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Abstract
Zinc-air batteries have attracted widespread attention due to their advantages, including high safety, high 
theoretical energy density (1086 W·h/kg), low cost, etc. A zinc-air battery primarily consists of a metal anode, 
electrolyte, and air cathode. However, the anode, as the core component of zinc-air batteries, faces various 
challenges at the present stage, such as dendritic growth, anode deformation, surface passivation, hydrogen 
evolution corrosion, etc. These challenges limit the development of secondary zinc-air batteries. To address the 
challenges faced by the anode, researchers are committed to developing anode materials with long cycle life and 
high capacity. However, this is achieved through methods like alloying, surface coating, 3D structures, surface 
modification, and the addition of additives. Therefore, this article provides a comprehensive review of recent 
breakthroughs and progress in the research on zinc-based battery anodes in recent years. Furthermore, it offers 
a certain outlook on the future development direction of secondary zinc-air batteries.
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1 Introduction

Nowadays, the increasing demand for energy and 
the consumption of non-renewable fossil fuels put 
tremendous pressure on humans [1]. This forces our 
human beings to be concerned, and also turn to the  
development of clean energy, such as wind energy, 
solar energy, hydro energy, tidal energy, fuel cells, 
biomass power, etc. [2]–[5]. However, clean energy 
sources are often unstable, therefore, the development 
of energy storage systems (ESSs) will help balance the 
production and demand of intermittent energy. At this 
stage, there are energy storage systems such as battery  
energy storage, thermal energy storage, pumped hydro 
energy storage, and chemical energy storage. Battery 
energy storage systems have been widely used in 
recent years because of their high power and ease of 

use [6], [7]. The escalating demand for energy storage  
is driving advancements in battery technology [2], [8], 
[9]. However, lithium-ion battery is a type of battery 
that has good characteristics such as high voltage, high 
energy density, high coulomb efficiency, low self-
discharge, cycling stability, etc. [8], [10], [11]. Focus 
on such result, lithium-ion batteries have becoming 
to be the most commercially viable energy storage  
solution in recent decades [12]. Unfortunately, the high 
costs and unsafety issues contribute to their lack of 
competitiveness in a part of secondary energy storage 
applications [13], [14]. To eliminate a such problem, 
a series of metal-air batteries such as Li-air batteries,  
Na-air batteries, K-air batteries, Zn-air batteries,  
Mg-air batteries, Al-air batteries, and Iron-air batteries  
[15]–[21] have emerged. However, the metal-air  
batteries utilize oxygen from the air as the cathode, 
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which not only reduces the weight of the battery but 
also enhances its energy density. This contributes 
largely to the improvement of battery energy density 
[22]. Among all of these batteries, the lithium-air  
battery has the highest theoretical energy density [23], 
as shown in Figure 1. 
 However, it also faces many challenges, for  
example, discharge by-products cause clogging of 
the cathode, resulting in incomplete discharge, etc. 
[15]. The charging over-point is much higher than the  
discharging over-point, resulting in low efficiency 
[24]. Thus, these issues make it difficult to apply.  
Comparably, the lower reduction potentials of  
magnesium and aluminium-air batteries result in 
severe self-discharge for both. Iron-air batteries have 
lower energy density (763 W·h/kg) and open circuit  
voltage (1.28 V). Such problems led to zinc-air batteries  
gaining widespread attention. Owing to their higher 
energy density (1086 W·h/kg) and high volumetric 
capacity (6163 W·h/L) [2].
 As mentioned before, zinc-air batteries can be 
divided into two main types: primary zinc-air batteries  
and secondary zinc-air batteries, respectively [25]. 
After the commercialization of the first zinc-air battery  
in 1932, its influence rapidly expanded because of 
its high capacity. Currently, the primary zinc-air  
batteries are mainly used for powering hearing aids 
and cochlear implants [26]. In the late 20th century, it 
was, continuously, applied to electric Mercedes-Benz 
trucks [27] also the electric bus of Electric Fuel Ltd. 
[28], propelling the development of secondary zinc-
air batteries to climax. Nevertheless, the flourishing 
trend of secondary zinc-air batteries was terminated 

