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1. Introduction

More than ever before, there is an urgent demand for cheaper 
electrochemical energy storage system with higher energy 
density to support the next generation commercial and renew-
able energy technologies. Lithium-ion batteries, owing to its 
high specific energy (250 Wh kg−1

cell), have been a spectacular 
success in the electric vehicle (EV) market and will continue 

Over the past decade, the surging interest for higher-energy-density, cheaper, 
and safer battery technology has spurred tremendous research efforts in the 
development of improved rechargeable zinc–air batteries. Current zinc–air 
batteries suffer from poor energy efficiency and cycle life, owing mainly to the 
poor rechargeability of zinc and air electrodes. To achieve high utilization and 
cyclability in the zinc anode, construction of conductive porous framework 
through elegant optimization strategies and adaptation of alternate active 
material are employed. Equally, there is a need to design new and improved 
bifunctional oxygen catalysts with high activity and stability to increase 
battery energy efficiency and lifetime. Efforts to engineer catalyst materials 
to increase the reactivity and/or number of bifunctional active sites are 
effective for improving air electrode performance. Here, recent key advances 
in material development for rechargeable zinc–air batteries are described. By 
improving fundamental understanding of materials properties relevant to the 
rechargeable zinc and air electrodes, zinc–air batteries will be able to make a 
significant impact on the future energy storage for electric vehicle application. 
To conclude, a brief discussion on noteworthy concepts of advanced electrode 
and electrolyte systems that are beyond the current state-of-the-art zinc–air 
battery chemistry, is presented.

Rechargeable Batteries

to improve incrementally for years to 
come. However, concerns on their high 
cost (250 US$ kW h−1), inherent safety 
hazards and intercalation-type cathode 
performance ceiling have driven the need 
to investigate alternatives that offer the 
possibility of going beyond the limits of 
lithium-ion technology.[1,2]

The electrochemical reduction of 
atmospheric oxygen as an energy source 
has long been recognized and has 
engaged tremendous research efforts to 
develop high-energy, low-cost, and long-
lasting rechargeable zinc–air batteries. 
A typical zinc–air battery comprises of 
a zinc anode and an oxygen-permeable 
cathode assembled in a caustic alka-
line electrolyte. The selection of readily 
accessible zinc and atmospheric oxygen 
provides advantages of being low cost, 
having a high theoretical specific energy 
(1218 Wh kg−1) and, in particular, a very 
promising volumetric energy density of 
6136 Wh L−1.[3] From a safety perspective, 
the zinc–air battery system using aqueous 
electrolyte is immune to fire hazard. The 

simplicity in handling and recycling zinc and zinc oxide also 
adds onto their economic attractiveness.[4] In fact, commer-
cialization of rechargeable zinc–air batteries has already begun; 
EOS Energy Storage, FluidicEnergy, ZincNyx are companies 
which offer zinc–air batteries as grid energy storage systems.[5,6] 
Currently, the lowest price point offered for these systems is 
around 160–200 US$ kW h−1,[5] and they are forecast to fall to 
70 US$ kW h−1,[2] which is below the commonly accepted cost 
per unit energy target (150 US$ kW h−1) required for EVs to be 
economically competitive.[7]

However, comparing to their high performance ceiling and 
economic potentials, the current capability of zinc–air bat-
teries is far from satisfactory. Their practical energy densities 
have been limited to 150–180 Wh kg−1,[2] which would struggle 
to support proper functioning of EVs. The inferior electrode 
reversibility of zinc–air batteries is also a technological chal-
lenge that needs to be addressed. Their current life span of 
150 cycles is less than a quarter of the commercially available 
lithium-ion batteries.[2] Furthermore, factors beyond energy 
density, such as rate capability and energy efficiency must also 
be considered for EV applications. As such, there are substan-
tial improvements required for zinc–air batteries prior to their 
employment as primary energy storage system of EV.

