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Abstract:  

Due to high energy density, abundant resource and eco-friendly efficiency, 

rechargeable zinc air batteries (ZABs) have been recognized as promising alternative 

energy storage systems for conventional lithium-ion batteries for powering vehicles. 

However, the sluggish reaction kinetics of oxygen reduction and oxygen evolution on 

the air electrodes of ZABs require to developing cost-effective and high-efficiency 

bifunctional electrocatalysts for commercialization ZABs. Currently, transition metal-

based materials have been explored as potential bifunctional electrocatalysts for ZABs 

with the advantages of highly activity, cost-effective and excellent stability. Therefore, 

this review intends to give a comprehensive overview on developments of transition 

metal-based catalysts (TMCAs) in most recently. According to different constitutions 

of TMCAs, catalysts of single atom, nanoalloys, oxides, hydroxides, chalcogenides, 

nitrides and phosphides are systematically introduced in the review. The structural 

modulations of TMCAs via nanosizing, heteroatom doping and their interface effect 

are also discussed since they play vital roles in exposing sufficient intrinsic active 

sites for enhancing the catalytic performance. Finally, the existing challenges of 

TMCAs and feasible strategies for enhancing the bifunctional catalytic performance 

and promoting the performance of ZABs are also explored detailly. Based on this 

review, we hope to provide reference values for building effective bifunctional 

electrocatalysts for commercial rechargeable ZABs. 
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1 Introduction 

The exploration of electricity conversion and storage technologies on green 

energy vehicles has become an essential need for modern sustainable society in order 

to reduce oil consumption and decrease carbon dioxide emissions [1-2]. At present, 

research and production work of new energy vehicles have been increasingly 

developed across the world, such as America, Japan, Germany, Israel and China. In 

the current growth of all-electric or plug-in hybrid vehicles, secondary lithium-ion 

batteries (LIBs) play a crucial role based on the characters of large capacity and cycle 

stability [3-5]. However, there are still some tough challenges facing with LIBs, such 

as high cost, limited resource and security problems [6]. As Fig. S1a shown, the 

depletion horizons of lithium increase significantly over other metal resources [7]. 

Accordingly, it is necessary to find alternatives for LIBs since the limited lithium 

resource. Currently, metal-air batteries (MABs), as one of the promising alternatives, 

have gradually attracted revived attentions with the merits of higher theoretical energy 

densities, more convenient operating conditions and more safety than traditional LIBs 

[8-10]. Especially, MABs are combined with the anode of conventional batteries and 

the cathode of fuel cell, possessing both of their advantages. According to metal 

selection, MABs can be classified into various metal air batteries including 

magnesium, aluminum, iron, lithium, sodium, potassium and zinc, as seen in Fig. S1b 

[11-17]. Among them, zinc-air batteries (ZABs) receive great attention owing to the 

advantages of significantly high energy density, long-lasting electrochemical stability, 

low internal resistance, low operating conditions and abundant resources. Moreover, 
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the balanced kinetics, reversibility and intrinsic safety of zinc anodes are beneficial 

for ZABs application. The active material for the ZABs’ cathode is oxygen, which is 

inexhaustible, green and environmental protection [18-20]. In the last 20 years, the 

research of ZABs is increasing sharply as investigated from the Science ISI web (Fig. 

S1c). More and more research results demonstrate the hotspot of ZABs and the 

promising potential of ZABs for sustainable green new energy system. 

Initially, ZABs were successfully developed in 1879, which were assembled with zinc 

anode, carbon-mixing platinum (Pt) powders and aqueous electrolyte of ammonium 

chloride. During the operation of ZABs, Pt materials catalyze the oxygen reduction 

reaction (ORR). Although early ZABs had been used as the power source for railways, 

post and telecommunications during World War I, the relative low energy density still 

cannot meet the need to drive practically large application until 1960s. Generally, the 

chemical reactions of present alkaline electrolyte assembled ZABs mainly occur 

between zinc and oxygen. During discharge process of rechargeable ZABs, the 

dissolved oxygen reduces to hydroxide ions (ORR) via accepting electrons provided 

by the oxidation of metal zinc in alkaline electrolyte. The produced oxygen (oxygen 

evolution reaction, OER) escapes from the positive electrode during the charging 

process of rechargeable ZABs while zinc falls on negative electrodes.  

The ORR and OER on the air electrodes during the discharging and charging 

processes play important roles to ensure the rechargeability of ZABs [21]. If only 

oxygen reduction takes place in the work process, the ZAB is named to primary 

battery while secondary batteries include redox reaction of oxygen. At present, owing 
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to their high energy densities but low power output capability, primary ZABs are only 

applied for small practical devices such as hearing aid, navigational buoys, 

transportation signaling, seismic telemetry and telecommunication [22]. Meeting the 

requirements for commercially rechargeable electric vehicle application is still a 

significant challenge. It is reported that the working potential of ZABs always diverge 

the theoretical electrodynamic potential of 1.636 V due to the electrochemical 

polarization especially on the air electrode, which results in the reduced energy 

conversion efficiency of ZABs. Furthermore, when the mass transfer rate of O2 or 

OH
-
 reactants is faster than charge transfer rate during the electrochemical reaction, 

the dominated kinetics by the ORR and OER mainly leads to electrochemical 

polarization of the air electrode owing to the higher energy barrier of the reaction 

between ORR and OER. Therefore, synthesizing optimal bifunctional oxygen 

electrocatalysts of ORR and OER for air electrodes via enhancing the intrinsic 

kinetics reactions and reducing the overpotential of cathodes becomes the key points 

for the practical application of ZABs [23-26].  

In the past decades, continue efforts have been made on the search of high-

performance catalysts, including noble metal-based catalysts, non-noble metal-based 

catalysts and metal-free-based catalysts. According to previous works, it is found that 

noble Pt-based catalysts exhibit excellent ORR catalytic activity while noble Ir/Ru-

based catalysts show outstanding OER performance [27-30]. However, Pt-based and 

Ir/Ru-based catalysts are not only high cost, limited resource and short lifetime, but 

also show low catalytic selectivity for OER and ORR, respectively. Meanwhile, the 
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low cost and high conductivity characters make metal-free catalysts draw wide 

research attention. But they easily suffer from the corrosion caused by high potential 

conditions during OER. Recently, it is reported that the resourceful and cost-effective 

transition metals (TMs) such as Ni, Mn, Co, Cu, Mo and Fe display potential catalytic 

activities for OER and ORR [31-34]. More interestingly, transition metal-based 

catalysts occupy highly similar catalytic activity closing to noble metal-based 

catalysts and achieve much higher resistance of corrosion than metal-free catalysts. 

Although drawbacks such as low intrinsic activity, poor conductivity and insufficient 

stability still existed, the relatively high catalytic performance and outstanding 

catalytic selectivity still make them potential for bifunctional electrocatalysts and 

even ZABs application. The toxicity and pollution issues of transition metal-based 

catalysts can be overcome by proper collection method after application, given that 

the main consumption of the ZABs is the zinc anodes and air cathodes, but is not the 

catalysts. Thus, numerous efforts have been concentrated on transition metal-based 

catalysts in the past decade. Especially in the recent five years, by adopting methods 

of nanosizing, heteroatom doping and loading conductive substrate, the catalytic 

activity, conductivity and the sluggish kinetics of transition metal catalysts have been 

greatly improved. Considering a mass of excellent works have been focused on 

transition metal-based catalysts and their catalytic ORR or/and OER activity, we think 

it is necessary to review these works comprehensively for better understanding useful 

methodology for enhancing bifunctional electrocatalytic activities. It is also hoped 

that reviewing pioneering works could shed light on further research. Hence, novel 
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designed transition metal-based catalysts for ORR and OER become the focus of this 

review. Since it is crucial of understanding the specific reactions during charging and 

discharging processes, the operation principles of rechargeable ZABs are also 

included. Then, novel transition metal-based catalysts are reviewed with the 

classification of single atom, alloy, oxides, hydroxides, nitrides, phosphides and 

sulfides. The key point to develop these transition metal-based catalysts is regulating 

their electronic structure to adjust the balance of bifunctional activities for OER and 

ORR on the air electrode of rechargeable zinc air batteries. Effective strategies of 

nanosizing, heteroatom doping and loading with conductive substrate for enhancing 

the ORR and OER catalytic activities are also concluded in the following parts. The 

influences of transition metal-based catalysts’ electronic structures are also discussed 

in this review. Finally, challenges and perspectives are also provided for exploring the 

whole catalytic environment for the future. 

 

2 Operation principles of rechargeable ZABs 

ZABs, the electric devices converting chemical energy into electricity, are comprised 

with zinc anode, air cathode, alkaline electrolyte and polymer membranes. Air 

cathode usually composed of catalyst layer, current collector and gas diffusion, as 

shown in Fig. 1a-c. Except zinc anode, the central part for the rechargeability of the 

batteries is the bifunctional catalyst layer for ORR and OER. The electrochemical 

reactions of the batteries are shown as the following formulas: 

Zinc anode:  (2-1) 
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Air cathode:  (2-2) 

Overall reaction:  (2-3) 

Theoretical electrodynamic potential:  

 

 (2-4) 

At room temperature and pressure (1 atm and 25 ℃), the partial pressure of oxygen in 

the air is about 20 % of the atmospheric pressure. The theoretical electromotive force 

of ZABs can be calculated as follows: 

 

(2-5) 
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Fig. 1. (a) Schematic structure of ZABs. (b) Components of air cathode. (c) 

Schematic diagram of ORR and OER on catalyst layers. 