by the emergence of lithium-ion batteries [29]. Until 
the 2010s, lithium-ion batteries faced limitations in 
capacity, expensive raw materials, and safety concerns. 
This created an opportunity for the development of  
secondary zinc-air batteries again. For secondary 
zinc-air batteries, the cathode material is unlimited  
atmospheric oxygen, therefore the actual energy  
density is normally related to the discharge capacity of 
the zinc anode [30]. However, there are many issues 
with the anode itself, i.e. dendrite growth, deformation, 
surface passivation, and hydrogen evolution. However, 
there are several researchers have conducted extensive  
studies on the aforementioned problems with the  
anode. By the way, Kadam et al. [31] use two anodes 
to improve the ability of anode. Dilshid et al. improve 
the anode through the adoption of a 3D structure 
[32]. Besides, Yuan et al. enhance the anode using the  
properties of alloying techniques [33]. Consequently, 
Mou et al. enhance the anode by employing surface 
coating [34]. All these methods did some improvement 
of the anode of zinc-air batteries.
 In this work, the development of zinc-air batteries  
was first explored to highlight the importance of the 
development of the anode of the zinc-air batteries. 
Subsequently, through a summary of recent years' 
research, various methods for improving the energy 
density of zinc-air batteries by enhancing the anode 
are reviewed. The primary approaches for anode 
enhancement include alloying of the anode metal,  
addition of anode additives, improvement of the 
anode's 3D structure, and surface treatment and  
modification of the anode. Finally, viewpoints and 
suggestions regarding the future development of 
secondary zinc-air batteries are proposed. With the 
development of contemporary advanced technology 
and its application in the development of zinc air  
batteries, the development of high-capacity anode zinc 
air batteries is both necessary and possible. This will be 
an important part of the battery development history.  
Summarizing the development process of zinc-air  
batteries can further clarify the developmental  
direction of zinc-air batteries, aiding researchers 
in the expedited development of high-performance 
zinc-air batteries. At the same time, the cost of 
lithium-ion batteries is 3 times of zinc-air batteries. 
This means zinc-air batteries have high economic 
value for the application of battery energy storage  
technology.

Figure 1: Theoretical energy densities of various types 
of metal-air batteries [23].
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2 Brief History of Zinc-Air Battery

The development of zinc-air batteries is not like 
other batteries. It has undergone a prolonged period of  
development to date. The combination of metallic zinc 
and oxygen from the air to form a battery represents 
the arrival of the first milestone that belongs to the 
zinc-air battery era, as shown in Figure 2.
 In 1878, the French engineer L. Maiche [40]  
disclosed a battery design featuring a porous air  
cathode, indicating the vast potential of zinc-air batteries  
and paving the way for the development of novel 
zinc-air batteries. In 1932, Heise and Schumacher 
[37] pioneered the first alkaline zinc-air battery using 
sodium hydroxide as the electrolyte, which weighed 
116 kg and had an open-circuit voltage of 1.4–1.45V. 
The military demands of the 1960s became a  
significant driving force in the development of zinc-
air batteries. Following the creation of magnesium-air 
(1960s) [38], lithium-air (1970s) [41], and aluminum-
air (1970s) [42] batteries, the energy density of zinc-
air batteries was elevated to 200Wh/kg in the 1980s 
[29]. Nonetheless, progress invariably experiences  
fluctuations. Starting in the late 1970s, with the  
introduction of the rocking chair concept for lithium 
batteries, the development of lithium-ion batteries 
faced certain constraints [43]. Particularly in the 
1980s, the proposal of LixCoO2 as a cathode material  
for lithium-ion batteries [44], incorporated with a 
theoretical energy density of up to 1100Wh/kg, greatly 
advanced the development of lithium-based energy 
storage technology. Electrode materials introduced in 
the late 1990s, such as LiFePO4 [45] and LiMn2O4 [46], 
brought the energy density of lithium-based batteries 
to 300Wh/kg, far surpassing that of zinc-air batteries. 
Lithium-based energy storage technology gradually  
took the developmental lead during this period.  
Meanwhile, zinc-air batteries were primarily utilized 
in simple devices such as hearing aids and pagers [35].

