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Abstract 

Aqueous metal-air batteries have gained much research interest as an emerging energy storage 

technology in consumer electronics, electric vehicles, and stationary power plant recently, primarily 

due to their high energy density derived from discarding the bulkier cathode chamber. In addition, 

abundant raw materials, low cost, high safety, and environmental friendliness are intrinsic 

advantages of metal-air batteries as well. Motivated by the desirable characteristics, the significant 

progress has been made in promoting the promising electrochemical performance and improving the 

long-term stability in aqueous metal-air batteries in recent years. This review article starts with a 

general description of the features and working principles of aqueous metal-air battery systems. Then, 

the air cathode structures are introduced and compared, as well as the electrochemical catalysts 

applied in the air cathode are comprehensively summarized, including noble metals, alloys, metal 

oxides, hydroxides or sulfides, carbon materials, as well as composite materials such as metal 

(oxides)/metal oxides and (metal) oxides/carbon materials. In addition, the chemistries and major 

issues of metal anodes, e.g. aluminum, zinc and magnesium, are reviewed and respective strategies 

to alleviate these issues are offered as well. Afterwards, detailed discussions have been provided on 

the recent progress towards the electrolytes and separators, both of which are crucial components in 
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the battery configuration. From the system point of view, innovative single-cell and stack system 

designs are also presented. Finally, the challenges and perspectives for the future development of 

aqueous metal-air batteries are highlighted. 

 

Keywords: Metal-air batteries; Aqueous electrolytes; Bi-functional electrocatalysts; Separators; 

System designs 
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1. Introduction 

The growing demands in energy supply and the awareness of climate change have facilitated the 

inevitable transition from burning fossil fuels to clean and efficient energy conversion technologies 

such as fuel cells [1-6]. In spite of the power-generating processes, the storage of the energy 

generated from renewable energy sources, such as solar and wind power, is a parasitic and crucial 

process for the energy sustainability [7-12]. Given the adequate but intermittent solar and wind 

power, it is urgent to develop energy-storage systems to reserve the renewable energy, which are 

essential components in the future energy network to buffer the unpredictable energy generation and 

supply [13-18]. The advantages of energy-storage systems can be summarized as: (1) store the 

energy at off-peak times and release the energy during peak times to reduce the overall generation 

from power plants; (2) make the intermittent solar and wind power a stable power source; and (3) 

accelerate the electrification of transportation, reduce fuel consumption and promote a low carbon 

economy [19]. Batteries, one kind of energy-storage systems, penetrated every corner of our daily 

life have been well-known for their excellence in converting and storing energy. Particularly, first 

reported in 1991, lithium-ion batteries have been widely used in portable electronic devices and 

electric vehicles [20]. In order to meet the demand to electrify transportation and promote grid-scale 

stationary energy storage, the energy density and power density of the Li-ion batteries are required to 

be continuously improved [9, 21]. Unfortunately, it is generally accepted that an increase of at most 

30% in energy density can be made in Li-ion battery technology, indicating intercalation 

chemistry-based conventional lithium-ion technology is approaching its performance upper limit [13]. 

In addition, the disadvantages of high cost, especially for the insufficient supply of lithium and 

cobalt, and blemished safety issues have held back the large-scale applications of Li-ion batteries 

[10]. 

Recently, metal-air batteries have received ever-increasing research interest as an emerging energy 

storage technology in consumer electronics, electric vehicles, and stationary power plants [14, 18, 

22-29]. It can be seen from Fig. 1 that the publications associated with metal-air batteries show a 

remarkable increase from 62 publications in 2011 to 874 publications in 2018, indicating the 

ever-increasing research interest has been paid to this field. In addition, China and USA play the 
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leading role in this research direction, as 44.7% and 17.6% of the publications published by the 

researchers from China and USA, respectively. The two pioneer countries are followed by South 

Korea, Japan, Germany, Australia, Canada, Singapore, India, and UK, which suggests that 

worldwide attention has been attracted by this technology. Unlike the conventional batteries where 

the reagents are stored within the cells, metal-air batteries utilize oxygen from the atmosphere at the 

cathode, thus they are consequently thought as a hybrid of batteries and fuel cells. Due to the 

air-breathing structure discarding the bulkier cathode chamber, they have high theoretical energy 

densities (energy per unit weight) in the range of 1353-11429 Wh kg-1 (calculated by the common 

Zn-, Al-, Mg- and Li-air batteries), which are about 3-30 times higher than that of lithium-ion battery 

[13]. In general, the metal-air battery consists of a metal anode saturated with appropriate electrolyte, 

a porous air cathode absorbing the surrounding air, as well as a proper separator mechanically 

disconnecting the anode and cathode. The metal anode can be alkali metals (e.g., Li), alkaline earth 

metals (e.g., Mg), earth abundant metals (e.g., Al), or first-row transition metals (e.g., Zn) with good 

electrochemical equivalence. With regard to the traditional non-aqueous electrolyte, it brings about 

four concerns hindering its wide applications: (1) the inherent safety issue attributed to the 

flammable organic electrolytes; (2) the low ionic conductivity around 1-10 mS cm-1; (3) the high cost 

due to the rigorous manufacturing requirements; and (4) the potential environmental pollution [30]. 

As a contrast, aqueous electrolyte is of particular attraction in terms of high operation safety, great 

ionic conductivity of approximately 1 S cm-1, low cost, and environmental benignity [31]. Because 

of the aqueous electrolyte, Li, Na, and K in the metallic form are plagued by their inherent instability 

to react with water [10]. In addition, differing from the air cathode made of bare porous carbon 

materials in non-aqueous metal-air batteries, a homogenous distribution of catalyst on the substrate is 

required to maximize the performance via increasing the cycling efficiency by lowering the voltage 

gap between charge and discharge processes in aqueous metal-air batteries. 
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Fig. 1. (a) Publications related to metal-air batteries per year from 2011 to 2018, and (b) the top 10 

countries publishing the most publications from 2011 to 2018. 

 

 

Fig. 2. Working principle of aqueous metal-air batteries. 

Basically, the working principle of aqueous metal-air batteries are illustrated in Fig. 2. On the 

anode, the metal is oxidized to release electrons and the metal ions combine with hydroxide ions to 

form metal hydroxide during discharge process: 

M+ nOH- → M(OH)n+ ne-                            (1) 

where M presents the metal (e.g., Zn, Al, or Mg) and n is the valence of metal ions. The released 

electrons transport through the external circuit and reach the cathode to participate in the oxygen 
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reduction reaction (ORR). On the cathode, oxygen molecules from the atmosphere combining the 

coming electrons and water are reduced to hydroxide ions: 
n
4

O2+ ne-+ n
2

H2O → nOH-                          (2) 

The generated hydroxide ions transport through the separator from the cathode to the anode to 

complete the current loop. Combining the Eq. (1) and (2), the overall reaction can be obtained: 

M+ n
4

O2+ n
2

H2O → M(OH)n                        (3) 

It should be mentioned that currently, only Zn-air batteries can be electrically rechargeable in 

aqueous electrolyte, while the Al- and Mg-air batteries need to be recharged via mechanically 

changing the metal anodes, which cannot be directly reduced from ions to metals in aqueous 

electrolyte [32]. In charge process, the reaction steps are inverse with the discharge as shown in Fig. 

2. 

The objective of this review is to provide a general description of aqueous metal-air batteries, 

summarize the recent advances in electrode structures and novel catalysts of air cathodes and metal 

anodes (Zn, Al, and Mg), conclude the latest progress in electrolytes and separators, as well as 

discuss the single-cell and stack system designs. Finally, conclusions are given followed by a brief 

future perspective. 

2. Air electrode 

The air cathodes are one of the key components for metal-air batteries, and the well-established air 

electrodes ensure efficient and stable operation of metal-air batteries. Generally, an efficient air 

electrode should possess fast oxygen diffusion while prevent water permeating, high electrochemical 

activity for oxygen reduction in primary metal-air batteries, both of oxygen reduction and oxygen 

evolution in rechargeable ones, quick migration of OH-, a stable physical structure in alkaline 

condition and good electrochemical stability (especially under high potentials). These complicated 

and self-contradictory requirements entangle the design of air electrodes. According to the literatures, 

therefore, the main interest in metal-air batteries over the past 50 years is focused on achieving better 

catalytic activity, longer life and lower cost of fabrication methods and materials for air electrodes. 

In this section, the air electrode holistic architecture, detailed material and design aspects of gas 

diffusion layer and catalyst layer are reviewed. 
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2.1. Air electrode architecture 

The architecture of a conventional air electrode is composed by three components: a catalyst layer 

(or an active catalyst layer), a current collector and a gas diffusion layer as shown in Fig. 3. 

Generally, the gas diffusion layer is assembled at the outside of the air electrode, then pressed with 

the current collector layer and catalyst layer successively with a sandwich structure. This classical 

structure is built by Heise and Schumacher of the National Carbon Company in 1932 used for Zn-air 

battery, which has been almost unchanged since then [33]. The outside gas diffusion layer has 

various pores to ensure the fast diffusion of oxygen. Meanwhile, these pores must be hydrophobic 

enough to avoid the electrolyte leakage. The current collector layer is always bedded between the gas 

diffusion layer and catalyst layer to transfer the electrons from or to the catalyst layer. The catalyst 

layer is the place for oxygen reduction or evolution, which plays the most crucial role for high 

performance of air electrode. To maximize the oxygen diffusion rate, all these three layers of the air 

electrode are porous. During the operation of air electrodes for ORR, the oxygen in the air diffuses 

from the porous gas diffusion layer and current collector layer to the catalyst layer. At the same time, 

the electrons from the metal anode transfer through the current collector layer to the catalyst layer 

and combine with the oxygen at the catalyst active sites. For oxygen evolution reaction, the paths of 

oxygen and electrons are inverse. Although the architecture of the air electrodes of different kinds of 

aqueous metal-air batteries contain some difference, such as arrangement of the three layers, the air 

electrodes possess the same function to keep the battery running. 

 
Fig. 3. Schematic of the air electrode configuration. 

2.1.1. Gas diffusion layer  
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The gas diffusion layer plays a vital role in the performance of the metal-air batteries, especially 

for high current density discharge and durability of the electrode determined by the gas diffusion rate 

and electrolyte leakage time. To facilitate oxygen transport in the air electrode, the gas diffusion 

layer should be thin, porous and hydrophobic [34]. The hydrophobic pores and channels provide fast 

oxygen transport pathways and avoid flooding, which can be adjusted by hydrophobic agents, such 

as polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), and fluorinated ethylene 

propylene (FEP) [35]. Although the higher percent of hydrophobic agent will enhance the 

waterproofness, it reduces the porosity and hinders the gas diffusion [36]. Therefore, to balance the 

waterproofness and gas diffusion rate, the proper PTFE content is 30-70 wt.% [37]. One of typical 

fabrication methods is uniformly blending PTFE with carbon black [38] (e.g. AD-200 [39], XC-72 

[40, 41], acetylene black [42]), active carbon [42] or/and carbon fiber [43-46] in alcohol, then the 

mixture is dried to pasty and rolled to be film or scratched to the current collector. The other typical 

architecture of gas diffusion layer is directly using PTFE porous film to proof water and diffuse air 

[47-50]. To avoid being punctured by the current collector, the PTFE film and current collector are 

separated by a thin microporous layer, such as carbon powder and some part of catalyst layer.   

Although the conventional fabrication technology is relative maturity, it is also complicated for the 

researchers in laboratory to assemble a desired testing metal-air battery [51]. Fortunately, Toray 

Industries, Inc. in 1980 developed a successful commercial gas diffusion layer for polymer 

electrolyte fuel cell by Toray carbon paper [34], which is also suitable for metal-air batteries as the 

gas diffusion layer directly [52] or simply treated with PTFE [53]. The woven carbon cloth, similar 

to the carbon paper, also has the continuous macropores and is widely applied to flexible Zinc-air 

batteries in laboratories because of the excellent mechanical flexibility [54-62]. Additionally, the 

good electroconductivity of the carbon paper and cloth makes themselves as the current collectors. 