 

The theoretical electrodynamic potential of ZABs is calculated to be 1.636 V based on 

the above results. However, due to the sluggish oxygen reaction on the air electrode, 

the open circuit potential of practical ZABs generally only reaches 1.4-1.5 V. To 

enhance the performance of ZABs, it is necessary to facilitate the reaction on the air 

electrode by fabricating high activity bifunctional oxygen electrocatalysts. The ORR 

and OER happened on the air electrode represent the discharging and charging 

processes in rechargeable ZABs, respectively. The oxygen response mechanisms 
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during the charging and discharging processes are essential for the development of 

highly effective bifunctional oxygen electrocatalysts. 

On the air electrode, reactions include various complex processes of adsorption, 

desorption, mass transmission and load transfer happened at triple phase interfaces of 

oxygen, electrolyte and catalysts. During the ORR process, four electrons and two 

electrons pathways are generally accepted in previous works. It is reported that four 

electrons pathway is more desirable for obtaining maximum energy capacity of ZABs 

[35-37]. The intermediates (OOH
*
, O

*
 and OH

*
) generated on the surface of catalysts 

during the oxygen reaction also involve the adsorption-desorption and transfer 

between intermediate and catalysts. OER is also a complicated four electrons pathway 

in the reverse of ORR procedure. The four basic reaction steps of ORR and OER in 

alkaline electrolyte are formulated as 2-6 to 2-10 and plotted in Fig. 2c for better 

understanding [38].  

 （2-6） 

 （2-7） 

 （2-8） 

 （2-9） 

 （2-10） 

(The 
*
 represents electrocatalysts).  

Another key point for designing bifunctional electrocatalysts is to understand the 

change of binding energies between reactive intermediates and electrocatalysts. As 
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shown in Fig. S2a, volcano plot of ideal ORR activity describes the different free 

energies of intermediates on the surfaces of various metallic catalysts [38]. The 

volcano plots of metal oxides for OER are also constructed by ΔGO-ΔGOH on various 

metal oxide surfaces (Fig. S2b). If the adsorption energies of OH
*
 and O2 in reduction 

steps is too weak, the catalytic activity of ORR is limited. While the catalytic activity 

of OER is restricted by strong adsorption energies of HOO
*
 and O

*
 in formative steps 

as well. The inappropriate adsorption energy of intermediates around catalysts would 

block the catalytic activity of ORR and OER. Therefore, an effective electrocatalyst 

needs suitable binding energies between intermediates and catalyst by referencing the 

volcanic plots on ORR and OER. In addition, the voltage gap (ΔE) between Eη=10 

(potential at 10 mA cm
-2

) of OER and E1/2 (half-wave potential) of ORR for 

bifunctional oxygen catalysis is a bench mark to evaluate the performance of practical 

ZABs. In principle, the smaller potential gap (ΔE) is beneficial to deliver higher 

performance for ZABs.  

 

3 Transition metal-based bifunctional electrocatalysts for air electrodes  

Since the development of the highly efficient noble metal electrocatalysts are limited 

by their high price, scarcity and less durability, mass research is focused on 3d 

transition metals (TMs, M = Fe, Co, Mn, Ni, Cu and Mo, etc.) and their compounds 

(Fig. 2). Owing to the different constitutions, transition metal based bifunctional 

electrocatalysts can be divided to single atom [39-41], nanoalloys [42,43], oxides [44-

46], hydroxides [47,48], dichalcogenides [49,50], nitrides [51,52] and phosphides 
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[53,54]. With the incompletely filled d orbitals, TMs can easily donate and obtain 

electrons, thus providing relatively rich redox reactions [55]. Nonetheless, the 

electrons transport in the interface between catalysts’ surface and electrolyte are 

blocked by the semiconductive or isolating characteristics of TMs, which cause 

unsatisfactory catalytic activity and poor conductivity. The commonly used designing 

methods for promoting the catalytic performance of TMs based electrocatalysts are 

nanosizing, heteroatom doping and loading with conductive substance. Generally, the 

transition metal-based catalysts could be exposed more active sites via applying 

nanosizing methods to increase the specific surface area. And the heteroatom doping 

method includes metal and metal-free element doping, which can promote the 

electrocatalytic performance of transition metal-based catalysts by alter the electronic 

structure of active centers. Since the poor electrical conductivity of pure transition 

metal-based materials blocks their practical development, loading transition metal-

based materials onto the conductive substance is an effective strategy. During the 

designing process, the facing challenge is regulating the electrocatalysts’ electronic 

structure to balance the activities of ORR and OER. Therefore, this review mainly 

concentrates on inducing the current research of TMs based electrocatalysts to achieve 

the goal for simultaneously improving the OER and ORR catalytic activities. 
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Fig. 2. Commonly used transition metal electrocatalysts for ZABs. 

 

3.1 Transition metal single-atom catalysts (TMSACs) 

Transition metal single-atom catalysts (TMSACs), composing with individual and 

isolated metal atoms anchored on supports (e.g. carbon materials), are novel materials 

in heterogeneous catalysis. The TMSACs not only occupy unique advantage of 

ultrahigh reactivity, but also present maximum utilization efficiency, which exhibiting 

outstanding catalytic activities for both ORR and OER [56-58]. However, single-atom 

particles tend to aggregate into large-sized clusters owing to their increased surface 

free energy. Therefore, one of the challenges for TMSACs is to disperse single-atom 

on supports during the synthesis process for preventing the aggregation and 

improving the functionality of single-atom. In general, isolated single-atom catalysts 
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and nitrogen co-doped carbon materials (referred to as M-N-C) are considered as 

promising alternatives of noble-metal electrocatalysts for ORR and OER due to the 

synergistic results of single-metal atom and nitrogen doping carbon. It is also 

confirmed by experimental results and Density Functional Theory (DFT) simulation 

that the active sites in Fe-N-C, Co-N-C, Mn-N-C can be ascribed to M-N4 [59-63]. 

The existence of M-N4 not only enhances the oxygen adsorption, but also facilitates 

the breaking of O=O bond. However, M-N-C materials show poor OER activity 

because of the strong adsorption of oxygen and the production of inactive MOOH 

semiconductor. Other effective strategies, such as designing hierarchical structures 

[64,65], introducing heteroatoms [60,66], controlling ionic regulation [67,68], are also 

adopted for optimizing the TMSACs as bifunctional oxygen electrocatalysts. Methods 

including impregnation, strong electrostatic adsorption, organometallic complexes 

method and pyrolysis synthesis are also commonly adopted for the optimization of 

single atoms loaded on suitable supporting materials.  

For example, multi-scale structural engineering can be used to synthesize single-atom 

grown on carbon based supports for promoting charge and mass transfer, increasing 

catalyst specific surface and distributing uniform active sites. On the basis of this view, 

metal organic compounds and different carbon templates with controlled pore 

structure, high surface area and superior conductivity are considered as the potential 

support for single-atom. For instance, Jia and coworkers developed an effective A-

Co@CMK-3-D electrocatalyst by implanting single Co atom into ordered 

mesoporous carbon (CMK-3) materials with defective bimodal mesoporous structure, 
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as shown in Fig. 3a [69]. The extended X-ray absorption fine structure (EXAFS) 

curve of Co@CMK-3-D exhibits the dominant peak at 1.56 Å corresponding to Co-C 

coordination rather than the obvious peak at 2.16 Å for Co-Co coordination, meaning 

the formation of single Co atom. The interaction between Co ions and CMK-3 carbon 

facilitates the dispersion of single Co atom and the coordination between Co and C. 

Therefore, the enhanced catalytic performance of Co@CMK-3-D mainly attributes to 

the substantial Co-C coordination and the single Co atoms. Ma et al. reported an 

oxygen catalyst with single-atom Fe-Nx dispersed in 2D porous nitrogen-doped 

carbon network (FeNx-PNC, as shown in Fig. 3b) [70]. The prominent catalytic active 

sites of FeNx-PNC during ORR and OER are FeNx species, which consisted with one 

iron coordinating with six nitrogen atoms. The FeNx-PNC catalyst exhibits 

outstanding oxygen catalytic activities for ORR (E1/2 of 0.860 V) and OER (Eη=10 of 

1.625 V), and efficient performance of rechargeable ZABs based on FeNx-PNC with 

small voltage gap of 0.775 V and stable cycling lifetime of 300 cycles. Furthermore, 

Chen et al. presented FeCo(a)-ACM bifunctional oxygen catalyst (Fig. 3c) with metal 

atoms doped graphite nanoarrays assembled carbon microspheres [64]. The EXAFS 

analysis of FeCo(a)-ACM shows that the main peak of Fe K-edge spectrum is located 

at around 1.6 Å, indicating the Fe-N scattering paths. Further EXAFS fitting 

demonstrates the coordination number of Fe atom is four, which means that the 

mainly active sites of FeCo(a)-ACM are FeN4. Moreover, this catalyst takes 

advantages of three-dimensional structure of FeCo(a)-ACM for accelerating the 

transportation of mass and electrons, improving the exposure of active sites, boosting 
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the catalytic activities of ORR and OER and eventually facilitating the efficiency of 

rechargeable ZABs. Finally, the prepared FeCo(a)-ACM exhibits outstanding 

activities for ORR (E1/2 of 0.90 V) and OER (Eη=10 of 1.60 V). During a practical 

demonstration, FeCo(a)-ACM assembled ZAB exhibits narrow voltage gap of charge-

discharge and superior cycling durability of even 900 h at 10 mA cm
-2

.  

In addition, introducing metal-free heteroatoms (such as S, P, N, and O) into TMSACs 

has been demonstrated as an effective way to promote intrinsic activities of single-

atom materials since metal-free heteroatoms occupy changeable charge transport and 

spin density [71]. Yan et al. reported a P-O/FeN4-CNS (carbon nanosheets) 

bifunctional oxygen catalyst via using the electronegativity of P to induce asymmetric 

spin density for heightening intrinsic activities of Fe-N-C sites [72]. DFT calculation 

of the P-doping FeN4-CNS reveals that the P-O impurities modify the electronic 

structures of Fe and facilitate the interaction coupling between P-O groups and FeN4. 