 Entering the 21st century, lithium-ion batteries  
have become the mainstay of development with  
diversified applications in everyday life. According 
to the International Energy Agency's data from 2020, 
lithium-ion batteries accounted for 93% of the new 
battery storage capacity added in that year, indicating  
their extensive development and application [29]. However,  
when the energy density of lithium-ion batteries  
reaches 400Wh/kg [47], they pose a risk of spontaneous  
combustion [48]. Furthermore, the high cost of lithium 
resources presents challenges for industrial production  
[49]. Additionally, the toxicity of the electrolyte leads 
to difficulties in subsequent processing [50]. This 
has led to a recognition of the need to develop an  
alternative to lithium-ion batteries. Zinc-air batteries 
have once again come to the forefront of development.
 In 2013, Li et al. [36] achieved an increase in 
the energy density of zinc-air batteries to 700Wh/kg 
through the development of an innovative catalyst.  
A developed bifunctional oxygen electrocatalyst with 
a ΔE of approximately 0.63 V achieved 3,600 and 
650 charge-discharge cycles at current densities of  
10 mA/cm2 and 50 mA/cm2 respectively [51]. However,  
as the ability of ORR/OER catalysts continues to 
improve, a decline in battery performance has been 
observed. Given that the oxygen reactant for zinc-air 
batteries is sourced from the limitless atmosphere, the 
actual energy density is also related to the discharge 
capacity of the zinc anode [30]. The zinc anode faces 
complex challenges such as zinc stripping/deposition, 
dendrite growth, hydrogen evolution, and deformation. 
In 2019, Zheng et al. [39] developed a graphene-coated 
electrode, which showed superior performance through 
thousands of cycles with an epitaxial zinc anode. In 
2023, Mou et al. [34] developed a highly ordered 
zinc anode array structure, achieving a capacity of 
995.77 mAh for zinc-air batteries, with 1,200 effective  
cycles at a current density of 10 mA/cm2. These  
developments have laid a solid foundation for the 
further advancement of zinc anodes.
 From the aforementioned developmental history, 
we can observe that early zinc-air batteries had large 
volumes, low energy densities, and also low discharge 
efficiencies, etc. With the advancement of smart  
technology, the volume of zinc-air batteries is gradually  
decreasing, while their energy density, on the opposite 
ways, increased leading to increasingly widespread 
applications.

Figure 2: Development history of zinc-air batteries 
[35]–[39].
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3 Structure of Rechargeable Zinc-Air Battery

The structure of a rechargeable zinc-air battery is  
illustrated in Figure 3 [52], which comprises primarily 
a zinc anode, an air cathode, an electrolyte, and also 
a separator. Moreover, the chemical reactions during 
the charge and discharge processes of the rechargeable 
zinc-air battery are as follows Equations (1)–(4):

Zinc Anode:

Zn + 4OH– ⇄ Zn(OH)4
2   –  + 2e (1)

Zn(OH)4
2   –  ⇄ ZnO + 2OH– + H2O (2)

Air Cathode:

O2 +H2O + 4e ⇄ 4OH– (3)

Overall Reaction:

2Zn + O2 ⇄ 2ZnO (4)

 From the above reaction equations, it can be 
observed that during discharge, zinc at the anode is 
initially oxidized to Zn(OH)4

2   – . Also, when Zn(OH)4
2   –  

reaches a certain saturation concentration in the 
electrolyte, it further undergoes deposition to form 
ZnO. Meanwhile, oxygen at the cathode is reduced to 
generate OH– ions. During charging, Zn(OH)4

2   –  in the 
electrolyte is reduced back to zinc, redepositing on the 
surface of the zinc anode.
 The structure of Lithium-ion batteries is shown 
in Figure 4 [53]. As shown in Figures 3 and 4, the 
huge difference between zinc-air batteries and lithium 
batteries is that the cathode of zinc-air batteries is  

derived from oxygen in the air. This means that there 
is a constant supply of the cathode of zinc-air batteries. 
This is also one of the reasons why zinc-air batteries 
have the great potential to replace lithium-ion batteries.