However, they are quite brittle to handle as large area electrodes because of the high possibility of 

leakage, which is not permitted to keep the metal-air battery running, and the relative high cost also 

limits the wide application for metal-air batteries. To solve the leakage of primary zinc batteries, 

Wang et al. designed a new kind of cathode with continuous hydrophobic pores based on carbon felt 

and PTFE, combined with commercial manganese-based ORR catalyst. The resulting battery 
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equipped with this durable cathode can stably discharge over 3600 h in air with an average potential 

of 1.1 V at 50 mA cm-2 [63].  

For primary aqueous metal-air batteries, the different kinds of electrolytes (alkaline or neutral 

solutions) and discharge current densities require different types of gas diffusion layers. For example, 

the permeability of neutral solution (NaCl) is much lower than that of alkaline solutions (KOH and 

NaOH). Therefore, the hydrophobicity of the gas diffusion layer for neutral electrolyte can be 

designed relative lower [41, 64], and some researchers even using the hydrophobic catalyst layer as 

the gas diffusion layer [65]. However, the Mg-air battery with neutral electrolyte also needs high 

hydrophobic gas diffusion layer for longtime operation. For example, Wang et al. [44] designed a 

high-performance cathode based on carbon fiber felt for Mg-air battery. When the proportion of 

PTFE is 20 wt.% in the catalyst layer and about 70 wt.% in gas diffusion layer is proper for the 

Mg-air battery with higher power density and durability of 1100 h discharge. Under low discharge 

current density (<100 mA cm-2), the PTFE loading in the gas diffusion layer makes a negligible 

change [36, 47, 66].   

For rechargeable aqueous metal-air batteries, mainly referring of Zinc-air batteries, the gas 

diffusion layer requires higher potential corrosion resistant materials, such as high-graphitized 

carbons (e.g. graphene [67], reduced graphene oxide [68], and carbon nanotubes [69]) and porous 

metal materials [70-73]. These high corrosion resistant materials as the gas diffusion layer can 

efficiently solve the corrosion problems causing by the carbon paper [74-87] and carbon cloth 

[88-92], such as the loss of active surface area due to the carbon corrosion, and the interlocking 

degeneration of uniform distribution of current, even severe leakage. For example, Sun et al. [93] 

designed a carbon-free and binder-free cathode with hierarchical porous 3D MnCo2O4 nanowire 

bundles obtained by hydrothermal method, which kept the porous structure after 300 cycles during 2 

months. 

2.1.2. Current collector 

The main role of the current collector is collecting electrons, and another is a physical support to 

avoid being teared, especially for large area cathodes. As a collector, it should be conductive enough; 

and as a support, it should be tough enough. Additionally, the current collector is always assembled 

at outside of the catalyst layer, which means it must be porous enough to transfer oxygen. Therefore, 
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the materials of current collector focus on metal foam, metal mesh (such as nickel foam [49, 94-116], 

copper foam [117, 118], nickel mesh [119, 120], stainless steel mesh [121, 122]) and carbon cloth 

[28] or paper [74-87]. Recently, some new kinds or concepts of current collectors have been 

designed [123-127]. For example, Liu and co-workers [126] reported a current-collector-free cathode 

with a 3D foam-like composite composed of Mo2C nanorods decorated by high electroconductive 

N-doped carbon. Nickel foam, with good NaCl-corrosion-resistance performance, is the main 

material as current collector for Mg-air battery [41, 45, 64, 65, 128-130]. But for the other metal-air 

batteries, the materials of current collector are multitudinous as previously described. 

2.1.3. Catalyst layer 

Catalyst layer, the place for oxygen reduction and evolution, is the key component for air 

electrodes, which determines the performance of metal-air batteries on charge-discharge efficiency 

and durability. Because of the limitation of in-situ characterization technologies, the atomic ORR 

process remains unclear [131-133]. Based on the experience and theory model, the ORR process on 

“three phase interface” is widely accepted [134-139]. Although the true model of ORR is a “two 

phase interface” process of solid and electrolyte (because the oxygen must dissolve in the electrolyte 

so that it can be reduced on catalyst) [135], the researchers still chronically call it “three phase 

interface”. As oxygen has low solubility and diffusivity in aqueous electrolytes, oxygen in the ORR 

process is mainly in the form of gas phase before it dissolving in the electrolyte. Therefore, to fast 

diffuse the oxygen, the porous catalyst layer should possess proper hydrophobicity to avoid flooding 

or forming thick electrolyte film [140]. The hydrophobicity is adjusted by the content of PTFE owing 

to its capable of water repellent and stability [37]. And the porous structure is always supplied by 

porous carbon materials with good conductive, high stability, low cost and abundant sources [133, 

141-147]. For traditional fabrication method of catalyst layers, the active catalyst and substrate is 

always bonded by PTFE binder. To avoid the binding catalysts falling from the substrate, the 

catalysts are better to directly grow on substrate. If the substrate with self-supporting catalyst is a 

continuous electroconductive net, such as carbon fiber [148-155] and nickel foam [110-112, 116], 

the PTFE mainly acts as the hydrophobicity adjuster. Although different kinds of aqueous primary 

metal-air batteries discharge in alkaline or neutral electrolytes at various current density with 

multitudinous kinds of ORR catalysts, the architectures are similar as described.  
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Compared to primary aqueous metal-air batteries, the significant change of catalyst layers for 

electrically rechargeable ones (mainly Zn-air batteries) is transformed ORR catalysts to bi-functional 

oxygen catalysts except for tri-electrode structure [156]. The bi-functional oxygen catalysts consume 

oxygen during battery discharge and reversely evolve oxygen while charging. During charging 

process, the potential of catalyst layer is always above 1.5 V vs. RHE, which is too high for the 

carbon materials to endure [37]. Therefore, the materials in bi-functional catalyst must be more 

robust than that of ORR materials, such as the high-graphitized carbons [147, 157-160], carbon fiber 

materials [148-155] and porous metal [116, 117, 161]. Additionally, it is better to design the 

binder-free catalyst layer, which can reduce the ohmic polarization to lower the potential of OER and 

avoid the exfoliation of catalyst by the oxidation or degradation of binders [162]. For instance, 

Zhong et al. [58] developed a facile and binder-free method for the in situ and horizontal growth of 

ultrathin mesoporous Co3O4 layers (ORR catalyst) on carbon cloth as a high-performance 

bi-functional air electrode for a flexible Zn-air battery (as shown in Fig. 4). The contact area of the 

mesoporous Co3O4 layers and conductive support was maximized, facilitating the rapid electron 

transport and preventing the aggregation of ultrathin layers. Compared with the traditional method of 

carbon fibers supported Co3O4 nanoparticles with binder, the grown ultrathin mesoporous Co3O4 

layers exerted over 10 times of mass activity for ORR and OER. Additionally, the Zn-air battery 

equipped with the corresponding of Co3O4 layers was operated without obvious degradation under 

serious deformation and even during the cutting process. 
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Fig. 4. (a) Schematic diagram of the preparation of the air electrode. (b) SEM image and the EDS of 

an as-prepared ultrathin Co(OH)2/CC. (c) SEM image and the elemental mapping of an ultrathin 

Co(OH)2/CC. (d) SEM image of the surface of an ultrathin Co(OH)2/CC. (e) SEM image of the 

surface of the ultrathin Co3O4/CC. (f) STEM image at the edge of a carbon fiber with an ultrathin 

Co(OH)2 layer and the elemental mapping of Co, O, and C. (g) HRTEM image of the edge of a 

carbon fiber with an ultrathin Co3O4 layer. (h) Cross-sectional TEM image of a carbon fiber with an 

ultrathin Co3O4 layer. [58] Copyright 2017 John Wiley and Sons. 

 

2.2. Oxygen catalyst 

The oxygen electrocatalysts applied for metal-air batteries must take the activity, stability, 

conductivity, mass transfusion and cost into overall consideration. So far, the materials that have 

been explored for ORR electrocatalysts or ORR/OER bi-functional electrocatalysts include noble 

metal, alloys, metal oxide, hydroxide or sulfide, carbon materials, as well as the corresponding of 

composite materials, such as metal (oxide)/metal oxide, (metal) oxide/carbon material. In view of the 

mechanism of ORR and OER that has been reviewed in detail [131, 132, 158, 163-167], in this 
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section, it will be introduced concisely. Additionally, the oxygen catalysts will be classified by the 

functions for ORR and ORR/OER based on materials, and the difference between the different kinds 

of metal-air batteries will be introduced simply. 

2.2.1. Reaction mechanism for ORR and OER 

ORR mechanism In alkaline conditions, the ORR intermediates involve diverse oxygen-containing 

species, such as OOH*, OH* and O*, resulting complicated multistep electron-transfer processes. 

Generally, these processes can be classified into two pathways, direct four-electron pathway and 

two-electron pathway. For the former, one oxygen molecular receives 4 electrons and is reduced to 4 

OH-. For the latter, the oxygen molecule is first reduced to intermediate of H2O2 or HO2
-, then the 

intermediate transfers into electrolyte or is further reduced to OH- via receiving 2 electrons (which is 

also named of indirect four-electron pathway) [168]. Presently, plentiful materials have been 

investigated for the ORR electrocatalytic mechanisms, involving noble metals, alloys, metal 

oxides/carbides/nitrides, carbon nanomaterials and their composites [132]. Generally, the direct 

four-electron pathway favors noble metal-based electrocatalysts, while the two-electron pathway is 

apt to carbon nanomaterials. However, the ORR pathways are changed with the variation of 

materials, including the species, composition, specific crystal surfaces and even the experimental 

conditions [169]. For example, Pt electrode in acid media undergoes direct four-electron pathway via 

inner-sphere model, while undergoes both direct four-electron and two-electron pathways in alkaline 

media because of coexistence both of inner- and outer-sphere model. For non-noble metals, the 

dominated outer-sphere electron transfer process impels the two-electron pathway in alkaline media. 

Owning to the outer-sphere mechanism, a nonspecific adsorption for oxygen molecular, it is possible 

for using a wide range of non-noble metals and their oxides as ORR electrocatalytic materials in 

alkaline media [170]. 

OER mechanism OER is the reverse reaction of ORR. Expectedly, the excellent ORR catalysts 

should display outstanding performance for OER, such as Pt, however, this is not always observed 

by experiment [132]. As a multi-electron pathway, OER also contains complicated intermediates 

(such as OOH*, OH* and O*), which are similar to that of ORR resulting to high overpotential [6]. 

The corresponding potential gap between ORR and OER changes the adsorption energy of these 

intermediates at the same substrate to change the reaction kinetics. Therefore, the proper ORR 
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catalysts are always not suit for OER. Additionally, under the high positive potential of OER, the 

metal elements in ORR catalysts could be oxidized to higher valence, such as Pt and NiFe LDHs, 

which also alters the surface conditions to change the reaction kinetics [6]. The complicated 

intermediates make the OER reaction mechanism diverse too. However, most of the mechanisms 

suggest that the substrate (M) adsorbs OH- to form of M-OH firstly, then transferred to M-O. The 

intermediate M-O produces oxygen molecular through two pathways, one is direct combination of 

two M-O to produce, the other one involves the formation of M-OOH to decompose to oxygen 

molecular [6]. To describe the activity tends, a number of descriptors have been presented in type of 

volcano plots, such as ΔGO-ΔGOH [171], the number of d-electrons in the eg orbital [172] and 

coordinatively unsaturated metal cation (MCUS) [173]. However, these trends are complex due to 

various influence factors, including differences in electrochemically active surface area, electrical 

conductivity, surface chemical stability and composition [174].  

