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ABSTRACT In recent years, rechargeable zinc—air batteries (ZABs) have attracted much attention owing to their high theoretical
specific energy density, safety, and environmental friendliness. They are also considered a viable option for powering the grid and
electric vehicles in the future. The activity and the stability of the bifunctional catalysts for the oxygen reduction reaction (ORR) and the
oxygen evolution reaction (OER) in ZABs remarkably influence the battery’s energy, power densities, and lifetime. Therefore,
developing efficient and stable bifunctional catalysts is an important research direction. Previously, precious metal catalysts such as Pt/C,
Ir/C, and Ru/C have been used to design efficient ORR and OER electrocatalysts. However, these electrocatalysts possess several issues,
including limited natural abundance, high metal sintering and catalyst detachment rates from supports, and poor bifunctional activity,
which limit their practical applications. As potential catalysts, nonprecious transition metal oxides exhibit the prominent advantages of
manifold compositions, multiple valence states, environmental friendliness, high durability and abundance, and varying structures. Their
disadvantages include poor electrical conductivity and a limited surface area. To address the abovementioned issues, current general
research focuses on compounding transition metal oxides with carbon materials or other conductive substrates to simultaneously increase

their specific surface area and electrical conductivity and control their morphology to expose more active sites. Furthermore, the intrinsic
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activity of the transition metal oxides must also be regulated through the most commonly used activity regulation methods (e.g.,

heteroatom doping and defect engineering). For example, perovskite and spinel-type transition metal oxides must meet a specific e,

orbital occupancy to achieve the best bifunctional activity. Therefore, improving the catalytic performance requires the A- and B-site

atom substitution with other alkaline and rare earth or transition metals or the introduction of oxygen vacancies to adjust the electronic

structure. Spinel- and perovskite-type transition metals and manganese oxides are the research objects used in this work. The activity

sources of different types of transition metal oxide catalysts and their performances in energy density, charge/discharge voltage, and

cycle life of zinc—air batteries are introduced herein. The strategies and methods used to improve the catalytic performance of transition

metal oxides in current research are summarized. Finally, the future development of transition metal bifunctional catalysts for oxygen

reduction and evolution reactions is prospected.

KEY WORDS zinc-air batteries; electrocatalyst; transition metal oxides; spinel; perovskite
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Table 1 Properties of some recently reported manganese oxide ORR/OER bifunctional catalysts
Reference Electrocatalyst Loading/ (mg-cm ) AE/IV E,»/V(vs RHE) E,o/V(vs RHE) Electrolyte

[37] MnO@Co-N/C 0.6 0.93 0.83 1.76 0.1 mol-L™' KOH
[38] MnVO,@N-rGO 0.3 0.85 0.8 1.65 0.1 mol-L™' KOH
[39] MnO, (KIT-6) 0.204 1.28 0.56 1.84 0.1 mol-L™' KOH
[36] Ni[MnO/CNF 0.2 0.763 0.826 1.589 0.1 mol-L™' KOH
[40] NiO/MnO,@PANI 0.245 0.74 0.83 1.57 0.1 mol-L™' KOH
[41] MnO,—NiFe 0.65 0.8 1.45 0.1 mol-L™' KOH
[42] NiFeO@MnO, 0.1 0.825 0.805 1.63 0.1 mol-L"' KOH
[43] np-RuO,/nr-MnO, 0.3 0.69 0.61 1.3 0.1 mol-L™' KOH
[33] a-MnO,/TiC NPs 0.44 0.76 0.8 1.56 0.1 mol-L™' KOH
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Fig.7 (a, b) SEM images, (c) TEM images, and (d) illustration of the electrocatalyst of the Co;0,4 nanocrystals embedded in a nitrogen-doped partially

graphitized carbon framework with a unique pomegranate-like composite architecture

16 (e) illustration of the synthesis process for preparing

interpenetrating Co and Co;0, nanoparticles stitched in porous graphitized shells (Co/Co;0,@PGS) "
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Table 2 ORR/OER bifunctional performances of some recently reported spinel-based electrocatalysts

Reference Electrocatalyst Loading/(mg-cm?) AE/V E,,/V(vs RHE) E,¢/V(vs RHE) Electrolyte
[68] CMO 0.95 0.74 1.69 0.1 mol-L™' KOH
[69] NiCo,S, HSs 0.5 0.83 0.8 1.63 0.1 mol-L™' KOH
[70] CoFe,0, 0.15 0.91 0.73 1.64 0.1 mol-L™' KOH
[70] MnFe,0, 0.15 111 0.71 1.82 0.1 mol-L™' KOH
[70] NiFe,0, 0.15 0.96 0.68 1.64 0.1 mol-L™' KOH
[65] Co;0,/NBGHSs 0.13 0.838 0.862 1.7 0.1 mol-L™' KOH
[66] C0,04/NPGC 0.2 0.838 0.842 1.68 0.1 mol-L™' KOH
[71] Ni/NiO/NiCo,04/N-CNT 0.24 0.87 0.74 1.51 0.1 mol-L™' KOH
[72] Co;0,/NHPC 0.38 0.815 0.835 1.65 0.1 mol-L™' KOH
[73] NiCoO,/CNTs 0.51 0.99 0.67 1.66 0.1 mol-L™' KOH
[74] NiCoMnO,/N-1GO 0.225 0.99 0.75 1.74 0.1 mol-L™' KOH
[75] C0304/N-rmGO 0.24 0.8 0.8 1.6 0.1 mol-L™' KOH
[76] NiC0,S,@N/S-1GO 0.283 ~0.93 ~0.79 ~1.72 0.1 mol-L™' KOH
[77] NiCo,S4/N-CNT 0.248 0.8 0.8 1.6 0.1 mol-L"' KOH
[63] NiC0,0,/Co,N-CNTs 0.5 0.707 0.862 1.569 0.1 mol-L™' KOH
[78] NCYS 0.64 0.93 0.81 1.74 0.1 mol-L™' KOH
[79] MnCo,04 5 0.275 1 0.7 1.7 0.1 mol-L™' KOH
[80] NCO-10 0.2 0.9 0.73 1.63 0.1 mol-L™' KOH
[81] LT-Liy 5Co0O, 0.25 0.93 0.64 1.57 0.1 mol-L™' KOH
[82] CuCo,S, NSs 0.2 0.817 0.7 1.517 0.1 mol-L™' KOH
[83] MnFe,0, 1.05 0.72 1.77 0.1 mol-L™' KOH
[84] 5%Ni—Co 0.408 0.78 0.83 1.61 0.1 mol-L™' KOH
[55] MnFe,04/NiCo,04 0.3 0.807 0.767 1.574 0.1 mol-L"' KOH
[85] PdCo-300 0.455 0.75 0.83 1.58 0.1 mol-L™' KOH
[86] Pd@PdO-Co;0, 0.813 0.727 1.54 0.1 mol-L™' KOH
[87] GM-Co-B-N 0.16 0.8 0.8 1.6 0.1 mol-L™' KOH
[88] CCo@C 0.1 0.69 0.87 1.56 0.1 mol-L™' KOH
[89] NiC0,S4/RGO 0.28" 0.91 0.78 1.69 0.1 mol-L™' KOH
[90] Co;0,@POF 0.24 0.74 0.82 1.56 0.1 mol-L™' KOH