4 Challenges for Anode of Zinc-Air Batteries 

Currently, the widely used anode material in large-
scale applications of rechargeable zinc-air batteries is 
a paste-like substance made from zinc powder [54]. 
This type of anode material has the advantage of  
ensuring sufficient contact between the active material  
and the electrolyte. However, its rechargeability is 
lacking, which hinders its broad use in rechargeable  
zinc-air batteries. For the rechargeable zinc-air  
batteries, the theoretical voltage should be 1.6V, but 
the actual discharge voltage is generally below 1.2V, 
and the charging voltage needs to be above 2V. This 
directly results in the lower Coulombic efficiency of  
rechargeable zinc-air batteries. These issues are mainly 
caused by dendritic growth, deformation, surface 
passivation, and hydrogen evolution corrosion in 
rechargeable zinc-air batteries [54], as illustrated in 
Figure 5.
 In ideal circumstances, the Zn(OH)4

2   –  on the 
surface of the anode should be uniformly distributed. 
However, in reality, due to various factors, Zn(OH)4

2   –  
on the anode surface is rarely distributed uniformly.  
This uneven distribution leads to an uneven distribution  
of the deposited substances on the anode surface,  
forming a rough and uneven surface. Dendritic growth 
is inevitable because it is caused by the uneven  
distribution of ions near the zinc electrode, especially 
during repeated cycles, as given in detail in Figure 5(a) 
[34]. With repeated cycling, the extent of unevenness 
intensifies, ultimately causing continuous growth and 

Figure 3: Schematic structural diagram of secondary 
zinc-air batteries.

Figure 4: Schematic structural diagram of lithium-ion 
battery.
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extension of dendrites, resulting in dead zinc that  
cannot participate in the reaction. In extreme cases, large 
dendrites may pierce through the battery's separator,  
causing a short circuit and destroying the battery.
 The deformation of the anode occurs because the 
zinc salt products obtained in reaction 1) are insufficient/ 
do not participate in a reaction 2), failing to form 
ZnO but instead depositing directly on the anode 
surface. After repeated charge and discharge cycles, a 
large amount of zinc salt accumulates leading to the 
deformation of the battery and a significant reduction  
in capacity, as shown in Figure 5(b). Besides the  
passivation of the anode surface is due to the formation 
of a dense layer of non-reactive ZnO during repeated 
charge and discharge cycles as displayed in Figure 5(c).  
By the way, this not only increases the internal  
resistance of the battery but also hinders direct contact 
between the anode and the electrolyte. With increased 
internal resistance, the battery requires a higher voltage 
during the charging process, while in the discharging 
process, it can only maintain a lower voltage. The lack 
of direct contact between the anode and the electrolyte 
leads to capacity decay in the battery. Furthermore, 
The hydrogen evolution reaction at the anode occurs 
in a battery during open-circuit conditions because the  
reduction potential of hydrogen is more positive than the 
reduction potential of zinc as addressed in Figure 5(d).  
Therefore, in the reaction process, a side reaction will 
take place first as shown in the calculation below:

Zn + H2O ⇄ Zn(OH)2 + H2 (5)

 Besides, this reaction results in the unnecessary 
consumption of zinc, reducing the battery capacity, 

while the generated Zn(OH)2 also increases the internal 
resistance of the battery, further decreasing its capacity.
 The four mentioned situations interact and  
correlate with each other during the reaction process. 
A large amount of active material at the zinc anode is 
consumed, leading to a significant disparity between 
the actual capacity and theoretical capacity of the 
zinc-air batteries.