2.2.2. Oxygen reduction catalyst  

Noble metals Pt, one of noble metals, has been recognized as the most active electrocatalyst for ORR, 

and it remains the benchmark (commercial Pt/C) in the evaluation for new electrocatalysts. To 

reduce the cost caused by the high price, the methods to reduce the load or enhance the activity of the 

Pt-based catalysts are continuous exploiting, including decreasing the particle size [175], reducing 

the thickness of Pt layers [176], alloying with transition metals [177, 178] and enhancing the 

synergistic effect [175]. In addition, the other noble metals such as Pd [138, 179, 180], Ag [181], Au 

[182] and their alloys [178, 183, 184] have received considerable attention in recent years. Silver is 

particularly attractive [148, 185-195] due to its relatively lower cost (only ~1% of the price of 

platinum), proper activity [196, 197] and better long-term stability [198]. Especially in high 

concentration of KOH or NaOH, the metal-air batteries equipped with Ag-based catalysts even 

exhibited better performance than that of Pt/C [181, 186, 189, 199, 200]. Benefiting from the high 

surface and facilitated mass transportation in the 3D interconnected porous structure, the np-Ag 

fabricated via electrodeposition by Sun’s group [201] displayed 130 times enhancement in ORR 

catalytic activity than that of the flat polycrystalline silver, and even outperformed the commercial Pt 

black catalyst in 0.1 M NaOH.  
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Metal oxides and the hybrids Metal oxides are considered as good as non-noble metal catalysts due 

to their low-cost and considerable high activity in alkaline electrolytes [143, 202-205], which mainly 

focus on Mn-based oxides [50, 190, 206, 207], such as MnO2 [193, 206, 208, 209], Mn-based 

perovskite [137, 210-216] and spinel [219-219]. For example, LaMnO3, one of typical perovskites 

(ABO3), possesses good intrinsic activity for ORR. When the valance state of Mn increased, the 

structure became LaMnO3+δ, which exhibited excellent ORR activity closed to Pt/C with over 3 

times higher than that of LaMnO3 [210]. To obtain the high activity of the metal oxide, it must be 

fabricated with optimal design, such as size, morphology, crystallographic structure and composition 

control. Therein, hybridization (doping and defecting), the special kind of composition control, is an 

effective method to enhance the intrinsic activity by optimizing the electron structure. For instance, 

Liu et al. [216] designed the (La1-xSrx)0.98MnO3 (LSM) by appropriate doping with Sr and 

introducing A-site deficiencies to effectively tailor the Mn valence and increase the oxygen 

adsorption capacity of LSM, which exhibited high activity for ORR.  

Carbon materials Due to the reasonable balance between catalytic activity, durability, 

electroconductivity, specific surface area and cost, carbon materials (especially heteroatoms doped 

carbons) have been applied widely in metal-air batteries as catalysts [220-231] and supports [37, 132, 

133, 141, 159, 166, 232-235], such as N, O, P, S and B doped graphene, carbon nanotube, carbon 

fiber and carbon black, and graphitic carbon nitride. The sp2-type carbon materials without or with 

little heteroatoms doping possess high electroconductivity, which are suitable for supports of 

catalysts. Additionally, the porous carbon can fast transfer oxygen to reduce the mass transfer 

polarization. For example, Zhou et al. [236] successfully fabricated hierarchically porous carbon 

microspheres (HCMs) with fully open and interconnected super-macropores. When it supported Pt 

nanoparticles as ORR catalyst for Zn-air battery, it promised a nearly 100% Pt utilization and 

showed a higher activity and better durability than the commercial Pt/C both in the rotating disk 

electrode (RDE) and Zn-air battery. When the carbon materials are doped with heteroatoms, 

especially for N atom, they can exhibit high activity for ORR to act as metal-free catalysts [227, 230, 

237-239]. Li et al. [228] fabricated N-doped microporous carbon as an exceptional metal-free 

catalyst from banana peel, exhibiting a comparable ORR activity and much better stability than that 

of Pt/C. When the N-doped carbon materials are anchored with translation metal atoms, such as Fe 
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[240-250], Co [251-254] and Cu [255-257], the ORR activity will be obviously further enhanced. For 

example, inspired by fibrous string structures of bufo-spawn, Cheng et al. [243] reported a scalable 

synthesis of atomic Fe–Nx coupled open-mesoporous N-doped-carbon nanofibers (OM-NCNF-FeNx) 

as shown in Fig. 5. In neutral phosphate-buffered saline (PBS), the ORR activity of 

OM-NCNF-FeNx was close to Pt/C and much higher than that of OM-NCNF.  

 
Fig. 5. Schematic representations of the fibrous string structures of bufo-spawn inspired fabrication 

towards the open-mesoporous CNFs. [243] Copyright 2018 John Wiley and Sons. 

Composite materials Composite materials combine the different functional materials to stimulate 

their merits together, such as the high activity of metal oxides, high specific area, porosity and 

conductivity of carbon materials and porous metals. As is well-known, commercial Pt/C is one of 

typical composite materials, which combines highly active Pt nanoparticles with porous and 

conductive carbon. As the multiple demands for electrocatalysts, such as good activity, durability, 

conductivity, mass transfusion and low cost, carbon materials are the suitable choice. Therefore, 

carbon materials have been applied widely for ORR catalysts as composite materials recently. For 

instance, the pores of carbon, such as carbon black (XC-72, Ketjenblack carbon) and active carbon 

[258, 259] provide firm sites to anchor active materials. However, the anchored active materials 

exposed in solution are unavoidable to be dissolved, split, corroded and agglomerated. 

Carbon-coated materials can solve these problems and avoid the loss of activity by controlling the 

layer numbers of carbon [260, 261]. Additionally, the covering carbon provides high speed electron 
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pathways for active materials to lower the ohmic polarization. For example, Lee et al. [262] prepared 

1D N-doped porous carbon nanotubes (CNTs) embedded with core-shell Co@CoOx nanoparticles 

(Co@CoOx/NCNTs), which exhibited excellent ORR kinetic current and stability due to the uniform 

interconnected nanotube network, facilitated electron transport, and an enlarged electrochemically 

accessible surface area in the unique 1D porous tubular structure. To get uniform pore distribution 

and large pore volume, metal organic framework (MOF) [254, 257, 258, 263] and zeolitic 

imidazolate frameworks (ZIF) [199, 231, 264-267] -derived heteroatom-doped carbon-based 

electrocatalysts have attracted tremendous attention and exhibited superior activity. Mu et al. [255] 

prepared Fe, Cu-coordinated ZIF-derived carbon framework (Cu@Fe-N-C) by introducing Fe2+ and 

Cu2+ during the growth of ZIF-8 as shown in Fig. 6. Due to the bimetallic active sites, large surface 

area, high nitrogen doping level, uniform Fe-Nx distribution, and conductive carbon frameworks, the 

Cu@Fe-N-C exhibited excellent ORR performance. Furthermore, the composite materials always 

not only combine the advantages of each material, but also bring synergistic effects to enhance the 

ORR process, including the metal oxide/metal oxide [199, 211, 217, 258, 259, 268, 269], metal 

oxides/carbon materials [42, 217, 225, 261, 269-273] and carbon materials doped with atoms [52, 

220, 222, 242, 274-276]. For example, Shao et al. [211] found the Co3O4-CeO2/ketjenblack (KB) 

showed much better electrocatalytic performance than both Co3O4/KB and CeO2/KB due to the 

synergistic effects between Co3O4 and CeO2. Because of the strong coupling effect and synergistic 

effect, the composite materials of inorganic/nanocarbon exhibited higher ORR performance than that 

of each one. Similarly, Shao and co-workers [217] found the strongly coupled Mn3O4 quantum dots 

(QDs)/N-doped carbon skeleton exhibited synergistic effect between Mn3O4 QDs, nitrogen and 

carbon nanotubes because of the strong polarization and electronic interaction between Mn3O4 QDs 

and N-doped graphene, which was also confirmed by density functional theory (DFT) calculations. 

In addition, with the help of DFT method, Wu et al. [220] calculated that the graphene doped with 

Py-N and P at the same time lowered the energy difference between lowest unoccupied molecular 

orbital (LUMO) and highest occupied molecular orbital (HOMO) of triplet oxygen molecule, 

indicating the P-doping and graphitic-N has a synergistic effect on promoting ORR reaction. Besides, 

based on ORR performance and DFT calculations, Wen et al. [263] found the same kind of atom 

with different types, such as Py-N and graphitic-N also exhibited synergistic effect.  
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Fig. 6. (a) Schematic of the synthesis procedure of Cu@Fe-N-C. SEM images of (b) FeCu-ZIF, and 

(c) Cu@Fe-N-C. (d) LSV curves of Cu@Fe-N-C, Fe-N-C, Pt/C, Cu-N-C, and N-C in O2-saturated 

0.1 m KOH solutions. (e) The i–t chronoamperometric responses of Cu@Fe-N-C and Pt/C. [255] 

Copyright 2018 John Wiley and Sons. 

In the recent years, based on Web of Science Core Collection, the ORR electrocatalysts for 

primary aqueous metal-air batteries were focused on Zn-air (~65%) and Al-air (~25%) battery, and 

the typical examples of which are summarized in Table 1 and Table 2. For primary Zn-air batteries, 
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the ORR catalysts are concentrated on composites of metal oxides/porous heteroatoms-doped carbon 

materials from mechanism discussion to application methods. The ORR catalysts of Al-air batteries 

are mainly related to Ag-based and Mn-based catalysts to reduce the cost and enhance the 

performance. Although the researches of ORR catalysts have been widely investigated in alkaline 

environment, the attention paid on the development for neutral solutions is limited. Fortunately, the 

performance of catalysts in neutral solution is comparable to that in weak alkaline solution [277], 

which makes some catalysts of Mg-air batteries directly come from Zn-air and Al-air batteries [41, 

64, 65, 138, 178, 199, 243, 278-281]. For aqueous Li-air batteries, the electrolyte of cathode is 

similar to alkaline metal-air batteries, which makes the catalysts similar to the alkaline metal-air 

batteries [282]. 

 

Table 1 The performance of some typical ORR electrocatalysts and the responding Zn-air Batteries 

Catalyst 
E0/V vs. 

RHE 
E1/2/V vs. 

RHE 
Durability Battery performance Ref. 

O-PdFe@Pt/C ~1.0 ~0.88 
62.5% at 0.9V 

after 10k cycles 
Pmax 293 mW cm-2 

1.313V at 5 mA cm-2 
[176] 

AgNW-GA 
-0.072V vs. 

Ag/AgCl 
-0.3V vs. 
Ag/AgCl 

106% at -0.4V 
after 24 h 

Pmax 331 mW cm-2     

1V at 206 mA cm-2 
[186] 

Co@CoOx/NCN
Ts 

0.94 0.80 
95% at 0.551 V 

after 30 h 
Pmax 353 mW cm-2  

1.0V at 237 mA cm-2 
[262] 

MnO2/N-HGS 0.94 0.84 
85% at 0.77 V 

after 12 h 
Pmax 82 mW cm-2   

1.26V at 10 mA cm-2 
[271] 

CoMn/pNGr 0.94 0.791 
11 mV shift after 

5000 cycles 
Pmax 210 mW cm-2  

1.50V at OCV 
[283] 

LaMnO3+δ - 0.852 
87% at 0.46 V 

after 6 h 
Pmax 198.6 mW cm-2 

1.255V at 10 mA cm-2 [210] 

Fe3C(Fe)@NG 
-0.055 V vs 
Ag/AgCl 

-0.152 V vs 
Ag/AgCl 

82.5% at -0.3 V 
after 10 h 

Pmax 186 mW cm-2   

1.1V at 50 mA cm-2 [270] 

Fe-N-CNBs-600 1.03 0.875 
83% at 0.7V after 

12 h 
Pmax 275 mW cm-2     

1V at 171 mA cm-2 [268] 
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Co-N/CNT 0.99 0.91 
93% at 0.7V after 

3600s 
1.0V at 215 mA cm-2 

1.22V at 50 mA cm-2 
[284] 

NPC/G 0.9 0.81 
70% at 0.81V 
after 20000s 

Pmax 267 mW cm-2   

1.0V at 161 mA cm-2 
[285] 

 

Table 2 The performance of some typical ORR electrocatalysts and the responding Al-air Batteries 

Catalyst 
E0/V vs. 