Despite the many challenges ahead, the paths toward 
achieving the performance requirements are well lit. Slow 
but steady improvements of each system components are 
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being achieved by continuous development efforts around the 
world. Recent analyses on zinc–air batteries have also predicted 
promising long-term performance targets at practical energy 
densities of 500 Wh kg−1 and 1400 Wh L−1, and cycle life to as 
long as 500 cycles.[8] It is important to remember that electro-
chemically rechargeable zinc–air batteries were only realized in 
recent years by breakthroughs in bifunctional oxygen electro-
catalysts performance (for both oxygen reduction and evolution 
reactions) and techniques for the suppression of zinc dendrites. 
Patience and continuous research inputs for this newly revital-
ized technology are required, but successful fulfillment of its 
potential will definitely revolutionized the technologies and eco-
nomic viability of EVs and renewable energy.

Since 2010, researches on electrically rechargeable zinc–air 
batteries (hereafter referred to as rechargeable zinc–air bat-
teries) grew immensely, mainly involving the topics of efficient 
bifunctional oxygen electrocatalysts/electrodes and achieving 
high utilization and cyclability on zinc electrodes. In this 
progress report, we intend to provide comparatively recent 
progress on improving zinc electrodes and bifunctional oxygen 
catalyst/electrodes, followed by reviewing recent novel concepts 
for advancing battery performance.

2. Current Status

The overall discharge/recharge efficiency (i.e., energy efficiency) 
and long-term cyclability in zinc–air batteries are far inferior to 
those of state-of-the-art lithium-ion batteries. These issues are 
mainly related to zinc irreversibility (related to dendrite forma-
tions, shape changes, and ZnO passivation) and high catalytic 
activation for electrochemical oxygen reduction and evolution 
processes. This subsection provides the current status and 
progress of the zinc anode and bifunctional oxygen electrodes 
with the ongoing approaches.

2.1. Zinc Anode Optimization

In the anode end of zinc–air batteries, researchers have 
been continuing their search for the perfect solution to the 
issues associated with zinc performance decay/failure in 
alkaline condition such as dendrite formation, undesired 
relocation, and zinc oxide passivation (Figure 1a). Tradition-
ally, these issues were reduced with heavy metals, carbon, 
surfactant additives or surface modification.[9–11] Of the more 
recent development progresses, anode electrode design and 
morphology engineering targeting proper allocation/redeposi-
tion of zinc species have been proven to be highly effective. 
Specific designs include construction of high-surface-area 
porous structures (approach 1 in Figure 1b),[12–14] adoption of 
3D conductive host materials (approach 2 in Figure 1b),[15,16] 
and direct physical inhibition/suppression (approach 3 in 
Figure 1b).[9,17] Ultimately, the goal of these works is to 
develop an anode with rigid conductive porous network and 
minimal inactive material that is self-sufficient in confining 
the dissolved zincate ions, promoting even distribution of 
Zn/ZnO depositions, and is immune from failure caused by 
short-circuiting.[12,14]

In one of the earlier attempt demonstrated by Parker et al., 
porous zinc electrodes were prepared by consecutive argon gas 
annealing, calcination, and electroreduction of consolidated 
zinc emulation.

[12] The resulting sponge electrodes acquired 
highly porous structure allowing zinc utilization up to 90% 
without conductive additive, but it would suffered fast capacity 
decade within 30 cycles at a relatively low depth of discharge 
(DOD) of 23%. This electrode design was further improved in 
following studies by adequate additive and electrolyte selection, 
allowing it to be cycled at a higher DOD of 40%.[13] The Zn/Ni 
batteries used to examine the above zinc sponge electrode do 
suffer significant capacity decays of over 20% at 80 cycles and 
50% at 110 to 140 cycles. The authors have attributed the decade 
to electrolyte dehydration, but the process is likely accelerated 
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by eventual collapsed of the porous structure and the increased 
rate of undesired hydrogen evolution reaction (HER) induced 
by high surface area of the 3D zinc porous network.[9]