5 Modification Methods for Anode of Zinc-Air 
Secondary Batteries

To achieve better performance for the anode of zinc-air 
secondary batteries, researchers have developed various  
methods to enhance the anode. These methods, based on 
the extent of their application, mainly include 1) Alloying  
of the anode 2) Surface coating and treatment of the 
anode 3) Addition of the anode additives properties and 
4) 3D structuring of the anode, respectively.

5.1  Alloying of anode

For the zinc metal anode, the single zinc metal anode 
exhibits a significant number of cracks and defects 
due to the substantial volume changes during the  
de-zincing and zinc plating processes, as illustrated 
in Figure 6 [55]. For Figure 6(a), during the plating 
or stripping of zinc, Zinc ions exhibit a preference 
for nucleation at dislocated sites, leading to the  
development of initial protuberances on the surface  
of zinc. Figure 6(b) displays the protuberances 
have higher potentials and consist of high-density  
low-coordination steps. Both of these contribute to the 
growth of dendrites. Alloying zinc with other metals  
can greatly improve the performance of zinc-air  
batteries. For example, conductivity is one of the  
important indicators of zinc-air batteries. The selected 
metal should possess a higher overpotential of the 

Figure 5: Possible phenomena in zinc anodes;  
(a) Dendrite growth; (b) Shape change; (c) Passivation; 
and (d) Hydrogen evolution.

                (a)                                         (b)
Figure 6: Volume change and formation of dendrite 
of bare Zn [50]. 
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evolution of hydrogen compared to zinc, effectively 
mitigating the corrosion caused by hydrogen evolution 
on the zinc anode altering its shape, and increasing 
its utilization. Commonly used metals for alloying 
include lead (Pb), cadmium (Cd), indium (In), tin (Sn), 
aluminum (Al), bismuth (Bi), nickel (Ni), etc [56]. 
Research has displayed that incorporating metals with 
zinc not only enhances the conductivity of the zinc 
anode but also serves as a substrate for the deposition 
of zinc during charging deeds, effectively improving 
the coulombic efficiency of zinc-air batteries. Due to 
the simplicity of the alloying process and its favorable 
outcomes, this method has been widely applied in past 
research studies.
 Recently, Ning et al. [57] identified through  
orthogonal experimental methods that an alloy with the 
composition Zn-0.1% In-0.1% Bi-0.01 Ca exhibited  
optimal performance as an anode. The maximum 
power density of the anode was 169.7 mW/cm2, and 
it could maintain a stable constant current discharge of 
0.93V at 100mA/cm2 for over 200 min. The addition 
of alloying elements increased the resistance of the 
anode's corrosion reaction, suppressing intermediate 
products and reducing zinc corrosion, enhancing the 
anode's performance. Peng et al. [58] prepared an  
integrated, dense Zn-Sn alloy plate electrode using  
powder sintering technology. Further, this alloy  
electrode significantly improved the electrochemical  
performance of zinc-air batteries. Besides, the fabricated  
alloy-based battery maintained excellent dendrite-free 
zinc peeling and plating performance even after 400 h 
of cycling. Yuan et al. [33] proposed a method to alloy 
the zinc anode with rare earth metal Ce and alkaline 
earth metal Yb to alleviate dendrite growth. This was 
achieved by changing the anisotropic modulus and 
strength at the zinc anode interface. However, the 
results indicate that an uniaxial modulus of six could 
achieve a 35% suppression of anisotropic modulus. 
The most effective way to inhibit dendrite growth 
was to use zinc anodes composed of Zn98%-Mg2% or 
Zn93.5%-Yb6.5%, and the addition of Ce expand the 
anode interface's anisotropic modulus, changing the 
direction of dendrite growth and reducing its height, 
while the addition of the Yb reduced the anisotropic 
strength of the interface, hindering dendrite growth. 
According to the above three methods, the anode  
performance of zinc-air batteries can indeed be  
improved through alloying.