Thus, P-doping FeN4-CNS has enhanced catalytic properties for ORR and OER. The 

experimental data also demonstrates that P-doping FeN4-CNS displays outstanding 

catalytic properties with E1/2 of 0.89 V for ORR and Eη=10 of 1.63 V for OER. 

Moreover, P-doping FeN4-CNS based ZAB delivers high power density of 232 mW 

cm
-2

 and excellent cycling stability over 450 cycles under a large current density of 25 

mA cm
-2

.  
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Fig. 3. (a) Schematic synthesis process of A-Co@CMK-3-D [69]. Copyright 2019, 

Wiley-Blackwell. (b) Schematic illustration for synthesizing FeNx-PNC [70]. 

Copyright 2018, American Chemical Society. (c) Schematic illustration of the 

FeCo(a)-ACM catalyst [64]. Copyright 2020, Elsevier. 

 

Furthermore, ionic regulation is also a legitimate way to enhance the catalytic activity 

of transition metal materials. Generally, the ionic regulation method usually applied 

on MOFs-based single-atoms catalysts. At present, the main challenge facing with 
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TMSACs is the mechanism of isolating single atom is still ambiguous, preventing the 

progress of TMSACs with bifunctional catalytic activities. Moreover, only few works 

based on MOFs-derived compounds have succeed to prepare single-atom with 

diameters of several nanometer or angstrom uniformly dispersive on derived carbon 

support. Therefore, it is vital to identify the dimensional effect on enhancing the 

electrocatalytic properties of MOFs-derived single-atom catalysts via controlling the 

ionic regulation of MOFs precursors. For instance, according to the influence of 

pyrolysis temperature and Fe/Zn ratio, Han et al. use FeSO4 and Phen as metal center 

and organic ligand and adopt ZIF-8 as the restricted domain framework to synthesize 

Fe-Nx-C catalyst (Fig. S3a) [67]. According to the analysis of XPS, the Fe atom of Fe-

Nx-C catalyst was coordinated with pyridinic N to construct catalytic active sites for 

oxygen reaction. Therefore, the Fe-Nx-C catalyst assembled ZABs exhibit smaller 

overpotential and more stable cycling performance than noble Pt/C and RuO2 based 

ZABs, as shown in Fig. S3b-c. Furthermore, Deng and coworkers realized the spatial 

insulation of cobalt particles at atomic level via controlling the adding content of zinc 

dopants into the Co-ZIFs precursors (Fig. S3d) [73]. The prepared different sizes of 

Co particles on N-doped carbon are designated as Co-NPs@NC, Co-ACs@NC and 

Co-SAs@NC, respectively. By reducing the Co particle size to single atomic level, 

the ionic effect of zinc ions on electrochemical activity of Co catalysts can be known. 

Among three kinds samples, the Co K-edge of X-ray absorption near edge structure 

(XANES) analysis of the Co-SAs@NC demonstrated the formation of the smallest 

single cobalt atom by the dominant peak of Co-N at 1.47 Å and the absent Co-Co 
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peak at around 2.1 Å. The small single cobalt atom is effective for enhancing the 

exposure of catalytic active sites and facilitating the oxygen absorption. Hence, the 

Co-SAs@NC exhibits the best ORR activity with the highest E1/2 and the largest 

kinetic current density bordering the performance of Pt/C catalyst. Furthermore, Co-

SAs@NC based ZABs display close peak power density to Pt/C based ZAB and 

superior cycling durability performance of Pt/C and RuO2 based ZAB as shown in Fig. 

S3e. Therefore, the highly efficient catalytic activities of single atom catalyst mainly 

attribute to the coordination of single metal atom with nitrogen or carbon. It is worth 

noting that the catalytic active sites exhibit different activities when coordinating 

different metal centers with various numbers of nitrogen or carbon. To find the 

optimal coordination number for transition metal centers is a meaning direction for 

exploring highly effective catalysts for air electrode of ZABs.  

 

3.2 Transition metal alloy catalysts (TMACs),  

Based on the review of TMSACs, TMACs such as bimetal alloy even multi-metal 

alloy have progressively drawn attention due to the improvable conductivity, activity 

and stability. The difference of lattice strain and electronic structure of multi-metal 

alloys enhances the oxygen electrocatalysts performance by reconstructing the 

structural ordering of alloys and reducing the oxygen adsorption energy [74]. 

According to the different oxygen absorption and desorption energy, various metal 

alloys show special catalyst activity for ORR and OER owing to their modifications 

of geometrical and electronic structure. Since the metal alloy particles show high 
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surface energy, the unsatisfactory conductivity and catalytic activity are caused by the 

aggregation of metal ions during the synthetic process. In order to outwit these 

problems, following strategies are employed to enhance the electrocatalytic 

performance of multi-metal alloys as following: (1) Combining with noble metals, (2) 

integrating with transition metal compounds, (3) coupling with conductive supports. 

Other synthetic methods, such as pulsed laser deposition (PLD) method, electrospun, 

one-pot temperature-programed carbonization process and solvothermal synthesis, 

etc., are found to be effective for obtaining the target products with the promoted 

bifunctional electrocatalytic activities.  

3.2.1 Combining with noble metals 

Due to the high catalyst activities of noble metals for ORR or OER, transition metal 

and noble metal alloys, such as Fe3Pt [75], Ni3Pt [76], PtVCo [77], PtVFe [78], 

PtNiFe [79], have been identified as effective electrocatalysts for maximum utilizing 

the noble metal. Adding only a little content of noble metal, the catalytic performance 

of transition metal is improved. It may not only tune the electronic structure and the 

atomic ordering environment, but also encourage the chemical and thermal stability of 

catalysts. For example, Liu et al. prepared uniform polycrystalline Ni3Pt alloy film on 

three-dimensional Ni foam substrate by pulsed laser deposition method.[76] 

Compared with pure Pt, the coexistence of Pt and Ni shrinks the lattice fringes of NiPt 

alloy due to the different lattice strain of Pt and Ni. At the same time, the defects in 

Ni3Pt crystal and the strains among boundaries between Pt and Ni are achieved for 

enhancing catalytic activity. Ni@Ni3Pt catalyst assembled ZABs exhibits excellent 
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battery performance with a narrow voltage gap of under 0.62 V at 10 mA cm
-2

 and 

lasting over 79 h. In addition, Chen et al. synthesized ternary PtVCo alloyed dendrites 

with similar catalytic ability like commercial Pt/C and IrO2 [77]. Based on the 

analysis of XPS, PtVCo alloy shows the electronic states of Pt, Co and V containing 

principally metallic and partially oxydic state. The electronic states of Pt, V and Co 

element are beneficial for reducing the binding energy of absorption intermediates and 

enhancing the catalytic activities of PtVCo alloy. When applied to air electrodes in 

rechargeable ZABs, ternary PtVCo alloyed dendrites exhibit outstanding battery 

performance with a narrow voltage gap of 0.88 V and a large power density of 235 

mW cm
-2

. 

3.2.2 Integrating transition metal compounds 

Taking advantages of other transition metal materials (such as oxides and nitrides [80-

82], etc.) to optimize the catalytic performance of alloys is another effective method 

to prepare active electrodes for rechargeable ZABs. The dissimilarities of lattice strain 

between metal alloys and metal compounds lead to the changes of potentials and 

structural phases. And the conductivity, durability and bifunctional catalytic activities 

of TMAs also can be improved by combing transition metal compounds since they 

fertilizing localized active catalytic sites, altering the electronic structures and 

facilitating the charge transfer. For instance, Jaephil et al. integrated NiCo alloy with 

their oxides (NCNT/CoO-NiO-NiCo) to develop highly efficient and extremely 

durable electrocatalyst for ORR and OER [82]. Firstly, the XANES and EXAFS 

analysis of NCNT/CoO-NiO-NiCo show the formation of metallic Co, Ni species and 
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the increased content of CoO specie. And the similar broad peak of Co and Ni atom at 

the range of 3.0 to 5.0 Å indicates the unique local neighbor environment of Co and 

Ni, which benefits by the highly hybridization between Ni and Co. Moreover, NiCo 

alloy not only shows different redox potentials and ordered atomic structures since 

various strains of Ni and Co are involved in the lattice process, but also enables the 

charging separation through the formation of the Schottky barrier between NiCo alloy 

and their oxides. As the results shown, the alloy and their oxides presented much more 

excellent catalytic performance than single metal and its oxide. And the rechargeable 

ZABs assembled with the composite of NiCo alloy and their oxides also exhibit high 

and stable Coulombic efficiency with small voltage gap of 0.86 V and stable cycle life 

of 100 cycles at 20 mA cm
-2

. Homoplastically, Liu et al. reported the transition metal-

based electrocatalysts combining CoFe alloy with CoFe2O4 (CoFe-CoFe2O4) via 

simple solvothermal and post annealing procedure [83]. The electronic states of CoFe-

CoFe2O4 were measured by EXAFS, which shows that the Co K-edge and Fe K-edge 

for CoFe-CoFe2O4 both display Co-Co and Fe-Fe interaction from metallic Co and Fe 

species, respectively. The peaks at around 2.6 Å and 2.5 Å in Co K-edge and Fe K-

edge are attributed to the Co-O-Co/Fe and Fe-O-Fe/Co edge-shared bonding, 

respectively. Hence, the prepared electrocatalyst displays outstanding catalytic 

activity for ORR and OER owing to the rich electronic state on the CoFe-CoFe2O4. It 

is worth noting that CoFe-CoFe2O4 assembled ZAB exhibits remarkable energy 

density of 727 Wh kgZn
-1

 at 20 mA cm
-2

 and excellent durability bordering to 

Pt/C+IrO2 catalyst assembled ZAB. Moreover, on the basis of outstanding conductive 
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property of transition metal nitrides, Goodenough et al. synthesized innovative 

Fe3Pt/Ni3FeN catalyst with well-organized Fe3Pt intermetallic alloy anchoring on 

porous metallic Ni3FeN [75]. It reduces the consuming of Pt and further enhances the 

conductivity and catalytic performance.
 