RHE 
E1/2/V vs. 

RHE 
Durability Battery performance Ref. 

Ag2MnO4 0.9 0.8 
~87%@0.85V 

25000s 
Pmax 105.2 mW cm-2 

0.9V@100 mA cm-2 
[189] 

Ag-MnO2 0.83 - 
91%@0.5V 

50000s 
Pmax 204 mW cm-2 

1.0V@199 mA cm-2 
[190] 

Ag/CFP 
-0.07 V vs. 

MMO 
- - 

Pmax 109.5 mW cm-2 

1.56V@30 mA cm-2 
[148] 

LaSrMnO 0.903 ~0.65 
97.1%@0.4V 

10000s 
Pmax 191.3 mW cm-2 

1.29V@100 mA cm-2 
[216] 

Cu-Ce-O oxide 
-0.23 V vs. 

MMO 
-0. 37 V vs. 

MMO 
Hardly changes 

after 2000 cycles 
Pmax 78.1 mW cm-2 

0.78V@100 mA cm-2 [286] 

CuNxCy/KB-400 - 0.82 
5 mV shift after 

2000 cycles 
1.53V@40 mA cm-2 [258] 

Ni-Co-S 
@G/NSC900 

0.901 0.826 
±0.28%@150 mA 

cm-2 after 125h 
Pmax 261.3 mW cm-2 

1.23V@150 mA cm-2 [287] 

4.8% Ce-MnO2/C 0.872 0.783 
96.4%@0.43V 

40000s 
Pmax 348.8 mW cm-2 

~1.6V@100 mA cm-2 [209] 

Fe-N-C 
-0.09 V vs. 
Ag/AgCl 

-0.23 V vs. 
Ag/AgCl 

- 
Pmax ~105 mW cm-2 

~1.34V@50 mA cm-2 
[246] 

NSC800 
0.1 V vs. 

MMO 
- 

30 mV shift after 
5000 cycles 

Pmax 46 mW cm-2 

~1.15V@20 mA cm-2 
[276] 

 

2.2.3 Bi-functional oxygen catalyst 
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The complex multi-electron process makes the kinetics of electrocatalytic oxygen reactions 

(ORR/OER) rather slow, which challenges the stable and efficient bi-functional oxygen 

electrocatalysts to practically usable levels in rechargeable aqueous metal-air batteries. Noble metal 

based catalysts exhibit excellent activity to ORR (Pt) or OER (RuO2, IrO2), however, they cannot 

electrochemical catalyze efficiently both of ORR and OER. Additionally, the poor durability and 

ultrahigh cost make the Pt, RuO2 and IrO2 based electrocatalysts hardly to large-scale application in 

metal-air batteries. To enhance the bi-functional activity, stability and lower the cost, alloying [117, 

288-292] and hybridization [293-296] with the transition metal and the composites are widely 

applied. For example, Goodenough et al. [289] reported a bi-functional oxygen electrocatalyst 

consisting of porous metallic nickel-iron nitride (Ni3FeN) supporting ordered Fe3Pt intermetallic 

nanoalloy. In this hybrid catalyst, Ni3FeN mainly contributes to the high activity for OER while the 

ordered Fe3Pt nanoalloy for ORR. This method to compose two individual components with high 

activity for ORR and OER respectively is also available for some other non-noble metal catalysts, 

such as NiFe-layered double hydroxides (LDHs) with MnOx or Co-N-C, which exhibit high activity 

both for ORR and OER [297-300]. 

To restrain the irreversible change of ORR and OER catalysts causing by the wide potential 

window during charge/discharge operation of rechargeable metal-air batteries, tremendous efforts 

have been paid to further promote the activity and durability of the non-noble metal based 

bi-functional catalysts materials [35, 132, 140, 159, 204, 301, 302]. The spinel Co3O4, one of typical 

bi-functional oxygen catalysts, exhibits high activity for OER but relative low activity for ORR and 

electroconductivity. [303]. When it is doped with heteroatoms, such as Zn [304], Ni [305-307], Mg 

[308], Cu [309] and S [310, 311] to transform into ZnCo2O4, NiCo2O4, MgCo2O4, CuCo2O4 and 

Co3S4, as well as hybridized with other metal (oxides), such as Co [312-314], MnO2 [315], or carbon 

materials [316-318], both of the ORR and OER activity can be obviously enhanced via 

valence/energy-level modification, conductivity enhanced and synergistic effect. For example, Song 

et al. [314] reported a Co3O4-doped Co/CoFe nanoparticles integrated with graphitic shells, which 

showed a surprisingly high bi-functional (ORR/OER) catalytic activity due to the core–shell 

structure via synergistically promoting the ORR performance while cobalt oxide doped on the metal 

surface boosting the OER performance, the carbon shell with high electrical conductivity effectively 



22 

 

impeding the aggregation and the further oxidation of Co/CoFe nanoparticles. Additionally, 

compared with the free-doped carbon materials, the N-doped carbons can further enhance the 

ORR/OER performance for Co3O4-based materials via stronger coupling/anchoring effect to active 

materials and modifying catching ability to intermediate products of oxygen redox reactions [91, 312, 

313, 316, 319, 320]. These modification methods to promote the activity and durability of OER/ORR 

are also suitable for other metal oxides [321-323], such as perovskites [294, 322, 324-327], 

Mn-based oxides [297, 328-332], metal sulfides [333-336] and nitrides [289, 337-339]. For example, 

Peng et al. [328] designed a controllable large-scale synthesis of sulfur-doped CaMnO3 nanotubes 

via an electrospinning technique followed by calcination and sulfurization. The resulting 

sulfur-modified CaMnO3 (CMO/S) exhibited higher activity and stability for ORR and OER than 

that of pristine CMO due to the sulfur doping, which replaced oxygen atoms to increase intrinsic 

electrical conductivity and introduced abundant oxygen vacancies to provide enough catalytically 

active sites as shown in Fig. 7.  
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Fig. 7. (a) Scheme of the formation of CMO/S, (b-c) SEM, (d) TEM of CMO/S-300, respectively. (e) 

ORR polarization curves of XC-72, CMO, CMO/S-200, 300, 400 and Pt/C in O2-saturated 0.1 M 

KOH. (f) OER polarization curves of CMO, CMO/S-200, 300, 400, Pt/C and Ir/C in N2-saturated 0.1 

M KOH. (g) Cycling performance of rechargeable zinc–air battery using CMO/S-300 as air electrode 

catalyst at 5 mA cm−2 with a duration of 400 s per cycle. [328] Copyright 2018 John Wiley and Sons. 

Carbon materials are becoming one of the necessary additions for aqueous rechargeable metal-air 

batteries as the literature reported in recent years based on Web of Science Core Collection. Although 

a few kinds of bi-functional catalysts are fabricated without carbon materials, it must be aided by 

carbon paper or carbon cloth to assemble the air electrode [96, 332, 340, 341]. To slow the corrosion 

rate, the graphite carbons and carbon fibers are favored, such as graphene [342, 343], reduced 

graphene oxide [287, 327], carbon nanotube [308, 344, 345] and porous carbon fibers [149, 288, 

346]. Besides for acting as additions and supported materials, the carbon materials also exhibit 



24 

 

proper activity for ORR and OER as metal-free materials when doped with N, O, P and S 

heteroatoms [347-352], but the OER activity is relative lower to IrO2 and RuO2. When the N-doped 

carbon is anchored with Fe or Co atoms to form Fe-N-C or Co-N-C structure, their OER activity can 

be compared with IrO2 and RuO2 [353, 354]. Additionally, the ORR activity is even better than that 

of Pt/C in alkaline condition [236, 355, 356]. For example, Pan et al. [354] developed a 

polymerization-pyrolysis-evaporation strategy to synthesize N-doped porous carbon with anchored 

atomically dispersed Fe-N4 catalytic sites deriving from predesigned bimetallic Zn/Fe 

polyphthalocyanine. The Fe-N4 exhibited superior bi-functional electrocatalytic performance for 

OER and ORR, high efficiency and extraordinary stability in rechargeable Zn-air batteries as shown 

in Fig. 8. Recently, ZIFs, a subclass of MOFs, have attracted extensive attention owing to their 

versatile surface geometry, flexibility, abundant pores, and high specific surface area. The structural 

adjustability offers rich platforms to design functional materials for ORR and OER in rechargeable 

batteries [57, 91, 357-362]. For example, Dai et al. [361] reported the Co@N-C materials 

(C-MOF-C2-T) from a pair of enantiotopic chiral 3D MOFs by pyrolysis. The C-MOF-C2-900 with 

a unique 3D hierarchical rodlike structure, consisting of homogeneously distributed Co nanoparticles 

encapsulated by partially graphitized N-doped carbon rings along the rod length, exhibited excellent 

electrocatalytic activities for ORR and OER. The rechargeable Zn–air batteries based on 

C-MOF-C2-900 exhibited an excellent cycling stability without polarization increase after 120 h test.  
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Fig. 8. (a) Synthesis, (b) TEM (inset: SAED image), (c) HRTEM, (d) HAADF-STEM and EDS 

mapping images (C red, N yellow, Fe green), and (e) AC HAADF-STEM of the Fe-N4 SAs/NPC. 

LSV curves for (f) ORR and (g) OER, representation of (h) Zn-air battery and (i) the charge–

discharge polarization curve and power density plot, and (k) charge–discharge cycling performance. 

[354] Copyright 2018 John Wiley and Sons. 

The aqueous rechargeable Zn-air batteries are summarized in Table 3 based on catalyst materials. 

The other kinds of metals for metal-air batteries, such as Li, Na, Al and Mg in aqueous solution 

cannot be reduced from metal ions or metal oxides to metal reversible, so the aqueous rechargeable 

metal-air focused on Zn-air batteries. However, the hybrid structure with organic electrolyte for 

anode and aqueous electrolyte for air cathode can resolve the irreversible problem. In this case, the 

catalysts react in alkaline aqueous solution is similar to the rechargeable Zn-air battery, so the 

catalysts applied in Zn-air batteries can also be suitable for some hybrid Li-air and Na-air batteries 

[275]. Recently, for Li-air [363-366] and Na-air [84, 367-370] batteries, the materials of 

bi-functional catalysts are focusing on perovskite and spinel oxides compositing with carbon 

materials.  
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Table 3 The performance of some typical bi-functional oxygen catalysts and the responding 

rechargeable Zn-air Batteries 

Catalyst 
EORR1/2/V 
vs. RHE 

EOER 10mA cm-2/V 
vs. RHE 

Voltage gap V  
@ mA cm-2 

Battery performance Ref. 

