechanism and can effectively convert chemical energy into
electric energy at relatively low temperatures (i.e., 400—700 ‘C). The feature that PCFCs can be operated at medium and low
temperatures can effectively avoid a reaction between the cell components at high temperatures, making the microstructure more
stable while extending the service life. Therefore, PCFCs have attracted recent attention.

As one of the core components of PCFCs, the catalytic activity of the cathode is important to the electrochemical performance
of PCFCs. The oxygen reduction reaction (ORR) at the cathode of PCFCs is a high-temperature driven process, and the dynamic
reaction of ORR at the cathode side of PCFCs becomes slow as the operating temperature decreases and the polarization loss of the
cathode increases, resulting in a sharp decline in the electrochemical performance of a single cell at lower temperatures. Therefore, the
design of cathode materials with high catalytic activity and stability is one of the effective ways to achieve high-performance
low-temperature PCFCs.

However, the performance of PCFCs is highly dependent on the material structures of cathodes, which in principle should have
sufficient electrical conductivity, structural stability, electrochemical catalytic activity, and durability. Many PCFCs cathodes with a
variety of different air electrode structures are developed. This review represents the development on perovskite oxides, double
perovskite oxides, RP perovskite oxides, and spinel oxides in PCFCs cathodes, and compared the properties of different cathode
materials. Some studies are carried out to modify cathode materials via doping certain elements. The doping of certain elements or
compounds can increase the conductivity of the cathode, thereby reducing the resistance and increasing the current density. Also,
doping can change the crystal structure and chemical bonding state of the cathode material, improving its stability in different
environments. In addition, some dopants may enhance the reaction activity on the cathode surface and reduce the activation energy of
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the reaction, thus increasing the reaction rate. The preparation of composite structure is also an effective approach to improve the
performance of cathode materials. Composite cathodes with comprehensive performance advantages can be constructed via
combining different materials with different advantages. In a composite cathode, a synergistic effect can be created between different
materials to further enhance the overall performance of the cathode. In addition, the flexible design of the composite structure enables
the optimization of the material composition and structure in micron-scale and nano-scale, resulting in the better performance.

Summary and prospects Protonic ceramic fuel cells can efficiently convert chemical energy directly into electrical energy,
overcoming the potential problems of fuel gas dilution and gas separation in oxygen ion conductor solid oxide fuel cells. However, the
electrochemical performance of PCFCs does not exceed that of O-SOFCs, and the development and improvement of cathode
materials with a high catalytic activity is the most important issue to promote the development of PCFCs at low temperatures. The
future research aspects of PCFCs cathode are as follows: (a) Development and performance of high entropy perovskite oxides. High
entropy perovskite oxides can exhibit the properties of many different oxides simultaneously, and achieve a good performance in
PCFCs; (b) In-situ characterization and detection of reaction mechanisms. In the future, the in-depth study of in-situ characterization
is expected to provide a theoretical support for further understanding of the relationship between electrode structure and performance
and further optimization of cathode performance; (c) The development of low-cost cathodes. Cobalt-based perovskite materials are
widely used in PCFCs. However, the thermal mismatch between cobalt-based materials and common proton-conducting electrolytes,
chemical instability, and rising price of cobalt greatly limit the application of cobalt-based materials in PCFCs cathodes; (d)
Optimization of nanostructures. The nanostructured electrodes and interfaces formed via atomic layer deposition or impregnation can
increase the number of active sites and reduce the length of ion diffusion to active sites; and () Development of composite cathode.
The introduction of electrolyte material in the cathode, that is, proton conduction phase, can effectively reduce the polarization
resistance of the cathode, expand the length of the three-phase interface, and reduce the thermal expansion coefficient of the cathode,
which can better match the electrolyte and solve the problem of delamination between the cathode and the electrolyte.
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