Other zinc electrode designs using electrodeposition or 
atomic layer deposition of Zn/ZnO on conductive host material 
such as lithium intercalated TiO2 nanotube arrays, copper foam, 
and carbon cloth have also been reported.[15] In these designs, 
the deposited zinc can be reversibly charge and discharge for 
over thousands of cycles with high DOD of 80–95%. The even 
current density distribution established by the 3D conductive 
host material are the key to the successful dendrite suppression 
and excellent cyclability displayed in these studies, but they are 
achieved with low active to host material ratio and consequently 
low overall energy density. Further optimization in increasing 
active material loading without performance compensation is 
required for these designs to be practically meaningful. Smooth 
zinc deposition can also be achieved by controlling the ion 
concentration gradient near the electrode surface or tuning 
the operating current. These favorable conditions were real-
ized by Wang et al. through electrolyte management and pulse 
charging which lead to improved electrode cycle life.[18] As 
for physical inhibition of zinc dendrites, Shougo et al. demo-
nstrated a Zn anode backside-plating configuration, in which 
direct contact of the cathode and the zinc anode is forbidden 
by a layer of compact insulating polypropylene. This allowed 
deep cycling of the zinc at 90% DOD for 800 cycles with 88% 
of the capacity maintained.[17] To compensate for the much 
improved cyclability though, this configuration sacrificed the 
shortest path between the two electrodes, leading to higher bat-
tery impedance and higher overpotential under operation. The 
zinc loading in this study is low as well.

On a side note, excellent stability over long periods of cycling 
(>1000 cycles) have recently been achieved by Zn batteries 
using mildly acidic or neutral electrolyte.[19,20] The mildly acidic 

environments inhibit generation of semiconducting ZnO and 
were examined to facilitate smooth striping/plating of zinc 
metal for more than 100 cycles without significant overpotential 
increase.[19] These results may inspire alternate paths toward 
high zinc cyclability in zinc–air batteries and novel develop-
ment of acidic/neutral aqueous zinc–air batteries.

2.2. Binfunctional Oxygen Catalyst Engineering

Electrochemical reduction and evolution of oxygen under alka-
line conditions are fundamental reactions that allow zinc–air 
batteries to be electrically rechargeable. Both oxygen reduction 
(ORR) and evolution (OER) reactions involve four elementary 
reaction steps, in which ORR proceeds through the formation 
of HOO* from adsorbed O2, followed by its further reduction to 
O* and HO*, while OER proceeds in the reverse direction.[21,22] 
Unfortunately, these reactions suffer from slow kinetics and 
thus required an active bifunctional oxygen electrocatalyst to 
minimize the necessary overpotentials for these reactions. 
Noble metals (e.g., Pt) or their oxides (e.g., RuO2, IrO2) are 
particularly active for respective ORR or OER electrocatalysis, 
requiring low overpotentials (e.g., 284 mV on Pt/C for ORR: 
and 250 mV on RuO2 for OER at kinetic currents in 0.1 m KOH) 
to achieve high reaction rates under alkaline conditions.[3,23] 
However, owing to their scarcity, high cost, limited bifunction-
ality and stability, their economic competitiveness is relatively 
low.[24] Over the past decade, researchers have turned to alterna-
tive earth-abundant catalyst materials to open up new opportu-
nities in designing low-cost and high-performance bifunctional 
oxygen catalysts.[25,26] Various types of non-noble metal catalyst 
materials, such as metal oxides (e.g., cobalt oxides, nickel 
cobalt oxides, manganese oxides),[27,28] metal chalcogenides 
(e.g., cobalt sulfides, nickel sulfides),[29] transition-metal-based 
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Figure 1. a) Failure mechanism of zinc anodes during cycling. b) Approaches to minimize zinc-dendrite growth and undesired relocation: approach 1, 
employing a high surface area porous zinc structure; approach 2, confining zinc in 3D conductive host materials; approach 3, direct physical inhibition/
suppression.
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molecular complexes (e.g., Co- and Ni–porphyrin complexes,[29] 
heteroatom-doped carbons (e.g., (N, P)-codoped mesoporous 
carbon foam,[22,30] and mixtures of these elements have been 
vigorously studied.[26,31,32] Notable advancements have been 
made in engineering catalytically active structures of these 
materials, but there remains much room for improvement.[33] 
Current strategies for the catalyst design focus on increasing 
the reactivity and/or number of active sites.[34,35] The active 
sites in the bifunctional catalysts generally include dual coupled 
active sites that are effective for respective ORR and OER or a 
single bifunctional active site that can catalyze the oxygen reac-
tion in both directions. Although the use of decoupled electro-
catalysts for separate ORR and OER electrodes was reported 
to improve the voltage efficiency and cycling stability of the 
zinc–air battery, this two-electrode configuration is structurally 
complex and incurs weight and volume penalties of energy and 
power density.[36] The field of bifunctional oxygen catalysts has 
seen much progress in recent years,[37] thus this subsection dis-
cusses the main roles of engineering material structures and 
properties in the development of improved bifunctional oxygen 
catalysts.