IrMn/Fe3Mo3C 0.89 1.52 
1st 0.75 @ 10 

100th 0.86 @ 10 

Voltaic efficiency 56.1% 
after 100 cycle (200 h) at 

10 mA cm-2 
[281] 

Ni46Co40Fe14 
Nanoalloy 

0.93 1.66 200th 0.63 @ 10 
Voltaic efficiency ~65% 
after 200 cycle (3.3 h) at 

50 mA cm-2 
[371] 

MnFe2O4/ 
NiCo2O4 

0.767 1.574 
0.8 @ 10 

1.1 @ 50 

Voltaic efficiency 60.8% 
after 100 cycle (32 h) at 10 

mA cm-2 
[372] 

Lax(Ba0.5Sr0.5)1-xC
o0.8Fe0.2O3-δ 

~0.7 ~1.7 100th 1.0 @ 10.5 
Voltage gap increases 

0.25V after 100 cycle (33 
h) at 10.5 mA cm-2 

[373] 

Co3O4/MnO2-CN
Ts 

~0.83 ~1.7 1.0 @ 100 
Voltaic efficiency <50% 
after 200 h at 10 mA cm-2 

[308] 

CaMnO3 
nanotubes 

0.68 1.7 0.67 @ 5 
Voltaic efficiency ~58% 

after 120 cycle (16 h) at 5 
mA cm-2 

[321] 

S-GNS/NiCo2S4 0.88 1.56 
1st 0.7 @ 10 

150th 0.8 @ 10 
Pmax 216.3 mW cm-2 at 

0.67 V 
[374] 

Ni3Fe/N-C sheets ~0.79 ~1.63 
1st 0.78 @ 10 

105th 0.98 @ 10 

Voltaic efficiency 51.8% 
after 105 cycle (420 h)  at 

10 mA cm-2 
[375] 

Co–Nx/C nanorod 
array 

0.877 1.53 0.68 @ 50 
Pmax 193.2 mW cm-2 at 

0.70 V [358] 

pyridinic-N 
doped graphene 

0.85 1.68 0.76 @ 10 
Pmax 115.2 mW cm-2 at 200 

mA cm-2 
[347] 

P,S-doped carbon 
nitride 

0.87 1.56 0.8 @ 25 
500 cycles beyond 100 h 

at 25 mA cm-2 
[348] 
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3. Metal electrode  

3.1. Al anode 

Al has been considered as an attractive source of the metal-air batteries primarily due to its 

inherent properties, including the third most abundant elements in the earth crust, the low cost of 1.9 

USD kg-1, the high theoretical volumetric energy capacity of 8056 mAh cm-3, the high theoretical 

gravimetric energy capacity of 2981 mAh g-1, the low density of 2.71 g cm-3, as well as the negative 

standard electrode potential of -1.76 V vs. standard hydrogen electrode (SHE), as shown in Fig. 9. Its 

capacity per unit volume of 8056 mAh cm-3 is much higher than that of the widely used zinc (5857 

mAh cm-3). However, the Al-air battery is still not as popular as Zn-air battery [376-377]. The major 

hindrance is that Al anode exhibits some undesired properties, such as the formation of the protective 

oxide film, which is spontaneously formed on aluminum surface in air and aqueous solutions. 

Because of the presence of the protective oxide film, the corrosion potential of Al anode is shifted in 

the positive direction (about -0.8 V vs. NHE). Moreover, the active dissolution of aluminum is 

impeded considerably, which causes a significant loss of available energy and a low Al anode 

utilization. In addition, Al undergoes serious self-discharge reactions with the evolution of large 

amount of hydrogen gases in alkaline solutions [377]. 
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Fig. 9. Comparison of (a) abundance, (b) cost, (c) volumetric capacity, (d) gravimetric capacity, (e) 

density at 25oC and (f) electrode potential vs. SHE of Li, Na, Mg, K, Zn, Ca and Al. [378] Copyright 

2017 Royal Society of Chemistry. 

Muñoz-Torrero et al. [379] investigated the performance of anodes deposited by Al with different 

substrates such as Al, stainless steel, and expanded graphite. The cyclic voltammetry (CV) results 

indicated that the expanded graphite appeared as a promising alternative anode substrate for Al-air 

batteries. In addition, the expanded graphite possessed interesting properties for battery applications 

due to its lower cost, high electrical conductivity, low density, and high temperature resistance. Cho 

et al. [376] reported that a complex film containing Fe and Si impurities was formed when the purity 

of the Al anode was not high, which hindered the ion-exchange on the interface between the 

electrode and electrolyte, thus the discharge voltage decreased from 1.0 V to 0.8 V when the 4N high 

pure grade Al (99.99% purity) was changed to the 2N5 commercial grade Al (99.5% purity). 
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Nevertheless, the 2N5 grade Al showed the potential to replace the 4N grade Al to reduce the cost at 

the high-power discharge condition, because the complex film was dissolved at the high-power 

discharge condition so that the discharge current densities of 2N5 grade Al and 4N grade Al became 

similar. To alleviate the self-corrosion of the Al anode, Fan et al. [380] fabricated an ultrafine 

grained (UFG) aluminum anode using equal channel angular pressing (ECAP) at room temperature. 

In 4 M NaOH electrolyte, the UFG Al anode exhibited an energy density of 3525 mWh g-1 and an 

anode utilization of 77.4%, while the coarse-grained Al anode only showed the energy density of 

2267 mWh g-1 and the anode utilization of 55.3%. The improvement was attributed to active 

dissolution of the UFG Al anode. They also studied the effect of crystallographic orientation on the 

Al anode performance [381]. It was indicated that the single crystal Al exhibited better 

electrochemical performance than the polycrystalline Al, because the polycrystalline Al suffered 

from galvanic corrosion and crystal defects. Among the single crystal Al, Al (001) showed the 

lowest corrosion rate and highest electrochemical activity, which was attributed to the low surface 

energy. Pino et al. [382] treated commercial Al alloy with carbonaceous materials, allowing the 

battery stably operated at 6 mA cm-2 for 27 h, which was three times higher than that of a bare Al 

anode. This was because the carbonaceous materials slowed down the adherence of the aluminate gel 

[Al-Al2O3-Al(OH)3] on the Al anode significantly. Future research attention may be paid to 

alleviating Al passivation problem via the development of novel Al alloy and the modification of 

conventional Al anode, thus a longer lifetime and a higher Al utilization can be achieved. 

3.2. Zn anode 

Currently, in spite of the Al anodes, great attention has been paid to the Zn anodes, which are 

more popular than the Al anodes. This is mainly because Zn-air batteries are electrically 

rechargeable, thus it is capable to store the renewable but intermittent solar and wind power, while 

Al-air batteries can only be mechanically recharged by replacing Al anodes [19]. In addition, Zn 

metal has advantages of low cost and high energy density, making the Zn-air batteries promising 

energy storage devices. The successful demonstration of the primary Zn-air batteries motivates the 

researchers to realize the commercialization of secondary Zn-air batteries. However, four issues 

related to Zn anode still need to be addressed: (1) The dendrite formation derived from uneven 

deposition of Zn at active sites during charging causes the short circuiting; (2) The shape change of 
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Zn anode decreases effective surface area and limits cycle life due to the redistribution of active 

materials over the Zn electrode surface on cycling; (3) The anode passivation decreases Zn electrode 

utilization and battery capacity because of the limited mass transfer of soluble species to the anode as 

well as the dissolved Zn anode to the electrolyte; and (4) The self-discharge results in the anode 

corrosion and capacity loss owing to the more negative reduction potential than hydrogen [19]. It is 

important to prevent the transformation of Zn(OH)4
2- into ZnO that has a low solubility, low 

conductivity, and poor electrochemical reversibility, thus the reversibility of the Zn redox reaction 

can be enhanced in Zn-air batteries [383]. In addition, the self-discharge of Zn anode material is 

identified as a main factor that limits the energy density of alkaline Zn-air batteries [384]. To 

diminish the self-discharge problem, Lee et al. [384] coated the Zn powders with a Al2O3 layer via 

chemical solution process. The coating layer prevented Zn from exposing to the KOH electrolyte, 

thus the hydrogen evolution reaction was hindered. It was demonstrated that the 0.25 wt.% Al2O3 

coating Zn anode showed a discharge time of more than 10 h, while the pristine Zn only showed a 

discharge time of 7 h at 25 mA cm-2. Similarly, Jo et al. [385] coated Zn anode with polyaniline 

(PANI) to prevent directly swelling the Zn particle in the aqueous electrolyte, aiming at reducing the 

corrosion of anode and hydrogen evolution reaction (HER). The treated anode inhibited 85% 

corrosion compared to bare Zn anode and retained 97.81% capacity, while the capacity retention of 

bare Zn anode was 74.40%. Schmid et al. [386] coated zinc particles with silica in order to reduce 

early formation of irreversible ZnO passivation layers during discharge, as shown in Fig. 10. Eq. (4) 

and (5) explains that swelling the silica layers in aqueous KOH electrolyte leads to the formation of a 

Si(OH)4 gel, which controls the zinc dissolution by shifting the solubility limit of zincate ions. 

Zn2SiO4+ 2H2O → Si(OH)4+ 2Zn             (4) 

SiO2+ 2H2O → Si(OH)4                     (5) 

Two coating methods, i.e., chemical vapor deposition (CVD) and chemical solution deposition (CSD) 

were tested. It was shown that both the CVD-coated zinc (69% zinc utilization) and CSD-coated zinc 

(62% zinc utilization) possessed improved discharge capacity compared to bare zinc (57% zinc 

utilization) at C/20 rate, which was attributed to reducing the supersaturation of zincates. 
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Fig. 10. (a) Discharge curves of the 1st cycle of zinc particles (as-received zinc, CVD-, CSD-coated 

zinc) with and without KOH modification, (b) schematic illustration during the discharge process, 

and SEM images of the cross section of (c) as-received zinc, (d) CVD-coated zinc, (e) CSD-coated 

zinc after discharge. [386] Copyright 2015 Elsevier. 

Stock et al. [387] coated Zn anode with an anion-exchange ionomer (AEI), allowing the hydroxide 

ions to pass but confining the Zn(OH)4
2- between the surface of the Zn anode and the AEI. As a 

result, the CV cycling of coated Zn anode reached more than 70 cycles, showing a long-term stability, 

which was six times as that of a pristine Zn anode. In view of the electrical rechargeability after 

complete discharge, Schmid et al. [388] coated zinc particles with bismuth oxide based glasses, 

resulting in a cyclic stability of 20 full cycles, whereas bare zinc particles only achieved one 

complete discharge. Theoretically, the zinc utilization could be promoted to 465% after coating, 

however, the practical improvement of the zinc utilization was 85% due to the electrolyte limitation. 

Despite the coating method, Titscher et al. [389] used copper weave and copper foam as current 

collector, on which zinc particles were coated. It was indicated that this structure increased the active 

surface area by the multidimensional current collectors, effectively reducing local current densities 

and significantly alleviating the surface passivation problem. The results showed that the anode with 
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a higher degree of structuring and a thinner particle coating possessed better electrochemical 

properties. In addition, extensive efforts have been paid to zinc anode for others alkaline 

rechargeable batteries, such as Zn-Ni, Zn-Ag batteries. Yan et al. [390] fabricated three-dimensional 

Zn/Cu foam electrodes by pulse electro-deposition of zinc on copper foam, which showed superior 

cycling stability and high rate capability. Zhang et al. [391] prepared Bi-doped Zn-Al layered double 

hydroxides (Zn-Al-Bi LDH) via the constant pH hydrothermal method and used it as the anodic 

material. It was reported that the addition of Bi could decrease polarization, maintain the 

electrochemical activity, and enhance the discharge capacity of Zn-Al LDH. Sun et al. [392] 

synthesized ZnO with a uniform and complete coating of reduced graphene oxide. It was indicated 

that the RGO layer as a protective film could effectively inhibit the dissolution of ZnO into the 

alkaline electrolyte, and Zn could be uniformly formed on the RGO surface with a high utilization in 

the charge process due to the good conductivity and surface adsorption properties. Yang et al. [393] 

prepared a polydopamine (PDA)-coated nanosized ZnO as an anode material. The battery showed a 

high specific capacity of 364.3 mA h g-1 at 1 C after 200 cycles due to the efficient diffusion of OH- 

into the inner electrode and the prevention of shape change. Zamarayeva et al. [394] proposed 

rechargeable silver-zinc wire batteries. A cathode architecture with silver nanoparticle ink embedded 

into the conductive thread was implemented. The battery showed a specific discharge capacity of 1.4 

mAh cm-1 at 0.5 C discharge rate, with a capacity retention of above 98% after 170 cycles. The wire 

battery could maintain this capacity after repeated flexing to a bending radius of 5 mm. Li et al. [395] 

reported a solar charged planar flexible quasi-solid-state aqueous rechargeable Ag−Zn battery using 

metal−organic framework -derived Ag nanowires on carbon cloth as a binder-free cathode. It was 

demonstrated that Ag−Zn battery yielded a remarkable energy density of 1.87 mWh cm-2 because Ag 

nanowires provided abundant reaction sites and shorted electron and ion diffusion paths. In order to 

develop a reversible zinc anode, structural modification and compositional modification by means of 

additives, electrodeposition, chemical doping, and advanced casting have been demonstrated to be 

feasible ways to deal with the above mentioned issues. 