5.2  Surface coating and treatment of anode

Surface coating of the anode can also play a significant 
role in improving the performance of the battery. Coating  
materials can isolate the electrolyte from the zinc 
anode, and confine Zn(OH)4 ions within the anode, 
not only inhibiting hydrogen evolution corrosion and 
dendrite formation but also reducing the consumption 
of active material. The combination of these effects 
can enhance the battery's performance. Additionally, 
depending on the properties of the coating material, 
this can truly enhance conductivity, contributing to the 
improvement of the anode's performance. Common 
coating materials include Al2O3, TiO2, SiO2, Ca(OH)2, 
carbon, etc. [59]–[62]. With further research, new types 
of coating materials are also being developed. 
 Zhou et al. [63] coated zinc mesh with graphene 
oxide, and after 200 cycles of testing, they found that 
the cumulative discharge capacity was about 128% of 
that of pure zinc. This is because graphene oxide can 
prevent zincate ions from passing through, while H2O 
and OH- can pass through. During the decomposition 
of zincate into ZnO, graphene oxide wraps around 
it, reducing the loss of active material, as shown in  
Figure 7. Focusing on Figure 7(a), it express that the 
ZnO passivation layer leads to low utilization of the 
Zn mesh anode. In addition, graphene oxide on the 
Zn surface makes it possible for electrons to move 
freely across the insulating ZnO and slows down the  
dissolution of Zn species. This concept has been  
illustrated in Figure 7(b). In addition, Ismail et al. [64]  
proposed a novel technique by coating cassava starch 
onto the surface of the zinc anode and found that the 
conductivity increased by 30% compared to a pure 
zinc anode. This improved conductivity resulted in 
better performance of the zinc anode. Sun et al. [65] 

Figure 7: Schematic diagram of morphological changes  
of zinc anodes during electrochemical cycling [28]. 

(a)

(b)
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coated ZnO nanorods uniformly dispersed on three-
dimensional graphene oxide as a chemical buffer 
layer on the zinc metal (CBL@Zn) anode. Due to the  
synergistic effect of the crystallization of ZnO  
nanorods and the adsorption affinity of graphene oxide,  
the assembled battery achieved an unusually long  
cycling performance of 450 h. On the other hand, 
surface modification treatment of the anode can also 
improve the battery's capability to a certain extent. 
For example, Wang et al. [66] used laser irradiation 
on the surface of the zinc anode to remove the surface 
oxide layer, increasing the contact area of the anode 
and thereby inhibiting dendrite growth. Han et al. [67] 
decorated the surface of zinc with dual-functional 
indium metal, serving as both a corrosion inhibitor 
and a nucleating agent. This effectively prevented 
corrosion and dendrite growth, and the assembled 
battery maintained over 1500 hours of electroplating/
stripping cycles. The above literature shows that both 
coating and surface treatment of anodes can increase 
the surface area or remove the oxide layer to improve 
anode performance.

5.3  Anode additives

When the anode in zinc-air batteries is pure zinc, the 
discharge product ZnO has a larger volume, 1.6 times 
that of pure Zn [68] This directly leads to severe 
electrode deformation during the cycling process. 
Additionally, because ZnO is a semiconductor, it can 
also lower the battery's performance. Adding additives 
to the anode can to some extent address these issues. 
Lee et al. [69] by using zinc and ZnO as or with the 
anode, found that the stability of the mixed anode 
was significantly improved compared to a pure zinc 
anode. This improvement was attributed to the smaller 
expansion coefficient, suppressing the deformation of 
the mixed anode. Stamm et al. [61] found that adding 
ZnO to the mixed anode, while reducing the initial 
discharge capacity, increased the rechargeable capacity 
and the cycle life of the zinc anode. This is because the 
added ZnO in pure zinc becomes a nucleating crystal, 
promoting the uniform deposition and dissolution 
of ZnO, thereby improving the capacity retention of 
zinc-air batteries. Park et al. [62] achieved a discharge 
capacity of 160 mAh/g by refining the size of added 
ZnO to the nanoscale. This makes the nano ZnO have 
a higher surface area, allowing for a faster reaction 