2.2.1. Coupling Strategy on Enhanced Bifunctionality

One promising strategy to achieve catalyst bifunctionality is by 
integrating ORR- and OER-active components into a favorable 
nanostructure. To this end, a core–corona-structured bifunc-
tional oxygen catalyst consisting of LaNiO3 and nitrogen-doped 
carbon nanotubes (NCNTs) was explored (Figure 2a).[38] In this 
structure, each NCNT serves as an ORR-active catalyst com-
ponent anchored on the OER-active LaNiO3 core (Figure 2b).  
The coupling effect arising from the core–corona struc-
ture provides the key to exemplary bifunctional activity of 
the catalyst compared with state-of-the-art Pt/C and LaNiO3 
catalysts. Likewise, nitrogen-doped graphene when chemically 
coupling with other transition metal oxides such as perovskite 
(e.g., La0.5Sr0.5Co0.8Fe 0.2O3) and spinel (e.g., Co3O4) has shown 
improved catalytic activity for ORR/OER.[39] Although the reac-
tion mechanisms associated with the actual bifunctional active 
sites in these hybrid catalysts remains unclear, the metal–N 
bonds derived from synergistic coupling of nanomaterials were 
found to be the crucial factor for the ORR and OER enhance-
ment.[40] For instance, higher ORR and OER activities were 
achieved by a Co3O4/N-doped graphene hybrid catalyst in com-
parison to those of Co3O4/graphene and Co3O4 due to the for-
mation of interfacial CoN bonds between Co3O4 and N-doped 
graphene.[41] The coupling strategy has also been extended to 
chemical bonding of WS2 on carbon nanotubes via tungsten 
carbide bonding, which provides efficient pathways for trans-
ferring electrons by spin polarization to facilitate the ORR/OER 
catalytic process.[42]

2.2.2. Oxygen Vacancy Enhanced Activity in Metal Oxides

Transition metal oxides with spinel or perovskite crystal struc-
ture have been demonstrated as promising bifunctional cata-
lysts for oxygen redox in alkaline solutions.[43] In addition to 

downsizing and nanostructuring metal oxides to improve mass 
activity, their catalytic performance can also be significantly 
enhanced by modifying the surface electronic structure to yield 
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Figure 2. a) Schematic of a zinc–air battery and the redox reactions 
taking places on the electrodes. The core–corona-structured bifunctional  
catalyst (CCBC) is applied onto the positive electrode, which catalyzes 
both the ORR and OER. b) Scanning electron microcopy image and trans-
mission electron microscopy image of the CCBC illustrating the NCNT 
on the surface of the LaNiO3 core particle. a,b) Reproduced with permis-
sion.[38] Copyright 2012, American Chemical Society.
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high intrinsic activity. Oxygen vacancy has been regarded as an 
important tool to influence the surface electronic structure and 
thus catalytic activity[31,44,45] They can be created in the metal 
oxide crystal lattice by method such as argon plasma treatment 
and postheat treatment under reducing environment.[44,46] 
Removal of an oxygen atom from the metal oxide lattice will 
result in electron (from previously occupied oxygen 2p orbitals) 
delocalization on metal cations neighboring the vacancy site, 
which would enhance exposure of active sites and charge 
transfer to promote catalyst performance.[47] For instance, 
mesoporous Co3O4 nanowires was reduced by NaBH4 treatment 
leaving oxygen vacancies on the nanowire surface. Relative to 
pristine Co3O4 nanowires, the reduced Co3O4 nanowires con-
tain increased portion of OER-active Co2+ oxidation state asso-
ciated with oxygen vacancy formation, resulting in better OER 
activity due to increased number of active sites and electronic 
conductivity.[48] Moreover, the capability to control and confine 
oxygen vacancies on desirable facets will be important to realize 
the full potential of transition metal oxide as bifunctional 
catalysts. To this end, 1D single-crystal CoO nanorods (NRs) 