3.3. Mg anode 

Mg is another popular anode material attracting much attention because of high theoretical 

gravimetric capacity of 2200 mAh g-1, high specific energy density of 6.8 kWh kg-1, and relatively 
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low cost of 2.2 USD kg-1. In addition, it has second-most negative electrode potential of -2.37 V vs. 

standard hydrogen electrode (SHE) [396]. Although aqueous Mg-air batteries are not 

electrochemically rechargeable currently, the replacement of exhausted Mg anodes for fast 

mechanical recharging allows this technology to have numerous applications [397]. However, Mg 

suffers from severe self-corrosion during discharge in aqueous electrolyte, lowering the anode 

utilization efficiency and the specific energy density of anode. Moreover, the practical voltage of 

Mg-air batteries (1.6 V) is much lower than the theoretical voltage (3.1 V) due to the sluggish 

kinetics of electrode reactions. To solve these issues, novel anode materials are in urgent need of 

development. Wang et al. [398] demonstrated that the Mg-Li-Al-Ce-Y-Zn alloy exhibited superior 

anodic efficiency than that of the state-of-the-art AP65 (Mg-6 wt.% Al-5 wt.% Pb) magnesium alloy. 

It was explained that the Zn distributed in the β-Li phase brought about three advantages: (1) weak 

the micro-galvanic couple between the α-Mg and β-Li phases, reducing the corrosion current density; 

(2) promote the formation of more Al-Li particles in the β-Li phase, accelerating the self-peeling of 

the discharge products; and (3) favor the uniform dissolution of Mg-Li-Al-Ce-Y-Zn alloy, reducing 

the self-discharge. Xiong et al. [399] reported that the hot extruding and subsequent annealing 

treatment of Mg-6wt.%Al-1wt.%Sn alloy showed positive effect on the performance of Mg-air 

primary battery. After treatment, the precipitation of second phases was facilitated and spherical 

Mg2Sn phases with typical sizes of 50-100 nm were uniformly distributed in the Mg-Al-Sn alloy. 

This microstructure contributed to improving the self-peeling of the corrosion products, increasing 

the discharge voltage at the high current density, thus a higher power density of 94.1 mW cm-2 was 

achieved comparing to AZ31, Mg-Li-Al-Ce, and Mg-Al-Pb alloy anodes. Li et al. [400] indicated 

that adding indium (In) into Mg anode enhanced Mg dissolution through synergistic effects, which 

involved increasing the second-phase amount, generating less-protective products, promoting 

products self-peeling, and dissolution-reprecipitation of indium. Liu et al. [401] investigated the 

effects of magnesium anodes with different phase constitutions on the discharge performance. The 

results showed that the Mg-11Li-3Al-1Zn-0.2Y (LAZ1131) anode mainly containing the single β-Li 

(bcc) phase exhibited the highest discharge capacity and anodic efficiency are 1478 mAh g-1 and 

62.1%, respectively. It was attributed to the active β-Li phase matrix, providing high cell voltage and 

soluble surface product. Moreover, the fine and dense precipitates kept the β-Li peel away in the 
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form of small and dense particle clusters, which contributed to a uniform corrosion. Deng et al. [396] 

proposed that Mg-0.1 wt.% Ca alloy was a promising candidate as anode material of primary Mg-air 

batteries. The addition of Ca was beneficial for improving the discharge performance, which was 

ascribed to the high electrochemical activity of Ca and the induced grain refinement. While too high 

Ca addition showed negative effects on the anode utilization efficiency and discharge potential, is 

was due to the increasing amount of Mg2Ca phase. The Mg-air battery using Mg-0.1 wt.% Ca alloy 

as anode yielded an open circuit voltage of 2.0 V and a peak specific energy of 1800 Wh kg-1. In 

summary, common approach to improve the discharge performance is using magnesium alloys to 

replace pure magnesium as the anode. 

4. Electrolyte 

4.1. Alkaline electrolyte 

In general, a suitable electrolyte is crucial for the battery system to achieve a satisfactory 

performance, because the electrolyte plays a dominant role in the battery electrochemistry, which 

effectively determines its rechargeability and the cell voltage [19]. KOH has been primarily used as 

the electrolyte for Zn-air batteries due to its excellent ionic conductivity, high oxygen diffusion 

coefficient, low viscosity, as well as good activity for both Zn anode and air cathode [402]. Fig. 11 

shows the conductivity of KOH solution in terms of its concentration and temperature. Because the 

30 wt.% KOH solution (about 7 M) exhibits a good conductivity of 640 mS cm-1 at 25oC, it is widely 

adopted in many studies. In addition, 37 wt.% KOH solution (9 M) is widely used in many modern 

alkaline batteries, because it shows high conductivity and low corrosion gassing [19]. 
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Fig. 11. Conductivity of KOH at different concentrations and temperatures. [19] Copyright 2016 

Elsevier. 

However, in Al-air batteries, the use of alkaline electrolyte, generally NaOH solution, will cause 

the self-corrosion of Al electrodes and the parasitic hydrogen evolution during battery discharge, 

which is the major defect resulting in the degradation of the battery performance according to Eq. (6) 

[403] 

2Al+ 6H2O →2Al(OH)3↓+ 3H2↑                               (6) 

To address the self-corrosion of the Al anode, Ma et al. [377] added ethanol into 4 M NaOH 

solution. The hydrogen evolution reaction hardly occurred because the proton of ethanol was much 

less active than that of water. Similarly, Wang et al. [404] added L-cysteine and cerium nitrate into 4 

M NaOH solution to protect the Al anode. Due to the synergistic effect between the L-cysteine and 

cerium nitrate, they could form a complex film on Al anode surface, preventing the HER and 

enhancing the Al utilization. Liu et al. [405] reported that the AA5052 Al anode corrosion in alkaline 

electrolyte was effectively restrained by adding small amount of carboxymethyl cellulose (CMC) and 

ZnO. This was attributed to the formation of a complex between CMC and Zn2+ ions on the alloy 

surface, thus improving the battery capacity. Deyab et al. [403] demonstrated that the addition of 

ionic liquid [1-Allyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide] (IL) into electrolyte 

contributed to the inhibition of anode corrosion and hydrogen evolution as well as the promotion of 

battery capacity. In the presence of ILs, the adsorption of H2O on the anode was prevented, thus the 

HER was hindered. In addition, the Al reacted with ILs to for a complex and the complex fell into 

the battery electrolyte leaving the reaction surface at the Al anode, as shown in Eq. (7). 

Al+ IL++ e- → Al(IL)                                                 (7) 

In summary, limited attention was paid to the electrolyte, which has a significant effect on the 

battery performance. Hence, modification and replacement of the conventional alkaline electrolyte 

are necessary with the purpose of improving metal-air battery performance and facilitating its 

applications. 

4.2. Neutral electrolyte 
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Despite the desirable properties, the use of alkaline electrolyte in metal-air batteries brings about 

several technical problems [406-408]. One issue is related to the carbonate problem referring to the 

phenomenon that the hydroxide ions react with carbon dioxide in the air to form the insoluble 

carbonates, which is a severe problem in alkaline hydrogen fuel cells as well [409-411]. The 

carbonates eventually precipitate on the cathode catalyst covering the active sites and blocking the 

pores within the cathode, thus the long-term performance of the battery will degrade. The other issue 

is associated with the corrosion of carbon-based air cathode in concentrated alkaline electrolyte 

according to Eq. (8) [412]: 

C+ 6OH- → CO3
2-+ 3H2O+4e-                                          (8) 

The corrosion of the substrate will result in the severe catalyst loss due to the absence of the 

support material, which is also disadvantageous for the long-term stability. Therefore, neutral 

electrolytes that are environmentally friendly have attracted attention recently, due to remediating the 

corrosion problem related to the use of alkaline electrolytes. For the zinc-air batteries, Sumboja et al. 

[413] reported that the zinc-air batteries with neutral chloride-based electrolyte and manganese oxide 

catalyst exhibited satisfactory voltage profile (discharge and charge voltage of 1 and 2 V at 1 mA 

cm-2) and excellent cycling stability (around 90 days of continuous cycle test) as shown in Fig. 12, 

which was attributed to the reduced carbon corrosion of the air cathode and decreased carbonation in 

neutral electrolyte. 
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Fig. 12. Performance of Zn-air batteries with alkaline and pH 7 chloride-based electrolyte. (a) 

Galvanodynamic discharge and charge polarization curves. (b) Power density plots extracted from 

galvanodymanic discharge curve. (c, d) Cycling stability. Discharge/charge curves during selected 

cycles in: (e) alkaline and (f) pH 7 chloride-based electrolyte. [413] Copyright 2016 Elsevier. 

Wang et al. [414] prepared concentrated Zn-ion electrolyte with a supporting salt at a high 

concentration [1 m Zn(TFSI)2 + 20 m LiTFSI (where m is molality (mol kg-1); TFSI, 

bis(trifluoromethanesulfonyl)imide)] for Zn-air batteries, which was neutral and capable of retaining 
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water in an open atmosphere. As the Zn2+ is surrounded by TFSI- instead of water, the H2 evolution 

was hindered effectively, resulting in a reversible and dendrite-free Zn plating/stripping (coulombic 

efficiency ≈ 100%). The Zn-air battery using this electrolyte delivers a high energy density of 300 W 

h kg-1 for 200 cycles. It is widely accepted that the formation of ZnO derived from Zn(OH)4
2-, which 

has low conductivity, low solubility, and poor electrochemical reversibility, is one of the main 

obstacles to the commercialization of Zn-air batteries. Lee et al. [383] added alcohols into the 

electrolyte as additives to react with Zn(OH)4
2- to form the modified zincate Zn(OH)4-n(OR)n

2-. 

Because the transformation of Zn(OH)4-n(OR)n
2- into ZnO was slower than that of Zn(OH)4

2-, the 

reversibility of the anode and retention of capacity could be improved in cycle tests.  

For the magnesium-air batteries, Mg anode shows a high corrosion rate in alkaline electrolyte, thus 

the neutral sodium chloride solution is adopted as electrolyte. Dinesh et al. [415] used water soluble 

graphene (WSG) as inhibitor in 3.5% NaCl electrolyte to protect the Mg anode as well as serve as a 

catalyst. It was indicated that the discharge current density increased from 13.24 to 19.33 mA cm-2 

due to the enhanced electrochemical activity and the specific discharge capacity increased from 

822.85 to 1030.71 mAh g-1 due to the subdued anode corrosion with the immersion of WSG. 