with KOH solution, leading to quicker generation of 
zincate ions and thus enhancing battery performance.
 If conductive agents, metal hydroxides, metal 
oxides, and other types of additives are introduced into 
the anode, the conductivity and cycling performance of 
the battery can be markedly improved. The addition of 
conductive agents such as graphite and carbon black 
facilitates rapid electron transfer between pure zinc 
and ZnO. This arises from these conductive additives 
enhancing the conductivity of the anode, slowing down 
the passivation of the anode, and improving battery  
performance. Masir et al. [60] by adding Super P carbon  
black to the zinc anode as an additive, achieved a 27% 
increase in the utilization of active materials compared 
to a pure zinc anode. However, this is attributed to 
Super P carbon black providing a pathway for electron 
transfer, allowing more active materials to participate 
in the cycling process. Both additives and conductive 
agents can enhance the cycling life of zinc-air batteries 
on one hand, while improving the performance of the 
negative electrode on the other hand.

5.4  3D structure of anode

Zinc materials with a 3D porous structure can not 
only increase the anode's specific surface area but also 
enhance the utilization of zinc, playing a beneficial 
role in promoting the complete reaction of zinc-air 
batteries. As shown in Figure 8 [70]. Moreover, the 
large surface area of a 3D porous structure allows 
for a uniform distribution of current across the entire 

Figure 8: Employing a high surface area porous zinc 
structure [64].
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electrode during the effective reduction of zincate 
concentration. The porous structure also restricts the 
dissolution/precipitation process, effectively reducing 
dendrite growth in secondary zinc-air batteries [59], 
[64] thereby contributing to the improvement of the 
battery's performance.
 Dilshad et al. [32] grew 3D zinc nanosheets with 
a high surface area on the surface of zinc through  
molecular modification. The assembled electrode with 
the modified material exhibited over 500 cycles of  
cycling performance under a condition of 5 mA/cm2, with 
an operating time exceeding 83 h. This improvement  
is attributed to the increased contact area, promoting 

more complete reactions. Qu et al. [65] obtained a 3D 
structured zinc-coated foam anode by plating zinc on 
a copper foam substrate and assembled with a plated 
anode, PVA-TEAOH-KOH hydrogel, and carbon 
cloth, they created a flexible zinc-air battery that can 
bend at large angles without mechanical fracture. The 
fabricated battery achieved a high specific capacity 
of 566.7 mAh/g and completed 48 cycles, making  
significant contributions to the development of flexible 
zinc-air batteries. The 3D structure mainly improves 
anode performance by increasing the specific surface 
area. As mentioned, this manuscript summarises the main 
anode treatment methods and also their effects in Table 1. 

Table 1: Different strategies and impacts of anode improvement
Modification to 

Zinc Anode Effects Details of Methods/Technology Result Ref

Alloys with Sn, Bi, 
Ce, Yb, Mg, Al, etc.

Improve battery performance, 
reduce dendrite growth 
height, and inhibit hydrogen 
evolution corrosion

Sn 0.5 mA/cm2 current density for 
400 h

[33]

Zn-0.1% In-0.1% Bi-0.01% Ca 100 mA/cm2 current density for 
200 min

[57]

Ce and Yb 35% inhibition efficiency of 
dendrite growth

[58]

Surface Coating 
with Garphen and 
Zno. The laser 
irradiates the anode 
surface.

Improve discharge capacity 
and achieve ultra-long cycle 
performance. Increase the 
anode contact area

Graphene oxide-modified Improve its lifetime accumulated 
capacity by 28%

[63]

Femtosecond Laser Processing 
Structural Surfaces

The first discharge time of zinc 
anodes with surface structures of 
zinc-air batteries is about 10 times 
that of without processing.