with desired facets and vacancy defects were explored.[21] The 
oxygen vacancies present on the oxygen-terminated {111} nano-
facets {111}-Ov of CoO NRs are effective for enhancing charge 
transfer and assuring optimal adsorption energies for interme-
diates of the ORR and OER, compared with other facets of CoO 
(Figure 3a). As a result, the intrinsic ORR and OER activities 
of CoO NRs with defect-rich {111}-Ov facets exceeded those of 
polycrystalline CoO NRs by factors of 7.2 and 2.6, respectively. 
Besides the formation of oxygen vacancies, filling the oxygen 
vacancies in defect-rich CoO with sulfur was demonstrated 
effective for improving the electrocatalytic performance.[31] 
The amount of oxygen vacancies in the lattice structure was 
found to increase proportionally with sulfur dopants, in the 
order of CoOS800 < CoO0.87S0.13/GN < CoOS600 (Figure 3b).  
Through precisely controlling the sulfur content in cobalt oxy-
sulfides, an optimal oxygen vacancies to lattice oxygen ratio 
can be obtained for the CoO0.87S0.13/GN catalyst to achieve the 
lowest overpotential toward both ORR and OER among all the 
electrodes studied, indicative of the highest catalytic bifunction-
ality (Figure 3c).

Adv. Mater. 2018, 1805230

Figure 3. a) The calculated ORR/OER free energy diagram at the equilibrium potential on various facets of pristine CoO and CoO with O-vacancies. 
Reproduced with permission.[21] Copyright 2016, Springer Nature. b) High-resolution XPS O1s spectra of CoOS600, CoO0.87S0.13/GN, and CoOS800 
electrodes. Reproduced with permission.[31] Copyright 2017, Wiley-VCH. c) Potential differences between the E1/2 (half-wave potential) of ORR and  
Ej = 10 of OER (potential at 10 mA cm−2) for all electrodes. Reproduced with permission.[31] Copyright 2017, Wiley-VCH.
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2.2.3. Heteroatom Dopants Improved Activity in Carbons  
and Chalcogenides

The rational doping of heteroatom (e.g., N, S, P, B, and Se) has 
also emerged as a promising strategy to design carbon-based 
metal-free bifunctional oxygen catalysts in alkaline media.[49] 
The introduction of such dopants in carbons can either donate 
electrons or generate holes to fine-tune electronic properties of 
adjacent carbon atoms and thus generate catalytic active sites for 
ORR and OER.[50] By doping carbon with more electronegative 
heteroatoms such as nitrogen, a net positive charge is created 
on surrounding carbon atoms, which improves the chem-
isorption of oxygen and electron transfer, leading to enhanced 
catalytic activities for ORR/OER.[51] Yang et al. reported the syn-
thesis of 3D architectured, nitrogen-doped graphene nanorib-
bons (N-GRW) that contain both n-type and p-type nitrogen 
dopant configurations (Figure 4a). It was experimentally found 
that the quaternary N with n-type doping were responsible 
for ORR, whereas the pyridinic N with p-type doping in the 

N-GRW served as active sites for OER. Such conclusions were 
evident from the formation of quaternary N peak after ORR 
(due to adsorbed O* and OOH* intermediates on carbon atoms 
near graphitic N) and increased intensity of pyridinic N peak 
(due to adsorption of OOH* and O* intermediates on carbon 
atoms next to the pyridinic N) after OER (Figure 4b). Like-
wise, doping heteroatoms that are less electronegative (e.g., B)  
into graphene will create positively polarized active sites for 
catalytic process.[52] In addition to single atom doping, binary 
(e.g., N/S, N/B, and N/P) and ternary (e.g., N/B/P and N/F/B) 
doping of nanostructured carbon catalysts have also been 
demo nstrated to improve catalyst performance,[22,53] which can 
be attributed to the synergistic electronic interactions between 
the different dopants and adjacent carbon atoms.[34]