Fe3Pt alloy with an ordered intermetallic 

phase form a bond with the intermediate O-container reaction is high conductive. 

Moreover, Fe3Pt nanoparticles are highly dispersive on the stable Ni3FeN and 

changed the Fe3Pt’s electronic structure to enhance electrocatalytic performance of 

oxygen. Coincidentally, Sun et al. developed a highly effective Fe2Ni2N/Co 

electrocatalyst by taking advantages of Fe2Ni2N and Co atom [84]. The XANES and 

EXAFS were used to character the states of Co, Ni and Fe. The analysis of Fe K-edge, 

Co K-edge and Ni K-edge demonstrated the existence of metallic Fe, Co and Ni 

species, the partial oxidization of the surface Fe and Co atoms, and the inoxidizability 

of internal Ni atoms, respectively. It is indicating that the Ni atom located inside of 

Fe2Ni2N/Co is beneficial for preventing the oxidization. As the results shown, 

Fe2Ni2N/Co exhibits excellent catalytic activities with the E1/2 of 0.76 V for ORR and 

Eη=10 of 1.51 V for OER. Based on the outstanding bifunctional catalytic activities, 

the Fe2Ni2N/Co assembled ZABs show a narrow voltage gap of 0.83 V at 20 mA cm
-2

 

and the longest cycling lifetime of 850 h at 5 mA cm
-2

.  

3.2.3 Coupling with conductive supports 

Coupling transition metal alloys with conductive materials or loading them on 

conductive support is another effective strategy for improving the bifunctional 

catalytic activities.
 
It has been successfully applied on transition metal alloys of FeCo, 
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NiCo, CoSb3, FeSb3 et al [85-88]. For example, it is reported that combining 

conductive material or support such as heteroatom doped carbon is effective for 

improving the conductivity and the surface polarity. Ma et al. reported the Fe and Co 

nanoparticles enclosed nitrogen doped carbon nanotubes (N-GCNT/FeCo) as efficient 

electrocatalyst for ORR with 0.83 V of E1/2 and OER with 1.43 V of Eη=10 [89]. Since 

Fe-N-C catalyst only offers considered ORR catalytic activities but shows poor OER 

performance owing to the formation of FeOOH blocks the OER, Su et al. doped 

cobalt into the Fe-N-C to promote the conductivity and activated the activity of Fe 

sites [42]. During the XPS analysis of changing Fe/Co ratio in N-GCNT/FeCo, it is 

noting that the optimal Co doping level in N-GCNT/FeCo-3 facilitates the formation 

of pyridinic N active sites. The pyridinic N affects the neighboring sp
2
-bonded C by 

giving positive charge density to enhance the reaction intermediate adsorption and 

accelerate the electron transfer on the surface of catalyst. Density functional 

measurement was also adopted to explore the proper electronic structure through the 

insertion of internal FeCo alloy into the N-C matrix. N-C architectures with large 

surface area were synthesized for anchoring NiCo alloy nanoparticles (NiCo/MNC) as 

seen in Fig. 4a-b [87]. Benefiting from the synergistic effect of N-C and NiCo alloy, it 

shows a positive E1/2 of 0.83 V for ORR and Eη=10 of 1.61 V for OER. Furthermore, 

the NiCo-MNC based ZABs shows high power density of 135.2 mW cm
-2

, specific 

capacity of 701.7 mAh g
-1

 as well as long-term stability of 115 h. Besides, Liu et al. 

reported the FeCo alloy embedded N-doped carbon fibers (marked as FeCo@MNC, 

Fig. 4c-d) as catalyst, which is prepared by pyrolysing the Fe/Co-N, 
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polyvinylpyrrolidone and polyacrylonitrile electrospinning polymer [90]. After 

calcination at high temperatures, the achieved FeCo@MNC occupies advantages of 

one-dimensional mesoporous, large specific surfaces, uniform dispersive FeCo alloy 

nanoparticles and sufficient Fe/Co-N active sites to promote catalytic activities. 

Therefore, FeCo@MNC synchronously improves the catalytic performance of ORR 

and OER via exposing enough active sites for oxygen adsorption and desorption 

during the catalytic reaction. The FeCo@MNC assembled ZAB exhibits a small 

voltage gap of 0.9 V at 20 mA cm
-1

 and a large power density of 115 mW cm
-2

 at 143 

mA cm
-1

.  

Besides carbon-based support, metal foam, titanium sheet, and stainless steel also 

were explored to act as support with the merits of binder-free and enhanced 

conductivity. Wu et al. explored metal borates (M-Bi) loaded nickel foam for 

developing effective bifunctional oxygen electrocatalysts [84]. The introduction of the 

borate group changes the electronic structure of metal ions and enhances oxygen 

adsorption and desorption capability of the substances during electro-chemical 

processes through reducing reaction energy [77,85]. Jin and Chen grew the Ag-Cu 

dendrites on the surface of Ni foam (marked as Ag-Cu/Ni, Fig. 4e-g) via 

electrochemical galvanic displacement method [91]. The metallic Ag and Cu was 

confirmed by XPS analysis of Ag 3d and Cu 2p, indicating that the dominated active 

sites are Ag and Cu atoms. Moreover, active sites on the Ag-Cu dendrites will be 

directly exposed to the electrolyte during the reaction process. The Ag-Cu alloy 

catalyst utilizes the synergistic effect between Ag and Cu elements with adsorbing 
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high degree of oxygen desorption, thus exhibits high catalytic activities for 

bifunctional oxygen reactions. The Ag-Cu alloy catalyst assembled rechargeable ZAB 

shows stable cycling lifetime with neglect change of voltage gap and steady round-

trip efficiency.  

 

(e) (f) (g)

(a) (b)

(c) (d)

 

Fig. 4. (a-b) Scanning electronic microscope (SEM) and transmission electron 

microscope (TEM) images of NiCo/MNC [87]. Copyright 2019, Elsevier. (c-d) SEM 

and TEM images of FeCo/MNC [90]. Copyright 2019, Elsevier. (e) Cu nanoparticles 
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grown on Ni foam, Inset images: HR-SEM of Cu nanoparticles. (f) Ag-Cu dendrites 

in Ag-Cu alloy catalyst. (g) Ag dendrites grown on Ni foam [91]. Copyright 2015, 

Elsevier Ltd. 

 

3.3 Transition metal oxide/hydroxide catalysts  

3.3.1 Transition metal oxide catalysts  

Although transition metal single atoms and alloy catalysts exhibit intriguing 

performance, their synthesis usually require strict synthetic conditions, which limited 

their scale-up production. Considering electrocatalysts of transition metal hydroxides, 

chalcogenides, phosphides, and nitride catalysts undergo surface reconstruction 

during the charging progress and instability in highly alkaline electrolyte, transition 

metal oxides catalysts exhibit great promise in the practical zinc air batteries given 

that their facially synthetic method, stable chemical composition and high corrosion 

resistance. More and more transition metal oxide catalysts (TMOC) are explored as 

electrocatalysts for ZABs. The multiple valences and abundant crystallographic 

structures of transition metal oxides result in rich redox electrochemistry during 

catalytic process, and further providing chances for promoting the catalytic activities. 

However, the semiconductor property of TMO leads to poor conductivity, which may 

limit the bifunctional electrocatalytic activities. Thus, numerous exploratory research 

is concentrated on improving the poor conductivity of TMO for better catalytic 

performance. Generally, the modified strategies for improving the bifunctional 

oxygen catalytic activity of TMOCs are morphology controlling [92,93], oxygen 
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vacancy tuning [94,95] and introducing foreign dopants [96-98]. Moreover, these 

modified strategies can be achieved via the following methods of self-templating 

methods, physical laser fragmentation, thermal annealing in different environment, 

cation exchange, and solvothermal synthesis pathway, etc. The preparation of target 

materials sometimes needs combing multiple steps of different methods.  