[66]

Decorating the Zn surface with a 
dual-functional metallic indium 
(In) layer

2A/g current density for 5000 cycle 
times

[67]

Chemical Buffer Layer of ZnO and 
graphene oxide

Symmetric coin cells could realize 
over 100 cycles

[71]

Cassava Starch Layer Increment 30% of conductivity values  
from the original conductivity

[72]

Adding zinc oxide 
as an additive and 
refining the zinc 
oxide grain size 
Conductive agents, 
metal oxides, and 
hydroxides

Improve stability and battery 
capacity Enhance 
conductivity and improve 
battery performance

Carbon black as an additive High specific discharge capacity 
(776 mAh/g)

[60]

ZnO as an additive Improve the rechargeable capacity [61]
The particle size of micronized ZnO 
was changed to nanosized ZnO

Nanosized ZnO showed a higher 
cycle capacity than microsized ZnO

[62]

Generate 3D 
nano-zinc flakes and 
three-dimensional 
structured Zn 
coatings

Increasing the contact area 
makes the reaction more 
complete, improving 
battery performance and 
cycle times. Successful 
development of flexible 
zinc-air batteries

Grow high-surface-area three-
dimensional (3D) Zn nanoflakes 
on molecularly modified Zn surface

0.5 mA/cm2 current density for 
100 cycles

[32]

Novel Cu foam substrate with 
uniform Ag nanoparticles deposited 
on the surface as a three-dimensional  
(3D) anode

High specific capacity of 676 mAh/g [56]

A three-dimensional (3D) fibrous 
structure with a highly active  
surface and conductive pathway

Significantly reduce the charge 
transfer resistance after 200 cycles

[64]

Zn-coated foam anode with three-
dimensional (3D) architecture

Specific capacity of 566.7 mAh/g [65]
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6 Conclusions

This article gives a summary of the ways to modify 
the anode of a zinc-air battery. First, it introduces 
the importance of energy storage systems (ESSs). 
Due to the unstable of clean energy, ESSs are  
important not only in the industry but still also in 
our daily lives. Then, from a business perspective, 
we conclude that a zinc-air battery is a good choice 
for building ESSs. However, from a technical point 
of view, zinc-air batteries truly meet some problems. 
Additionally, the researchers did find some solutions 
to solve those problems. They are also listed in this 
manuscript. In summary, one of the main reasons 
why zinc-air batteries cannot be commercialized at 
the current stage and face slow development is the 
poor reversibility of the zinc anode. This is mainly 
attributed to the dendritic growth, deformation, 
passivation, and also hydrogen evolution corrosion 
of the zinc anode. To address this issue, researchers 
have taken various measures such as 1) alloying 
of the anode; 2) surface coating and treatment of 
the anode; 3) anode additives; and 4) 3D structure 
of the anode. These measures can to some extent  
increase the conductivity of the electrode, improve the 
utilization of active materials, reduce self-corrosion  
of the anode, and promote the uniform distribution  
of electronic currents on the electrode surface. 
However, on the other hand, other issues in the 
commercialization of secondary zinc-air batteries 
need to be considered, such as the electrode design 
and preparation process. The electrode design and 
preparation process directly settles the electrode's 
specific surface area, density, porosity, 3D structure,  
etc., which greatly influences the electrode's ability. 
Furthermore, the anode materials affect the ability  
of zinc-air batteries at the same time. So it is  
necessary to explore new materials or composites 
with enhanced electrochemical capabilities, reduced 
dendrite growth, and resistance to self-corrosion. 
Finally, a complete understanding of the reaction 
pathway of zinc-air batteries is required. After 
completing an exhaustive process, understanding the 
anode's reaction scheme, reaction kinetics, transport 
phenomena, developing more accurate models to 
predict and optimize ability, can enhance research  
efficiency. This manuscript sums up those methods 
in Table 2.

Table 2: Existing and prospective methods to improve 
the performance of zinc-air batteries

Aspects Methods

Anode

Alloying of the anode
Surface coating and treatment
Anode additives
3D structure of the anode

Electrode
Electrode design and preparation
Exploration of new materials

Reaction mechanism Comprehensive understanding
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