In addition to carbons, transition-metal chalcogenides can 
be doped with heteroatoms such as P and N, improving their 
catalytic activity and stability substantially.[29,54–56] Hao et al. 
introduced N dopants to CoS2 nanospheres via a hydrothermal 
reaction.[54] The N doping can have a positive influence on the  

Adv. Mater. 2018, 1805230

Figure 4. a) High-resolution SEM image and schematic diagram of ORR and OER occurring at different active sites on the n- and p-type domains of 
the N-GRW catalyst. b) Nitrogen K-edge XANES spectra of N-GRW catalyst, acquired under ultrahigh vacuum, pristine (black line), after ORR (yellow 
line), and after OER (blue line). a–c) Reproduced with permission.[51a] Copyright 2016, American Association for the Advancement of Science.
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electronic density and configurations of CoS2 nanospheres, 
which minimize the reaction barriers and thus make the 
N-enriched CoS2 nanospheres highly efficient OER catalysts. 
Guo et al. prepared (N, P)-doped CoS2 nanoclusters that were 
embedded inside TiO2 nanoporous films.[55] The resulting cata-
lyst exhibited improved electrocatalytic ORR/OER activities in 
an alkaline electrolyte (onset potential of 0.91 V for ORR and 
1.41 V for OER vs reversible hydrogen electrode, RHE) that 
were 50 and 160 mV higher than that of CoS2 nanoclusters. The 
improvement was largely due to a decrease in charge transfer 
resistance of the CoS2 nanoclusters after doping of N and P.

2.2.4. Rational Construction of Metal–N Active Sites

Transition metal complexes of macrocyclic ligands (e.g., por-
phyrins and corroles) as bifunctional catalysts for ORR and 
OER have attracted extensive research interests.[28,29,53c] They 
possess the ability to stabilize high-valency metal ions in metal–
nitrogen coordination structures that are generally believed to 
be involved as key intermediates in the electrocatalytic ORR 
and OER processes.[53d] These desirable properties led to the 
development of Ni2+ and Co2+ coordinated porphyrin multi-
layers on a reduced graphene oxide support to expose the Ni-/
Co-porphyrin active centers and its subsequent examination 
in electrocatalytic activity for ORR and OER. The resulting 
catalyst exhibited low overpotentials for OER (330 mV at 
10 mA cm−2

geo) and ORR (100 mV at 3.3 mA cm−2
geo) in alka-

line electrolyte.[29] However, a shortcoming of the porphyrin-
based catalysts is their low affinity with the conductive support 
and thus high tendency to aggregate, resulting in reduced expo-
sure of active sites. In an attempt to alleviate this problem, Co–
porphyrin covalent organic frameworks were uniformly coated 
on carbon nanotube supports through strong intermolecular 
π–π interactions, as evident from a homogenous distribution 
of carbon, nitrogen, and cobalt without aggregation (Figure 5a). 
This strategy not only provided uniform Co–porphyrin active 
sites exposure at the surface but also enabled efficient electron 
transfer to the conductive support.[57]

In addition to transition metal macrocycle complexes, metal–
nitrogen coordination structures can be prepared by pyrolyzing 
mixtures of nitrogen-containing molecules (e.g., aniline, amino 
acids, pyrrole) and transition metal ions at high tempera-
tures, leading to the so-called pyrolyzed M-Nx/C catalysts.[58] 
This concept has spurred the development of various types of 
metal–organic-framework (MOF)-derived bifunctional catalysts 
containing Fe- and/or Co–Nx moieties, with different mor-
phologies (e.g., nanocubes, nanocages, nanotues, nanowires, 
core–shell).[59,60] In these catalysts, MOFs are used as self-sacri-
ficing templates to synthesize metal embedded N-doped carbon 
matrix through thermal decomposition. This strategy is advan-
tageous due to the homogeneous dispersion of metal–N coor-
dination structures within the conductive and porous carbon 
matrix, which allows the accommodation of many active sites 
and promotes charge/mass transfer.[61] However, this strategy 
still faces difficulties in controlling single-metal-atom-nitrogen 
configurations in MOFs. Specifically, increasing surface free 
energy of transition metals during high temperature pyrolysis 
causes formation of inhomogeneous metal clusters, which 