For example, Co3O4 has shown excellent bifunctional catalytic activities for ORR and 

OER by controlling suitable morphologies with large surface area and rapid charge 

transportation. Chen et al. synthesized uniformly ultrathin Co3O4 nanosheets as 

bifunctional electrocatalyst via adding appropriate reactant of H2O2. The Co3O4 

assembled ZABs display great rate capability and superior cycling stability. [93] To 

investigate the significant impact of H2O2 for growing ultrathin Co3O4 nanosheets, 

high concentration of H2O2 of 30 wt% was added into the reactant and observed the 

formation of porous network morphology instead of ultrathin nanosheets. Lee et al. 

described the morphological controlling of Co3O4 nanodisks with porosity on the 

surface by adding polyvinylpyrrolidone (PVP) during precipitation reaction [92].The 

existence of PVP inhibits the longitudinal grown of Co3O4 nanodisks, and creates 

overlap on some nanodisks to construct transport corridor for charge during the 

catalytic reactions. Therefore, a mass of pores on the surface of Co3O4 nanodisks 

increase the exposure of active sites and speed up the transfer of charges at the active 

sites. Finally, two-dimensional Co3O4 nanodisks based ZABs exhibit excellent battery 

performance of small and stable voltage gap about 1.1 V at high current density of 50 

mA cm
-2

.  
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Furthermore, defects construction is another way to modify the catalytic property of 

TMOs. The introduction of oxygen vacancy changes the donor densities of TMOs, 

promoting their electronic properties and catalytic activities. The existence of oxygen 

vacancy not only reduces the gap between oxide semiconductors but also offers the 

support for metal catalysts with a solid metal support interaction (SMSI) [94]. Chen 

and coworkers developed an efficient bifunctional electrocatalyst of Co-metal-

decorated 3D ordered macroporous titanium oxynitride (3DOM-Co-TiOxNy), which 

consists of rich oxygen vacancies via rectified with Ar/NH3 atmosphere [94]. The 

oxygen vacancies on the 3DOM-Co-TiOxNy mainly distribute on the surface of 

TiOxNy, which can be confirmed by the defective O
2-

 in accord with the various Ti
2+

, 

Ti
3+

, and Ti
4+

 states in Ti 2p spectrum. The contrastive Electron Energy Loss 

Spectroscopy (EELS) spectra analysis of 3DOM-Co@TiOxNy and 3DOM-Co@TiOx 

(Ar) also shows the turnover of O-K edge structure and the left shift of Ti-L edge 

structure in the 3DOM-Co@TiOxNy, suggesting the abundant oxygen vacancies in 

TiOxNy. Then the 3DOM-Co-TiOxNy catalyst delivers an outstanding electrocatalytic 

performance with E1/2 of 0.84 V for ORR and Eη=10 of 1.615 V for OER. Particularly, 

the ZABs assembled by 3DOM-Co-TiOxNy only exhibit about 1% energy efficiency 

loss with small voltage gap of 0.97 V after 900 cycles. Besides that, the oxygen 

vacancy, which not only enhances the oxide supports’ conductivity, but also ensures 

the nucleation and stabilization of the ultrafine metal nanoparticles, plays an 

important role for enhancing electrocatalytic activities of TMOCs. Apart from 

hydrogen/ammonia treatment, low-temperature oxidation, sodium borohydride 
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etching and plasma treatment are often used to construct suitable oxygen vacancy for 

electrocatalysts. For instance, the precursor of leaf-like Co-ZIFs grown on the 

polyacrylonitrile nanofibers was used by Guo and coworkers for preparing the 

hierarchically porous hybrid electrocatalyst via different carbonization extents, as 

shown in Fig. 5a-b [99]. Furthermore, the growth degree of oxygen vacancy can be 

controlled by tuning different times of low-temperature oxidation during the 

transforming process from Co nanoparticle to Co3O4 hollow structure under 

Kirkendall effect (marked as Co3O4-xHoNPs@HPNCS). Electronic spin resonance 

and X-ray spectroscopy measurements both confirmed the creation and variation of 

oxygen vacancies and demonstrated Co3O4-xHoNPs@HPNCSachieved the highest 

oxygen vacancy level (Fig. 5c-d). As shown in Fig. 5f, Co3O4-xHoNPs@HPNCS with 

superior bifunctional catalytic activities and stability also displays a small voltages 

gap of 0.74 V for assembled rechargeable solid-state ZABs with steady cycle 

performance of over 1000 min.  
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Fig. 5. (a-b) SEM and TEM images of Co3O4-xHoNPs@HPNCS, (c) EPR spectra and 

(d) O 1s XPS spectra of Co3O4-xHoNPs@HPNCS at different oxidation time. (e) 

Evolution illustration of the Co particles into hollow Co3O4 particles with the 

formation of oxygen vacancies during the oxidation process. (f) Charge and discharge 

voltage profiles [99]. Copyright 2019, John Wiley and Sons Ltd. 
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In addition to the above strategies for enhancing the bifunctional performance of 

TMOCs, doping heteroatoms is also an efficient method. Several works have been 

demonstrated that doping heteroatoms either transition metal or metal-free 

heteroatoms into TMO facilitate the electrical conductivity and fasten the charge 

transfer, evidenced by Ni-CoO [100], Co-CuO [101], N-Co3O4 [102], N-NiO [103], 

etc. Doping metal ions to replace the metal ions of TMOs can promote the catalytic 

activities while doping metal-free heteroatom offers electron donor activities. For 

instance, Chen and coworkers constructed an enhanced bifunctional oxygen 

electrocatalyst via adding cobalt ions into manganese-based perovskite oxide (LMCO) 

and further growing nitrogen-doped carbon nanotubes (NCNT) on the surface of 

LMCO with CVD process [101]. And the LMCO/NCNT assembled ZABs show a 

small voltage gap of 1.2 V and a longish cycling lifetime of 60 cycles at high current 

density of 18 mA cm
-2

. In addition, Qiao groups fabricated Ni doped CoO nanosheet 

with a multiscale structure by cation exchange method.[100] During the DFT 

calculation of CoO, it is found that the energy barrier of reducing O* to OH* on the 

surface of CoO {111} is too high to overcome. Further computational results 

demonstrate that the Ni doped CoO {111} exhibits increased formation of OOH* and 

decreased energy barrier of desorption of OH*, suggesting the enhancement of 

catalytic activities. And the experimental results also confirm that promoting battery 

performance of Ni-CoO fabricated ZABs with higher peak power density of 377 mW 

cm
-2

 than CoO assembled ZABs of 265 mW cm
-2

. And the specific capacity of Ni-

doped CoO assembled ZABs exhibit high energy density larger than 753 Wh kg
-1

. 
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Furthermore, N-doped NiO nanosheets by facile two-step hydrothermal process were 

prepared by Wang and coworkers [103]. According to the characterization of the N-K-

edge XAFS spectra, N-doping results in the binding energy of the N-NiO’ absorption 

edge changed to a smaller position, further leading a covalent effect. The existence of 

Ni-N band with the analysis of XPS confirmed the successful doping of N. 

Furthermore, the theoretical analyses gathered with the experimental results testify the 

positive influences of N doping NiO on the OER performance since it promoting the 

conductivity and catalytic activity of NiO. The N-NiO catalyst based on ZAB exhibits 

superior battery performance with smaller voltage gap of 0.83 V than pristine NiO 

with 1.12 V. And N-NiO catalyst assembled ZABs also exhibit stable cycling lifetime 

of 160 h with ignorable voltage change, which is more excellent than pristine NiO 

based ZABs.  

3.3.2 Transition metal hydroxide catalysts (TMHCs) 

Transition metal hydroxide catalysts (TMHCs), including single, double and even 

triple hydroxides, gradually attract wide attentions as bifunctional oxygen 

electrocatalyst due to their tunable component and structure. Since TMHCs exhibit 

good OER performance but poor ORR performance, strategies of reducing the size of 

catalysts, controlling porous and hollow morphology and building hybrid catalyst are 

adopted for promoting effectively bifunctional catalytic properties [104-106]. Zhan et 

al. found large sizes (several hundreds of nanometers) of hydroxide particles show 

inferior catalytic performance for oxygen may be caused by the decrease of specific 

surface area and surface activity [104]. So they synthesized uniform hexagonal 
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Co(OH)2 nanosheets with the thickness of ~14 nm and lateral size of ~80 nm by facile 

hydrothermal and freeze-dried method (Fig. S4a-b). During the process of charging 

and discharging, Co(OH)2 nanoplates transforming to hexagonal CoO and Co3O4 

nanoplates. The obtained Co(OH)2 electrocatalyst based ZABs display stable cycle 

lifetime in Fig. S4c.  

Reducing the sizes of TMH materials is another available way for increasing the 

catalytic active sites and improving the performance of electrocatalyst. Li et al. 

fabricated ultrathin nanosheets comprised CoMn double hydroxide hollow spheres 

(CoMn DH) as high-performance bifunctional electrocatalysts for ZABs [107]. 

Different ratios of Co and Mn construct various sizes and morphologies owing to the 

incorporation effect of Mn. The engineered ultrathin Co2Mn1 DH (ratio of Co/Mn is 

2:1) obtains various deficiencies, ensuring sufficiently active sites for closely contact 

the electrolyte, and then facilitates the catalytic oxygen activity of prepared materials. 

The optimized Co2Mn1 DH catalyst delivers outstanding bifunctional performance of 

ORR with half-wave potential of 0.81 V and OER with small overpotential of 233 mV. 

The rechargeable ZAB based on Co2Mn1 DH catalyst exhibits lasting cycling stability 

and exceeds Pt/C based ZABs.  

Beside above methods, combining high OER performance transition metal hydroxides 

with other superior ORR catalysts is another common way. Since the bifunctional 

catalysts should fulfill the requirements for recharge ability of ZABs and can 

synchronize balance the ORR and OER performance based on transition metal 

hydroxide, integration with metal oxides and various carbon materials were studied in 
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recent years. Majee et al. fabricated electrocatalyst of NiFe LDH sheets embellished 

Ba0.6Sr0.4Co0.79Fe0.21O2.76 (BSCF/NiFe LDH) via a special method for taking the 

advantage of different surface charges of Ba0.6Sr0.4Co0.79Fe0.21O2.76 [48]. Guo et al. 

synthesized similar electrocatalyst comprising ultrathin NiFe LDH on Co3O4 

nanowire arrays (Co3O4@NiFe LDH) with chemical co-deposition and thermal 

decomposition processes [47]. Comparing the O 1s spectra of Co3O4@NiFe LDH and 

NiFe LDH, it is worth noting the left shift of Ni/Fe-O and Ni/Fe-OH on the 

Co3O4@NiFe LDH resulted by the electron of Ni and Fe ions transferred to Co ions. 