Similarly, Deyab et al. [416] adopted decyl glucoside (DG) as electrolyte additive into 3.5% NaCl 

electrolyte, inhibiting the anode corrosion reaction. The results showed that the inhibition efficiency 

increased from 21% to 94% with an optimal DG concentration of 2.5 mM, which was attributed to 

the increased activation energy of the corrosion reaction. Richey et al. [417] investigated the effect of 

different electrolytes on the battery performance. They reported that NaNO3 exhibited faradaic Mg2+ 

efficiencies more than 20% higher than the NaCl and HNa2PO4, while the open circuit voltage (OCV) 

was 1.45 V, which was lower than that of NaCl (1.65 V). It was suggested that using of either mixed 

aqueous/nonaqueous or protic/aprotic electrolytes could hinder Mg anode corrosion without 

impeding Mg2+ dissolution. Zhao et al. [418] tested the effects of phosphate and vanadate as 

additives in the 3.5 wt.% NaCl electrolyte on the performance of Mg-air batteries. The corrosion 

current densities of AZ31 anode in the blank, phosphate-containing, and vanadate-containing 

electrolytes were 79.43, 1.98, and 22.38 μA cm-2, respectively, indicating that the phosphate 

possessed the best inhibiting effect on anode corrosion. In addition, under constant-current 

intermittent discharging, the anodic efficiencies of the Mg-air batteries with the blank, 
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phosphate-containing, and vanadate-containing electrolytes were 59.7%, 72.5%, and 68.8%, 

respectively. Although the neutral chloride electrolytes provide a more robust alternative to alkaline 

electrolytes, the sluggish electrochemical kinetics for both the ORR and OER need to be addressed 

by developing novel catalysts with higher catalytic activity. In addition, poorer conductivities of 

neutral electrolytes are also required to be substantially increased as well. 

5. Separator 

It is a promising strategy to separate the liquid-phase or gas-phase electrodes with a solid 

electrolyte, i.e., the separator, which not only avoids the reactant crossover, but also completely 

circumvents the metal dendrite concerns [419]. Moreover, in order to realize the flexible applications 

of rechargeable batteries, transferring the aqueous electrolytes to shape-conformable solid-state 

electrolytes is of great significance, which greatly simplifies the design and fabrication process of the 

batteries [420]. As a critical component showing a great effect on battery performance, the separator 

is supposed to possess the capability of shuttling ions between the electrodes, as well as have 

sufficient chemical resistance in alkaline electrolytes for a longer lifetime, low ionic resistance and 

high electrical resistance for a better performance. In addition, the porous separator is required to 

have a high absorption capacity and appropriate porosity to sustain electrolytes in the pores. 

However, the selective transport of target ions is not satisfactory, which results in the crossover of 

soluble metal ions, e.g., the zincate ions in zinc-air batteries, from the separator to the air electrode. 

This undesired phenomenon will significantly decrease the capacity and cycling efficiency of the 

battery [20]. Hwang et al. [421] minimized porosity of the membrane to reduce the zincate ion 

migration by utilizing novel anionic exchanging coating on commercial polypropylene (PP) 

membranes by copolymerization of ionic liquid monomers of 

1-[(4-ethenylphenyl)methyl]-3-butylimidazolium hydroxide (EBIH) and butyl methacrylate (BMA) 

monomers. It was indicated that the battery using the modified separator exhibited a drastic 281% 

increase in lifetime and with 1.4% slightly higher initial energy efficiency. Lee et al. [422] 

synthesized an electrospun nanofiber mat-reinforced permselective composite membrane by 

impregnating polyvinyl alcohol(PVA) into electrospun polyetherimide (PEI) nanofiber mat as shown 

in Fig. 13. It was found that the 2nd discharge capacity (∼213 mAh g-1) of this membrane was almost 
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7 times higher than that (∼34 mAh g-1) of the Celgard 3501, which was attributed to the suppressed 

the bulky zincate ion crossover without impairing the OH- conductivity. 

 
Fig. 13. Schematic of stepwise manufacturing procedure and morphological characterization 

(FE-SEM images) of ERC membrane: (a) electrospun PEI nanomat, (b) impregnation of PEI 

nanomat with PVA, (c) ERC membrane and conceptual illustration depicting its unique 

permselective transport behavior, and (d) permselectivity comparison between the ERC membrane 

and the conventional microporous polyolefin separators. [422] Copyright 2016 Elsevier. 

Similarly, Kim et al. [423] prepared a separator with an anion-conducting continuous phase 

[electrospun PVA/polyacrylic acid (PAA) nanofiber mat] and an anion-repelling continuous phase 

(Nafion with pendant sulfonate groups) for zinc-air batteries as show in Fig. 14. As a result, the 

zincate ion crossover was suppressed by the anion-repelling continuous phase due to Donnan 

exclusion effect, while the OH- conduction was slightly impaired due to the presence of the 

anion-conducting PVA/PAA nanofiber mat. Particularly, the battery with this membrane showed 

electrochemical rechargeability over 2500 min (at 20 mA cm-2 and 10 min cycle period), compared 

to the cell with the Celgard 3501 (900 min). 
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Fig. 14. (a) Schematic representation depicting the overall manufacturing procedure of the PBE 

membrane. (b) Conceptual illustration underlying the unique function of the PBE membrane as a 

selective ion transport channel. [423] Copyright 2016 Royal Society of Chemistry. 

Yu et al. [419] developed a mediator-ion solid-electrolyte separator, through which the sodium 

ions shuttled to support the charge transfer and sustain the redox reactions at the anode and cathode. 

For the zinc-air battery application, the conventional alkaline cathode could be replaced by an acid 

cathode, thus the acidic electrolyte provided a higher redox potential of 1.23 V than that of alkaline 

electrolyte (0.40 V) for the ORR. As a result, the Zn-air battery could provide an OCV as high as 

2.48 V and eliminate the carbonate problem existing in alkaline Zn-air batteries. Fu et al. [420] 

fabricated a thin, ultra-flexible and hydroxide ion conductive, nanofibrous cellulose electrolyte 

membrane with high water retention for zinc-air battery. The elimination of the aqueous electrolyte 

made it possible to develop a flexible device. In summary, the major research direction for the 

development of separator is to impede the crossover of anode soluble metal ions through the 

separator form the anode to the cathode, which will significantly decrease the capacity and cycling 
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efficiency of the battery. Meanwhile, negative effect on the conductivity of shuttle ions should be 

minimized. 

 

6. Single cell and stack system design 

6.1. Single cell design 

The aqueous metal-air batteries can be simply divided into two main configuration types of 

non-flow batteries and flow batteries. The non-flow battery is designed for high specific density and 

portability, such as conventional Zn-air button battery for hearing-aid. While the flow battery is 

designed for longer operation time and higher stability. For instance, Al-air battery is main for 

exchange of the hot and preventing of precipitate, Mg-air battery is main for product separation and 

rechargeable Zn-air battery is for inhibiting dendritic. 

A proper laboratory metal-air battery test setup is necessary for efficiently investigation of 

batteries. Fig. 15 (a) shows a schematic representation of battery test setup with installable structure 

and observable acrylic plates. In this test setup, the waterproof gaskets are assembled between 

electrodes and electrolyte by acrylic plates and electrodes. The current collectors coated by stainless 

steel or nickel are inlayed in the reserved grooves with fully contacted with the responding electrodes 

to reduce the contact resistance and avoid electrolyte leakage. To combine the representativeness of 

large scale and the conveniences in laboratory, the effective working area of air electrode or metal 

anode is always 1-4 cm2. To study the performance of individual electrode, a common circumstance 

for electrochemical test of batteries, it should set up the reference electrode in the electrolyte filling 

hole as shown in Fig. 15 (a). As described before, the main research of metal-air batteries is focus on 

catalyst materials. To simplify the configuration of the battery and make a comparable result for the 

catalysts, the air electrode is fabricated by spraying catalysts on carbon paper or cloth [37, 424], 

while the anode is always chosen with high pure metal plate or commercial alloys. For flow batteries, 

the electrolyte is always input at the bottom and output at the top powered by peristaltic pumps to 

exchange the electrolyte efficiently and avoid of gas retention [226]. 
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Fig. 15. Schematic representation of (a) a laboratory metal-air battery test setup formed by acrylic 

plates, the top hole is using for reference electrode and the electrolyte filling, (b) aqueous metal-air 

battery for application design. 

When designing batteries for application, the structure is always changing with the application 

environments and specific requirements, such as vehicle power supply, which requires for high 

safety, high power density, high specific energy and good portability. In all these complex cases, the 

designing principles are still traceable. Firstly, the battery must be designed as a whole system.  For 

instance, a whole battery consists of anode, cathode and electrolyte, no matter how a new kind of 

battery is defined and expressed [425]. Otherwise, the so-called battery cannot work. For example, 

the Mg-air battery under storage state cannot work before excited due to the lack of electrolyte. 

Secondly, the battery needs rational layout to promote the performance. For example, the proper gas 

passageways are formed by the cathode (as shown in Fig. 15 (b)) to facilitate gas diffusion. 

Additionally, the cathode should be tough enough to avoid the shape change of the air electrode [33]. 
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For non-flow batteries, the distance between the cathode and anode is as short as possible to enhance 

the volumetric specific energy and reduce the ohmic resistance of electrolyte, but the proper distance 

must be reserved for volume change during charge/discharge process. When it comes to flow 

batteries, the distance is the main match for proper flow electrolyte [108, 426]. Finally, the 

application scenes determine the design and kind of metal-air battery. Thus, the versatile designs 

make metal-air batteries widely applied [33]. For example, the vehicle power source employs the 

flow Al-air battery, household reserve power source uses the neutral low-corrosion Mg-air battery, 

grid energy storage adopts the flow rechargeable Zn-air battery, and wearable devices utilizes 

flexible solid-state metal-air batteries. 

As a typical example of non-flow metal-air batteries, primary Zn-air button cell is widely applied 

in hearing aids as for its high specific density and low price [427]. In Zn-air button cell, the micron 

order zinc powder is infiltrated with the gelled KOH electrolyte [33]. In order to maximize the 

specific energy, the button cell is filled with zinc powder as much as possible and directly using the 

metal casing and cap as the current collector. Generally, the cap is opened with one to three holes 

with millimeter-level diameter to feed oxygen, which is covered by sticky paster under storage state 

to avoid electrolyte volatilization and lengthen the storage life. For example, the primary Zn-air 

button battery designed by Power One (type p675) [427] can reach over 500 Wh kg-1 with storage 

life to 3 years. Flexible battery, another kind of non-flow battery, has become a major research with 

the requirement of flexible electronics in recent years [228, 428-430]. According to the literature 

reports [228, 430], the flexible batteries focus on Zn-air batteries due to the low cost and high safety. 

These batteries are designed to cable-like or thin-film “wearable” structure as shown in Fig. 16. In 

flexible batteries, the electrolyte is more desirable for solid-state or gelled electrolyte without fluidity, 

avoiding leakage and evaporation onto the electronic equipment or human skin.  
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Fig. 16. Schematic representation of thin-film wearable flexible metal-air battery. 

Metal-air flow batteries are equipped with a single electrolyte channel to exchange the electrolyte 

in the chamber of battery [226]. The flowing-electrolyte design helps to enhance the performance 

and lengthen the lifetime via managing the heat, separating the products and inhibiting the dendrites. 

For Al-air batteries, the vast heat can be carried with the flowing electrolyte and cooled by the heat 

exchange system, in which to manage the heat and control the reaction temperature. Additionally, the 

flowing electrolyte can also output or diluent the product to keep the high ionic conductivity or low 

viscosity of the electrolyte in the reaction chamber to delay the degradation. Fig. 17 shows a typical 

Al-air battery fabricated by Joint Institute for High Temperatures of the Russian Academy of 

Sciences [431]. The battery, designed for stack system, consisted of a body with inlet (bottom) and 

outlet (upper) channels for electrolyte circulation. During circulation, the electrolyte was supplied 

through the bottom inlets and exited out the upper outlets, mixed with hydrogen bubbles. The Al 

anode (size of 100 mm × 200 mm, thickness of 3.7-3.8 mm) is installed between a pair of parallel 

connected cathodes with the suitable size to anode. To facilitate the quick exchange, the Al anode 

held with anode current collector is installed into the anode mount with a waterproof sealing gasket 

plug and commutating elements. 
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Fig. 17. Photograph of Al-air battery designed by Joint Institute for High Temperatures of the 

Russian Academy of Sciences: 1-cell body; 2-clip; 3-gas diffusion cathode; 4-anode; 5-anode current 

collector; 6-cathode current collector; 7-anode mount; 8-sealing gasket; 9-commutating elements, 

10-elctrolyte inlets, 11-electrolyte outlets. [431] Copyright 2017 Elsevier. 