(b) . OH~
H,O+e” 4 1
o
0—B EIo 0—B—0
Ol 3 OOH 2 H,0+e"
bt o=
¢ OH

Bl 8 (a) F5ERE S AL BAR SR BEPEICY, (b) F5ERH ALY ORR Ak S n 3442

Fig.8 (a) Schematic of the ideal unit cell “land (b) proposed oxygen reduction reaction pathway of perovskite oxide!’*!
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Adsorbate evolution mechanism

Lattice-oxygen participation mechanism
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Fig.9 Different OER mechanisms of the octahedral B site in perovskite (the red and gray atoms donate oxygen and B site, respectively. The dotted box
represents the rate-determining step) “*: (a) AEM; (b) LOM; (c) O—O coupled mechanism
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Fig.10 (a) Potentials at 25 pA-cm? of the ORR current as a function of the ¢, orbital in some perovskite-based oxides; (b) potentials at 50 pA-cm? of

the OER current as a function of the e, orbital in some perovskite-based oxides™
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Fig.11 (a) Synthesis procedure of the mesoporous LaMnOj, 5, (b) SEM image of the LaMnO; precursor, and (c—e) SEM, TEM, and HRTEM images of

the mesoporous LaMnOs,; product!'®”
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Fig.13 (a) Mn 2p XPS spectra for LSM, LSMP0.02, LSMP0.05, and LSMPO0.1 and (b) resolved Mn 2p XPS spectra for LSM, LSMP0.02, LSMP0.05,

and LSMP0.1"""
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Table 3 Bifunctional properties of some perovskite-type electrocatalysts

Reference Electrocatalyst Loading/ (mg-cm ™) AE/N  E;,/V(vs RHE) E,o/V(vs RHE) Electrolyte
[117] CLSR 0.7 0.92 0.8 1.72 0.1 mol-L™' KOH
[118] L0.95F 0.232 1.06 0.38 1.64 0.1 mol-L™' KOH
[119] NSC@IGnP 0.25 1.02 0.64 1.66 0.1 mol-L™' KOH
[120] mesoporous LSCO 1.11 0.72 1.83 0.1 mol-L™" KOH
[121] urchin-like LSM 0.655 1.65 0.59 2.24 0.1 mol-L™' KOH
[116] LTFO-C 1.05 0.72 1.77 0.1 mol-L™' KOH
[122] LaCoO; 0.051 1.1 0.64 1.74 0.1 mol-L™' KOH
[123] LaNi, gFe,,0; 0.2 1.09 0.4 1.49 0.1 mol-L™' KOH
[124] BaFe)3C00,,02,09(OH)o 75 03 1.005 0.675 1.68 0.1 mol-L™ KOH
[125] LC5NS 0.25 0.96 0.67 1.63 0.1 mol-L™' KOH
[126] PBSCF-NF 0.84 0.69 1.53 0.1 mol-L™' KOH
[127] §5.84%-LCO 0.89 0.704 1.594 0.1 mol-L™ KOH
[128] NCNT-660 0.21 0.88 0.74 1.62 1 mol-L™' KOH
[129] LSCF-6482 1.8 0.83 0.82 1.65 0.1 mol-L™' KOH
[130] La0.3-5582 0.639 1.01 0.55 1.56 0.1 mol-L™' KOH
[131] LSMF 0.458 1.11 0.73 1.84 0.1 mol-L™' KOH
[132] LO-NF-NCNTs-1.0 0.4 0.938 0.772 1.71 0.1 mol-L™' KOH
[133] SSC-HG 0.796 0.84 0.79 1.63 0.1 mol-L™" KOH
[134] nsLaNiOy/NC 0.05 1.02 0.64 1.66 0.1 mol-L™' KOH
[135] LSMI 0.2 0.94 0.73 1.67 0.1 mol-L™' KOH
[136] CMO/S-300 0.1 0.94 0.76 1.77 0.1 mol-L™" KOH
[137] LFP-5 0.255 1.03 0.66 1.61 0.1 mol-L™' KOH
[138] BSCF/NiFe-25 0.4 0.785 0.78 1.574 0.1 mol-L™' KOH
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