Therefore, the modulation of catalyst’s surface charges can help balance the 

performances of ORR and OER between two components. BSCF/NiFe LDH 

assembled ZAB and Co3O4@NiFe LDH assembled ZAB both displays optimized 

stability without obvious decay of voltage gap after 100 h at 5 mA cm
-2

 and 120 h at 

15 mA cm
-2

, respectively. Wang et al. constructed a bifunctional hybrid electrode by 

coating MnO2 and NiFe LDH on each side of Ni foam with the assistance of vaseline 

(Fig. S4d) [108]. As a result, the Janus MnO2-NiFe LDH catalyst not only exhibits 

better OER performance and but also shows a lower potential gap of 0.65 V than bare 

MnO2 of 0.78 V. Janus MnO2-NiFe LDH based ZABs also display superior battery 

performance with less increasing voltage gap and better lasting cycle stability than 

pure MnO2 based ZABs, as shown in Fig. S4e. In addition, the high OER performance 

NiFe LDH also can be combined with heteroatom doped carbon materials to build 

efficient bifunctional catalytic systems for rechargeable ZABs [109]. The ultrathin 

NiFe LDH anchored on Co and N co-doped carbon framework (NiFe-LDH/Co,N-
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CNF, in Fig. S4f) was reported as the effective bifunctional electrocatalyst by Wang et 

al [109]. The change of electronic structure on the NiFe-LDH/Co,N-CNF was 

reflected by the similar positive shift of binding energy at Ni 2p and Fe 2p spectrum, 

which presents the interaction of C-N⋯Ni-O, C-N⋯Fe-O with Co,N-CNF. This 

interaction is conducive to stabilize the electron on Ni 2p and Fe 2p and facilitate the 

catalytic activities. Therewith, the NiFe-LDH/Co,N-CNF exhibits high electrical 

conductivity and excellent bifunctional oxygen catalytic activities of ORR (E1/2 of 

0.790 V) and OER (E η =10 of 1.542 V). As assembled on the air electrode of 

rechargeable ZAB, it also shows small discharge-charge voltage gap of 1.0 V at high 

current density of 25 mA cm
-2

 and long cycling durability of 80 h, which surpasses the 

noble ZAB assembled by mixture of IrO2 and Pt/C in Fig. S4g.  

 

3.4 Transition metal chalcogenide catalysts (TMCCs) 

Transitional metal chalcogenide catalysts (TMCCs) are extensively investigated as 

promising oxygen electrocatalysts applicants, due to their controllable electronic 

structures, high intrinsic active agents and excellent long-term stability. However, 

their inferior reactivity, slow electronic conductivity and fast reunion rate of electrons 

and holes still limit their ORR and OER performance. In the past few decades, wide 

explorations of TMCs has been conducted to enhance the catalytic performance as 

potential oxygen electrocatalysts for rechargeable ZABs via nanostructured strategies, 

combining conductive substrates and regulating electron structures. According to as-

prepared TMCCs, they can be classified into three types, pure transition metal 
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chalcogenide (MX, MM’X, M represents transition metal, X is chalcogens, as same 

below), transition metal chalcogenide and carbon composites (MX/C) and other 

transition metal chalcogenide composites (M/C@MX, M/MX-C). These various types 

of TMCs can be synthesized by hydrothermal method, impregnation method, 

chemical vapor deposition, solid-state thermolysis approach, electrochemical etching 

method and soft-template mediated approach etc. The most popular synthetic method 

is hydrothermal method owing to its simplicity and convenience.  

Pure TMCCs show significantly catalytic behaviors by nanostructured strategies since 

it tuning the electronic structure and increasing the exposure of catalytic sites. The 

morphologies of TMCCs nano materials include nanosheets [110,111], nanowires 

[112], nanotubes [113], nanospheres [114,115], etc. For instance, Zhang and 

coworkers successfully synthesized NiCo2S4 hollow microspheres by facile 

hydrothermal method, which exhibited an excellent electrocatalytic performance of 

low potential gap of 0.69 V between ORR and OER [115]. Wang and coworkers 

prepared single-stage (Ni, Co)S2 nanosheets with an enhanced performance of OER 

and ORR owing to the synergistic effect of Ni and Co [116]. The synergistic effect 

between Ni and Co shows metallic nature of (Ni, Co)S2, which is confirmed by 

calculating the DOS of (Ni, Co)S2 and the electron-occupied states at Fermi level. In 

contrast, CoS2 shows metallic feature while NiS2 exhibits semiconductor feature. 

Therefore, a small voltage gap of 0.45 V at 2 mA cm
-2

 and high specific capacity of 

842 mAh gZn
-1

 are shown on (Ni, Co)S2 assembled ZABs. Combining transition metal 

chalcogenides with heteroatom doped carbon materials is also valid for enhancing the 
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electrocatalyst’s performance since it accelerates the electron transfer, strengthens 

structural stability, and increases the contacting surface. Especially doping nitrogen, 

phosphorus and sulfur into carbon materials including graphene [117-118], graphene 

oxide [119-120], nanotube [121], nanofiber [122], leads to different electronic 

properties on the surface and results in more defects and active sites for facilitating 

the oxygen reaction. Chen and co-workers reported the construction of combining 

urchin-like NiCo2S4 microspheres with S-doped graphene nanosheets (S-

GNS/NiCo2S4, shown in Fig. 6a) through the sulfurized process with NiCo2O4 and 

graphene [117]. During electronic states analysis of S-GNS/NiCo2S, the dominated 

valence state of Ni 2p and Co 2p are divalent and trivalent and the spectrum of S 2p 

displays the metal-sulfur (M-S) bond and C-S-C bond. It is indicating that active sites 

of S-GNS/NiCo2S are various. And then, the S-GNS/NiCo2S4 catalyst exhibits 

outstanding catalytic activities with E1/2 of 0.88 V for ORR and Eη=10 of 1.56 V for 

OER. As S-GNS/NiCo2S4 for air electrode, the rechargeable ZABs exhibit superior 

power density of 216.3 mW cm
-2

, small voltage gap of 0.8 V and outstanding 

durability of 100 h. Han et al. uniformly grew the covalent hybrid of NiCo2S4 

nanocrystals on N-doped carbon nanotubes (marked as NiCo2S4/N-CNT) via 

hydrolyzed metal precursors and solvothermal crystallization [121]. During the 

synthetic process, it is easy to tailor the crystal size of NiCo2S4 spinel via controlling 

the metal-ammonia coordination, as shown in Fig. 6b. After adding N-CNT support, 

the Ni 2p and Co 2p peaks of NiCo2S4/N-CNT move to higher binding energy, due to 

the high electronegativity of nitrogen and oxygen on N-CNT leading a migration of 
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metal electron cloud. The hybridization of NiCo2S4 and N-CNT facilitates the 

enhancement of electrocatalytic activities. Therefore, based on the construction of 

electron transfer route for active sites, the change of dimensional in sulfide and the 

interaction between NiCoS4 and N-CNT, NiCo2S4/N-CNT catalyst shows the 

improved catalytic activities for ORR and OER. When applied in practical 

rechargeable ZABs, the NiCo2S4/N-CNT based electrodes obtain small voltage gap of 

0.63 V, high energy efficiency of 67.2% and long cycling life of 150 cycles. 
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Fig. 6. (a) Schematic diagram for formation process of urchin-like NiCo-based 

carbonate hydroxide microsphere [117]. Copyright 2018, Wiley-VCH Verlag. (b) 

Schematic preparation illustration of NiCo2S4 /N-CNT nanocomposite [121]. 

Copyright 2017, Elsevier BV. (c) Schematics for the synthesis of Mo-N/C@MoS2 and 

corresponding TEM images; scale: 50 nm. Inset: Room-temperature self-assembly of 

metal-organic clusters into ZIF-8 and Carbonization of ZIF-8 into N-doped carbon 
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framework (N/C), followed by hydrothermal evolution of vertically aligned MoS2 

nanosheet array [123]. Copyright 2017, Wiley-VCH Verlag. (d) Final carbonization 

leads to the formation of the Mo-N/C@MoS2 hybrid [124]. Copyright 2018, Springer 

Netherlands. 

 

Since it is difficult to balance between ORR and OER, pure TMCs usually display 

defined single electrochemical activity. To solve this problem, multi-type catalysts 

with controllable structure were synthesized by using metal organic frameworks. For 

instance, Mu and co-workers reported a progressive Mo-N/C@MoS2 electrocatalyst 

with robust catalytic activity and stability for bifunctional oxygen electrocatalysts in 

ZABs [123]. As shown in Fig. 6c, the electrocatalyst was obtained from the annealing 

process with the adsorption of Mo and S source on ZIF-8 derived N/C framework. In 

order to understand the interlayer electronic-coupling effects of MoS2, Mo-

N/C@MoS2 and N/C, the band structure and density of state were explored. As the 

results shown, Mo-N/C@MoS2 and N/C show fast electron transfer, while MoS2 

displays semiconductor characteristic. The fast electron transfer of Mo-N/C@MoS2 is 

confirmed by the slowly down shifting of the Dirac cone to support fast electron 

transfer. Therefore, Mo-N/C@MoS2 electrocatalyst effectively delivered excellent 

electrochemical kinetics of ZABs with power density of 196.4 mW cm
-2

, Coulombic 

efficiency of 63.9% and cycling performance of 48 h at large current density of 25 

mA cm
-2

. Liu et al. designed the Co and CoxSy loaded S and N co-doped porous 

carbon fibers (Co/CoxSy@S,N-CF, Fig. 6d) from carbonization with different solvent 
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synthesized Co-based MOFs [124]. During the analysis of XPS, the predominant peak 

of pyridinic N and graphitic N in the N 1s spectrum of Co/CoxSy@S,N-CF favors the 

improvement of the electrocatalytic activities. The Co-S bond and C-S-C exhibited in 

S 2p spectrum confirms the existence of Co9S8/Co3S4 and S doped carbon. Moreover, 

the Co
2+

 and Co
3+

 shown in the Co 2p spectrum also determines the formation of 

Co9S8/Co3S4, which are the main active sites of the electrocatalyst. The experimental 

results show that the ORR and OER properties of Co/CoxSy@S,N-CF are effectively 

promoted, which is better than S and N co-doped carbon fibers. The metal-free 

elements on the MOFs precursors are effectively in situ modified the electronic states 

of catalytically active metal centers of transition metal chalcogenide during the 

synthesis process. The improving chemical properties of transition metal chalcogenide 

also confirm the advantages of MOF materials. Furthermore, based on the above 

results, the incorporation of transition metal chalcogenides with green MOFs is a 

successful approach to synthesize productive and bifunctional catalysts for ZABs 

application. 