6.2. Stack system design 

The purpose of stack system design is to optimize the performance of battery system to achieve 

expected requirements, such as power, capacity, lifetime, safety, cost, operability and environmental 

suitability [432]. For example, to obtain the required voltage, current and power for applications, 

some metal-air single cells are stacked in series and parallels to raise the voltage and current, 

respectively. Generally, the cells are stacked with monopolar and bipolar arrangements. Although 

bipolar arrangement is a more efficient package method in fuel cells due to the absence of external 

wiring, the relatively low current of metal-air batteries ignore this advantage. Therefore, the metal-air 

cells in stack system are always designed to the sandwich structure that the metal anode is 

sandwiched with two externally connected parallel air electrodes to improve the space utilization. As 

the different applications need various design, it is difficult to summarize the stack system design 

with a simple description. Hence, some typical stack systems will be reviewed to reveal the design 

skills and ideas, such as Mg-air storage batteries, Zn-air remote application auxiliary batteries, 
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oxygen recycling rechargeable Zn-O2 non-flow batteries, grid energy storage Zn-air flow batteries 

and Al-air vehicle power supply batteries. 

Mg-air Battery A kind of two cells in series of Mg-air battery (type of AM-180) designed by Dalian 

Institute of Chemical Physics, Chinese Academy of Sciences (DICP, CAS) is produced by the 

co-partnership company as shown in Fig. 18 [433]. This battery is designed for LED light and 

charging the mobile phone via 5 V USB with energy of 180 Wh and weight of 428 g without 

electrolyte. Owing to the durable cathodes, the battery can be stored for 10 years with working life of 

about 1200 hours during -20 °C and 55 °C. The Mg anodes are inset in groove with a proper distance 

to cathodes to storage enough product of Mg(OH)2, which lengthen the work time to 8 hours under 

1.8 W output during each replace of electrolyte. Additionally, for fast replace of Mg anodes, the Mg 

plates are connected with quick connectors to electronic control.  
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Fig. 18. Photographs of a two-cell in series of Mg-air battery of (a) inner structure and (b) 

appearance designed by DICP, CAS. [433] 

Zn-air Battery Primary Zn-air battery is an attractive choice for many portable electronics due to the 

high specific energy, low cost and high safety, especially for working time during 1 to 14 days. For 

example, the type of BA-8180 primary Zn-air battery is designed by Electric Fuel Corp with capacity 

of 30 Ah and nominal voltage of 28 V for remote application as auxiliary power [33]. The 2.4 kg and 

3.5 L battery is stacked by 24 in series cells with 500 Wh kg-1 and 1250 Wh L-1, the anode and 

cathode of which is bonded by adhesive technology. To permit air access to the provisioned cathodes 
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(the key parameter required by current), the battery has a fan and air channels to provide positive 

pressure air.  

The electrically rechargeable Zn-air/oxygen battery is a competitive candidate for grid storage 

energy because of the low cost, high safety and good environmental friendliness. However, the poor 

cyclic performance and relative low energy efficiency restrict the development caused by zinc 

dendrite, cathode corrosion, carbonate and slow kinetics. Wang et al. [434] deigned a separated 

three-electrode 1 kW/1 k Wh Zn-O2 battery system with low cost oxygen recycling system to resolve 

the electrode corrosion and carbonate, which can efficiently extend the cyclic number and enhance 

the energy efficiency as shown in Fig. 19. The single cell of the system has a stable 1500 cycles with 

an average energy density of 60% and elimination of carbonates, and the system oxygen cost is only 

0.2 ¢ kWh-1 per cycle. Amunátegui et al. [156] demonstrated a 1 kW-4 kWh zinc-air flow battery 

divided in three different stacks connected in parallel, which exhibited lower coulombic efficiency of 

18.3% than expected of 13% due to shunt current losses as shown in Fig. 20. Additionally, the shunt 

current also makes zinc built-up and short-circuiting to restrict the cyclic performance, although the 

single cell can reach to 2000 cycles. For rechargeable Zn-air flow battery, the bi-functional oxygen 

electrode and shunt current is still the main engineering challenges to be overcame. 

 

 

Fig. 19. (a) Design of the Zn-O2 battery system. (b) Photograph, (c) charge-discharge curves and (d) 

cyclic results of a 500 W/500 Wh Zn-O2 battery module. [434] Copyright 2018 John Wiley and 

Sons. 
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Fig. 20. One of the electrolyte tank and cell stack for the 1 kW-4 kWh zinc-air flow battery. [156] 

Copyright 2018 Springer Nature. 

Al-air battery Al-air battery, due to the low cost, high specific capacity and negative potential anode 

of Al, has attracted much attention, which is always designed as flow battery to manage the heat and 

water [435]. For example, Phinergy combined with Alcoa [436] demonstrated an Al-air battery with 

in series 50 cells to provide enough energy to power an electric vehicle for up to 1000 miles by water 

and anodes fill-up every 200 miles. Owing to the special gas diffusion film to keep out CO2 into 

electrolyte, the carbonate problem is reduced to lengthen the lifetime of cathode and system. 

However, 200 miles for each time is relatively short for vehicles, so the Phinergy promotes their 

Al-air battery as a trip extender, rather than a means of powering commuter trips. 

7. Conclusion and outlook 

The aqueous metal-air batteries, particularly of rechargeable Zn-air battery, primary Zn-air battery 

and Al-air battery, have gained significant attention during the last few years. This review outlines 

the research progress on the key components of the metal-air batteries including air electrodes, 

anodes, electrolytes and separators, designs of single cell and stack system. Focusing on the 

materials challenge of bi-functional catalysts and anodes, the performance of the electrocatalytic 

activity and durability for catalysts and coulombic efficiency and utilization for anodes are enhanced 

obviously via testing in laboratory. Despite the positive progresses are discussed, there are still 

enough further advancement to aqueous metal-air batteries on materials science and engineering as 

follows: 



51 

 

1) Advanced and low cost air electrode, which includes fabrication of catalysts, gas diffusion layer 

and design of air electrode, requires further development. The demand for catalysts is that the 

ORR electrocatalytic activity in primary metal-air battery can be compared with 20% Pt/C, and 

the bi-functional activity in rechargeable metal-air battery should be better for the hybrid 

catalyst of 20% Pt/C with RuO2/C. The durability matches with gas diffusion layer, particularly 

of long running rechargeable batteries including electrical recharge and mechanical replacement, 

which can be stored at least of 5 years with electrolyte or 10 years in dry, and keep working at 

least of several hundreds of hours without obvious degradation. Additionally, a reliable 

relationship of activity performance between laboratory test and application conditions should 

be built to guide the engineering based on laboratory data. The thin gas diffusion layer must not 

only be versatile enough to prevent leakage, diffuse oxygen and keep out of CO2 for alkaline 

electrolyte, but also be excellent in oxidation resistance for bi-functional oxygen electrodes. 

Currently, the outstanding performance of air electrodes with small size can be fabricated in 

laboratory, however, how to keep the performance during large-scale continuous production for 

application via low cost methods is still an intractable engineering challenge. Except for 

performance and fabrication demand, the catalyst and electrode polarization process also need 

more deeply understanding, such as the process of ORR and OER under electronic and atomic 

level on the active sites/area of the catalysts, the polarization percent for the three kind 

polarization for the three structure layers and the more meticulous and near-realistic models for 

oxygen transfer. These can help the researchers to enhance the performance of catalysts and air 

electrodes on the key points. 

2) For electrically rechargeable Zinc-air batteries, the reversible zinc electrodes are supposed to 

meet these requirements: (1) a high anode utilization, (2) a high efficiency when recharging, and 

(3) at least several hundred charge/discharge cycles without obvious capacity degradation. To 

deal with these issues, structural modification and compositional modification by means of 

additives, electrodeposition, chemical doping, and advanced casting have been demonstrated to 

be feasible ways. In order not to reduce the overall zinc capacity, the additives should be 

effective in small quantities. For the primary Al-air and Mg-air batteries, which only can be 

recharged by mechanical change the anode, high utilization of the anode is the most critical 
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parameter influencing the battery performance. However, both the Al and Mg anode suffer from 

the sever anode passivation problem, which significantly reduces the utilization of the anode 

active materials. Therefore, future research attention can be paid to alleviating anode 

passivation problem via the development of novel anode alloy and the modification of 

conventional anode, thus a longer lifetime and a higher anode utilization can be achieved. 

3) Using the aqueous electrolyte is of great significance for large-scale energy storage due to its 

intrinsic advantages, including the high power output due to higher ionic conductivity, high 

safety for abandoning the flammable organic electrolytes, low cost derived from using good 

availability of salts, and environmental friendliness. For the conventional alkaline electrolytes, 

modification by mixing them with novel electrolyte candidates is necessary due to the intrinsic 

problems such as anode corrosion, side reactions, and dendrite formation. The addition of room 

temperature ionic liquids (RTILs) is promising, because they are not only able to alleviate the 

dendrite formation, but also able to maintain the high ionic conductivity. For the neutral 

electrolytes, although it avoids the carbonate issue and substrate corrosion, poorer 

conductivities are required to be substantially increased to achieve a satisfactory power output. 

In addition, developing novel bi-functional catalysts with higher catalytic activity is of great 

significance, because the electrochemical kinetics for both ORR and OER are more sluggish in 

the neutral electrolytes than in the alkaline electrolytes. 

4) Single cell and stack system designs need further optimization. Proper design of single cell and 

stack system is not only to keep battery work normally, but also important to assure the 

operation safe, reliable and optimum. Although almost all engineering single problem can be 

resolved by the responding methods, the induced methods always bring new troubles. For 

example, flowing electrolyte structure can resolve the zinc dendrite problem efficiently to 

lengthen the cyclic performance, but the flowing channels inducing of connecting electrolyte 

will result in shunt current or short-circuit current, consequentially, which leads to build-up zinc 

and lower coulombic efficiency. In addition, the flowing system also adds the extra power 

consume and cost. Therefore, the design of stack system must be considered as a whole from 

every component based on materials to the all system. However, the practical design is always 

to optimize an optimal balance with the solution and the responding new troubles. For example, 
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the closer cathode distance between metal-air cells in stack is, the better to obtain high volume 

power density via reducing volume in theory. But the closer distance makes higher resistance of 

oxygen transmission, which may result in the stack sink in anoxic state to enlarge the oxygen 

mass transfer polarization. So it needs to balance the distance with oxygen transfer by 

theoretical calculation and practical tests. Regrettably, the system design of metal-air battery is 

lacking of systematic and detailed reports, which may draw lessons from hydrogen fuel cells.  

Recently, the non-aqueous and hybrid metal-air batteries, such as Li-air and Na-air batteries, have 

received most attention according to the literatures base on Web of Science Core Collection due to 

the high theoretical specific energy. However, synthetically compared with cost, safety and technical 

maturity, the aqueous metal-air batteries also exhibit obvious superiority. Therefore, the aqueous 

metal-air batteries combined with good safety, low cost and high specific energy are a promising 

candidate to support the increasing energy needs based on low-carbon and environmentally friendly 

energy structure.  
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