 

3.5 Transition metal phosphide catalysts (TMPCs) 

Currently, transition metal phosphides (TMPCs) grow to be an appealing catalyst for 

air electrode of ZABs, given that the decent performance of different TMPCs 

occupies in OER catalytic activity [125,126]. TMPs display higher conductivity than 

transition metal oxides because of their metal conductive property [127]. In addition, 

the real active sites of TMPs were proposed to be oxy/hydroxides or the phosphates 
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transformed on the surface of phosphides during OER process investigated by in situ 

characterizations [128-130]. The catalytic activity of TMPCs for ORR needs more 

exploration. And it still faces the challenge of defining the true catalytic sites of TMPs 

during the operation. At present, the synthetic methods of TMPs mainly contain 

electrospinning, vapor-solid phosphidation, temperature-programmed reduction, and 

biomass phosphorus complexes method. These methods can effectively regulate the 

electronic structure of TMPs to enhance their bifunctional electrocatalytic activities 

for ORR and OER. According to the previous research, integrating the optimized 

graphitized carbon and digging various functions of TMPs with different valences 

become the key points for design bifunctional transition metal phosphides catalysts. 

Manthiram and the coworkers synthesized a hybrid catalyst via in situ combining 

Co2P with the N-, S-, and P-doped carbon substrate (CoP@mNSP-C, shown in Fig. 

7a-d) [131]. During the synthesized process, the ultrasmall ZIF-67 precursors 

crosslinked with cyclotriphosphazene-co-4,4′-sulfonyldiphenol were grown on the 

self-template of 1D carbon nanotube, which provide cobalt, carbon and N,S,P-doping 

source in subsequently pyrolysis to form hybrid catalyst. The measurement results 

show that the remarkable ORR activity with E1/2 of 0.9 V mainly contributes to the 

heteroatom-doped hybrid materials rather than cobalt oxides, and the outstanding 

OER performance with Eη=10 of 1.64 V is benefitting from the conversion to CoOOH 

from CoP2 in the operating condition of OER. As CoP@mNSP-C assembled to air 

electrode of ZABs, it shows excellent voltage gap of 0.98 V at 20 mA cm
-2

 and stable 

cycling performance of 85 h at 20 mA cm
-2

 (Fig. 7c-d). Its outstanding battery 
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performance is attributed to the heteroatom-doped carbon mainly provides ORR 

activity and the cobalt oxides exhibit OER activity. At the same time, the cobalt 

phosphide is beneficial to stabilize hybrid catalyst by preventing the carbon corrosion 

during OER process. Furthermore, Gao et al. constructed a hybrid catalyst by 

combining Co2P crystal with CoNx particles inlaid in the N, P co-doped carbon 

substrates (Co2P@CNF, Fig. 7e) [132]. The synthetic method of electrospinning 

builds free-standing Co2P@CNF precursors with the N resource from 

polyacrylonitrile (PAN), P resource from polyvinyl alcohol (PA) and the cobalt nitrate 

hexahydrate. The PAN and PA play significant roles to stabilize the free-standing 

structure and flexibility of Co2P@CNF during the pre-oxidation. Therefore, the as-

prepared Co2P@CNF catalyst enables heighten the binding strength of reactants and 

accelerate the charge transfer. And the Co2P@CNF exhibits significantly 

electrocatalytic performance with E1/2 of 0.803 V for ORR and Eη=10 of 1.661 V. It 

further shows that ZABs based on CO2P@CNF have small power output gap and high 

durability, and exceed the standard ZABs based on Pt/C (Fig. 7f). These results show 

that the synergistic effect of Co2P, CoNx, and N, P co-doping carbon endow the 

excellent bifunctional catalytic performance. And the chemical environment of 

catalyst also occupies a crucial position during the catalytic process. It happens that 

there is a similar case of a unique nitrogen-rich sandwich-architecture catalyst 

(CoNP@NC/NG), which was reported by Zhong et al. [133] The enhanced catalytic 

activities of hybrid catalyst is benefitted by the synergistic effect of Co-P and Co-N 

bonding to weaken the adsorption energy of OOH*. Finally, ZABs assembled by 
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CoNP@NC/NG exhibit a small voltage gap of 0.85 V and stable cycling life of 30 h 

without negligible performance loss. Besides the synergistic effect of Co-P bonding 

and Co-N bonding, different combing types of Co and P also display promoted 

catalytic activities for ORR and OER. Li et al. utilized a solution-phase method to 

synthesize uniformly mono-dispersive CoP and Co2P nanocrystals (Fig. 7g-h) for 

promoting catalytic performance of oxygen electrocatalyst [134]. The crystal structure 

of CoP is composed of face-sharing CoP6 octahedra and edge-sharing PCo6 trigonal 

prisms. And the combination of edge-sharing CoP4 tetrahedra and CoP5 pentahedra 

constructs the Co2P. CoP nanocrystals with increased exposing (211) plane and 

plentiful phosphide atoms facilitate the catalytic activity of ORR. And the high 

content of CoP is beneficial to reduce the binding energy between the adsorbed OH* 

and Co atoms, given that the high electronegativity of P atoms. Moreover, based on 

the abundant Co atoms on the Co2P surface, plentiful Co2P@CoOOH heterojunctions 

transformed from Co2P also enhance the OER performance. The CoP assembled ZAB 

shows excellent battery performance and lights a red LED in series of two button 

batteries (Fig. 7i-j). Besides frequently researched cobalt phosphide, the bifunctional 

catalytic activities for oxygen reaction of other metal phosphide still need more 

exploration.  
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Fig. 7. (a) SEM images and (b) HR-TEM images of CoP@mNSP-C. (c) Polarization 

curves of CoP@mNSP-C for bifunctional catalytic activity, (d) CoP@NSP-C and 

CoP@mNSP-C air electrodes at an applied current density of 20 mA cm
-2

 [131]. 

Copyright 2017, Wiley-VCH Verlag. (e) TEM images and the inset is the schematic 

microstructure of Co2P, (f) charge-discharge curve at 10 mA cm
-2

 for the Co2P@CNF-

based and Pt/C-based ZABs [132]. Copyright 2019, American Chemical Society. (g) 

XRD patterns and (h) crystal structures of CoP and Co2P NCs, (i) Polarization and 

power density curves. (j) Photograph of an LED (1.8 V) powered by two CoP-based 

zinc-air button battery in series [134]. Copyright 2018, Wiley-Blackwell. 

 

3.6 Transition metal nitride catalysts (TMNCs) 

Transition metal nitrides (TMN) have also been investigated as promising catalysts 
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for the air electrode based on its unique electronic properties. Their excellent 

electronic property leading to intrinsic metallic feature, which facilitating the rapid 

charge transfer between the catalysts’ surface and the electrode support. There are 

some reports about TMNCs for applying primary ZABs, such as Fe3N, TiN etc 

[135,136]. But the rechargeable ZABs are close to the development trend of energy 

conversion system in the future. Therefore, more and more research about TMNCs 

have been reported in recent years, such as CoN, NiN, FeN, MnN, Ni3FeN, and 

NiFeMoN, which show potential for application as air electrode for rechargeable 

ZABs.[136-140] However, the aggregation of catalyst nanoparticles during the 

synthetic process and the inactive ORR catalytic properties of TMNC still restrict the 

practical applications of TMNCs [141,142]. By adopting various modifications, 

TMNCs still present potential as bifunctional catalysts. According to previous 

research, the preparation of TMNCs generally synthesized through thermal 

ammonolysis, template method and urea-glass route. And the performance of TMNCs 

can be enhanced by different modified strategies based on these synthetic methods. It 

is reported that heteroatoms doping and structural design are effective for catalyst 

improvement. Goodenough and his group researched the possibility of transition 

metal nitrides applied to oxygen catalyst for zinc air batteries [141]. They explored 

the bifunctional catalytic activities of nickel-iron nitride (Ni3FeN), which was 

prepared by the thermal ammonolysis of nickel-iron layered double hydroxide. The 

metallic of Ni and Fe on the Ni3FeN were observed on the XPS spectrum after 

introducing the N element. And then electrical conductivity of the Ni3FeN could be 
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enhanced by the existence of metallic feature, which facilitates the electron transfer 

during the electrocatalyst and electrolyte. Therefore, Ni3FeN assembled ZABs exhibit 

a small charge-discharge voltage gap of 0.70 V and a stably cycling lifetime of 100 h. 

Moreover, Guan et al reported a hybrid catalyst of cobalt/cobalt nitride combined 

nitrogen-doped carbon nanoarrays (NC-Co/CoNx) for catalyzing ORR and OER and 

further applying to ZABs [142]. There were three formative compounds of 

Co/Co2N/Co4N during nitridation process, given that the cobalt can react with 

ammonia in various directions. It is worthy to note that the hybrid catalyst consisted 

of Co, Co2N Co4N and N-C shows abundant active sites, stable reacting interface and 

high electric conductivity. Therefore, the hybrid catalyst exhibits excellent for ORR 

(E1/2 of 0.87 V) and OER (Eη=10 of 1.519 V). Furthermore, the ZABs based NC-

Co/CoNx also display small voltage gap of 0.65 V and a cycling lifetime of 400 h. At 

the same time, Wang et al. designed a Ni3FeN/Co, N-CNF bifunctional electrocatalyst 

via post annealing methodologies. Firstly, Co, N-CNF with excellent ORR 

performance was fabricated via the carbonization of Zn, Co-ZIF@mSiO2 and post 

removing of porous SiO2 templates (Fig. 8a) [143]. Then, Co, N-CNF was served as 

the carbon substrate for bearing the small and uniform-sized Ni3FeN nanoparticles 

through the nitridation of NiFe-LDH under NH3 flow. The unique structure avoids the 

unwelcome aggregations during the preparing and operating processes. Moreover, the 

formation of metallic Ni3FeN nanoparticles was further confirmed by the absorption 

edge characters in the Ni K-edge and Fe K-edge XANES spectrum in Fig. 8b-c. The 

Ni3FeN/Co, N-CNF bifunctional electrocatalyst exhibits excellent catalytic activity 
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for OER (Eη=10 of 1.50 V) and ORR (E1/2 of 0.81 V). Subsequently, Chen and 

coworkers constructed the Ni-Fe-MoN NTs via the post annealing of MoO3@Ni1-

xFex(OH)2 under NH3 flow, as shown in Fig. 8d [52]. Then the hierarchical core-shell 

Ni-Fe-MoN NTs were obtained. Compared sample of Ni-MoN NTs were also 

synthesized without the addition of Fe. As shown in the XRD pattern (Fig. 8e-g), the 

obtained Ni-Fe-MoN NTs display blue shift of the reflection peaks location when 

compared with the Ni-MoN NTs owing to the Fe incorporation. And the nickel nitride 

of Ni-Fe-MoN NTs exhibited lower binding energy owning to some partial electron 

transferring from doping Fe to Ni. Therefore, the Ni-Fe-MoN NTs exhibit smaller 

OER overpotential of 228 mV than Ni-MoN NTs of 276 mV. Further electrochemical 

testing shows Ni-Fe-MoN NTs display outstanding voltage gap of 0.81 V between E1/2 

of ORR and Eη=10 of OER. Assembled as electrode for rechargeable ZABs, the Ni-Fe-

MoN NTs exhibits a specific capacity of 753.7 mAh gZn
-1

 at 10 mA cm
-2

, a peak 

power density of 118 mW cm
-2

 and a stable cycling of 20 h. Chen and coworkers 

further found the hierarchically Co-doped MoNi-N nanowires show enhanced active 

surface area, reduced charge-transfer and mass-transfer resistance via Co doping [144]. 

The doped cobalt facilitates the conversion of NiOx/Ni(OH)2 from Ni-N species 

during OER process, which are the real active sites of catalyst. Other research also 

demonstrates the doping of Fe and Co both impact the electronic structure, the electric 

conductivity and the active surface area of the transition metal nitrides electrocatalyst, 

further promoting the final activities. Thus, heteroatom doping has been proved as an 

effective method for developing bifunctional electrocatalyst with superior properties 



 

51 

 

and efficiency for ZABs. 

 

 

Fig. 8. (a) TEM image of NiFe-LDH/Co,N-CNF (Scale bar for the insert image: 10 

nm); (b) Ni K-edge XANES spectra for Ni foil, NiO and Ni3FeN/Co,N-CNF; (c) Fe 

K- edge XANES spectra for Fe foil, Fe2O3 and Ni3FeN/Co,N-CNF [143].Copyright 

2017, Elsevier BV. (d) TEM images of Ni-Fe-MoN NTs; (e-f) detailed comparisons of 

peaks in the XRD patterns between Ni-MoN (black line) and Ni-Fe-MoN NTs (red 

line) [52]. Copyright 2017, Wiley-VCH Verlag. 

 

4 Conclusions and outlook 

The rechargeable zinc air batteries take advantages of environmental friendliness, 

cost-effective, as well as high theoretical specific energy and long-lasting 

electrochemical stability. Although the research of zinc air batteries have made great 

progress in the past twenty years, the low energy efficiencies and unstable cycling 

lifetime are still the obstacles blocking the practical application of zinc air batteries. 
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One of the key points for rechargeable ZABs is exploring the bifunctional 

electrocatalysts with high catalytic efficiency for both oxygen reduction reaction and 

oxygen evolution reaction. Considering the highly need for exploring novel low-cost 

and high-performance bifunctional electrocatalysts, understanding the basic design 

strategies and knowing the achieved progress are highly important. To this content, 

this review summarizes various transition metal-based catalysts for rechargeable 

ZABs, including single atom, nanoalloys, oxides, hydroxides, chalcogenides, nitrides 

and phosphides, and their catalytic performance. Although several pure transition 

metal-based catalysts cannot show satisfactory catalytic performance owing to the 

limited exposure of active sites, a growing number of composited transition metal 

based electrocatalysts prepared via multiple methods display outstanding catalytic 

activities of ORR and OER and excellent batteries performance (Tables S1)[145-154]. 

It can be seen that since the electronic states of active centers in transition metal play 

a significant role for enhancing and balancing the catalytic activities of ORR and 

OER on air electrode of ZABs, their deep research is also conducive for 

understanding the coordination situation of active centers and exploring the optimal 

active sites. Controlled synthesize optimal electrocatalysts with ideal electronic states 

via nanosizing, heteroatom doping and loading conductive substrate is an effective 

strategy. Additionally, the Density Functional Theory calculation of electrocatalyst 

before optimal process becomes highly useful for identifying promising catalysts with 

low energy barrier for reactive intermediate, which makes synthesizing catalysts with 

high catalytic efficiency would become much easier in future. Nevertheless, the zinc 



 

53 

 

air batteries still face great challenge for meeting the requirement of practical zinc air 

batteries and their application for electrical vehicle. Considering the whole 

environment of air electrodes, the challenges and exploration directions are listed to 

provide reference values for promoting the bifunctional electrocatalytic activities of 

air electrodes on zinc air batteries. 

(1) The stability of transition metal-based catalysts on most reported research is still 

limited when compared with the ZABs commercial standard. Especially facing the 

feeblish alkali resistance of transition metal, it is necessary to pay more attention 

to research the transformation of electrocatalysts during charging and discharging 

processes. To understand the influence or the correlation of potential and 

electrolyte for electrocatalyst is another key point to keep the stability of the 

electrocatalyst. Developing efficient and durable electrocatalysts is also useful for 

reducing the cost for practical ZABs. 

(2) The energy efficiencies (also called the round-trip voltaic efficiency) of ZABs, 

which identified as the specific value of discharge end voltage and a charge end 

voltage, are of great importance to ZABs. In Table S1, the highest energy 

efficiencies of ZABs range between 45 %-65 % averagely, suggesting large 

polarization and roud-trip overpotential of ZABs during charging and discharging 

processes. Therefore, to solve the large polarization and roud-trip overpotential of 

ZABs and enhance the energy efficiencies of ZABs are important aspects for 

evaluating the catalytic activities of transition metal-based bifunctional 

electrocatalysts. 
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(3) In situ characterization and theoretical calculation technologies are efficient 

methods for determining the real active sites and observing the electrocatalyst 

evolution in the different electrolyte and different potential range. Additionally, it 

is also meaningful for accelerating the kinetic reaction process through the 

confirmation and utilization of the electrocatalyst evolution to accelerate the 

kinetic reaction process. To observe and identify the transformation of the 

electrocatalyst after delivery the intermediates is beneficial for understanding the 

reaction mechanism of ORR an OER during the zinc air batteries. The reaction 

mechanism of ORR and OER may be influenced by the different situations 

between single electrode and zinc air battery, such as the high concentration of 

electrolyte, the existence of zinc electrode and the alkaline membrane.  

(4) During the discharge and charge processes of ZABs, the generation of insoluble 

zinc oxide would deposit on air cathode and then blocking the active surface of 

the electrocatalysts, covering the active sites and preventing the diffusion of 

reactive intermediates, thus finally causing premature battery death. The insoluble 

zinc oxide is generated during the charging process owing to the residual zinc ions. 

Putting some additives into the electrolyte is a considerable method to prevent the 

deposition of zinc oxides. Therefore, prevention of zinc oxide deposition needs 

more research attentions. 

(5) Due to the half-open system of ZABs, the loss of water in alkaline electrolyte and 

the deterioration of alkaline electrolyte significantly affect the battery performance. 

The carbon dioxide from air atmosphere is unable to be eliminated, which is 
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always coexistence with the oxygen. The alkaline electrolyte easily reacts with the 

carbon dioxide, leading to the deterioration of alkaline electrolyte. Designing 

electrocatalysts that resisting or even converting carbon dioxide from air is a new 

idea for exploring more effective bifunctional electrocatalysts for air electrodes.  

Apart from using on electrical vehicle system, zinc air batteries can also be applied to 

redundant electrical power and the filling valley and modulating peak of power plants. 

In this respect, developing electrocatalyst with safe and low-cost characters is highly 

needed for the future market of ZABs. Furthermore, the exploration of flexible zinc 

air batteries also can be considered as research direction for portable electronic device. 

According to the development of energy industries, we believe that zinc air batteries 

would play a significant role in the future. In the end, it is hoped that this review may 

give inspirations for exploring more and more effective bifunctional electrocatalysts 

for commercial for rechargeable ZABs.  
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