can reduce the metal atom efficiency and lead to a relatively 
weak catalytic activity.[62] To this end, sulfur was introduced to 
a graphitic carbon nanostructure with combination of nitrogen 
to generate atomic dispersion of active Fe–porphyrin spe-
cies (Figure 5b). The resulting single-atom bifunctional cata-
lysts exhibit high catalytic activity toward ORR (obtained half-
wave potentials of 0.85 V, ≈20 mV superior to 20% Pt/C) and 
OER (require small overpotentials of ≈0.39 V at 10 mA cm−2, 
≈310 mV superior to 20% Pt/C, Figure 5c).[60]

2.2.5. Corrosion Resistant Supports

Catalyst supports play an important role in providing an electro-
chemically stable and mechanically robust platform for nano-
structured catalyst dispersion, facilitating electron transfer, and 
accelerating electrocatalytic reactions via the catalyst-support 
synergistic interaction.[63] A number of carbon materials, such 
as activated carbon, carbon nanotubes, and graphene have been 
identified as the state-of-the-art catalyst supports for oxygen 
redox catalysis.[50,64] 2D graphene is of particular interest as the 
support to host and grow nanostructured organic/inorganic cat-
alysts due to its ultrahigh specific surface area (≈2630 m 2 g−1)  
and ability to tune its interactions with precursor species or 
catalyst materials.[65] Various graphene-supported nanocompos-
ites, such as graphene/carbon nanotubes,[66] graphene/metal 
oxides,[41,67,68] graphene/transition-metal chalcogenides,[69] and 
graphene/transition-metal macrocycle complexes[70] have been 
demonstrated to induce favorable catalyst-support interactions 
to provide both activity and stability improvement of catalysts. 
Lee el al. prepared ionic-liquid (IL)-functionalized graphene, 
upon which Mn3O4 nanoparticles were immobilized.[67] The 
use of IL-modified graphene as a support improved the stability 
of Mn3O4 nanoparticles during the electrocatalytic cycles, and 
furthermore acted as an additional electron source to facili-
tate electron transfer in the oxygen reduction process. Further 
catalyst improvement of charge/mass transfer was achieved 
by creating in-plane mesopores in graphene structures.[31] It is 
worth noting that carbon-supported catalysts may suffer from 
relatively low lifetimes due to electrochemical corrosion (oxi-
dation) of the carbon (>0.207 vs RHE), particularly at highly 
oxidative potentials of OER catalysis.[71,72] This would cause the 
loss or aggregation of supported catalysts and degrades the air 
electrode durability and performance.

Given the problematic corrosion issues observed with the 
carbon supports, recent studies have advanced the knowledge 
on the adaptation of metal oxides as electrochemically more 
stable supports. Support metal oxides are classified into two 
categories including ORR/OER-catalytically active (e.g., Co3O4) 
and inactive (e.g., TiO2, ZnO) materials.[21,71,73,74] The active 
supports may be viewed from the point of synergistic effect. 
For example, chemical deposition of Pd nanoparticle catalysts 
on 3D ordered mesoporous (3DOM) Co3O4 support demon-
strated superb activity and stability for electrocatalytic ORR 
and OER (Figure 6a).[71] DFT calculations revealed that as the 
support, the 3DOM Co3O4 lowered the Pd d-band center and 
increased the electron abundance at the Fermi level, leading 
to improved overall electrode kinetics and conductivity. When 
using the Pd@3DOM-Co3O4 as the bifunctional air electrode, 
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Figure 6. a) Schematic conversion of Pd-deposited 3D ordered mesoporous spinel cobalt oxide (Pd@3DOM-Co3O4). b) Charge–discharge cycling per-
formance of the rechargeable zinc–air battery using Pd@3DOM-Co3O4, 3DOM-Co3O4, Pt/C, and Ir/C obtained with a 10 min cycle period and applied 
current density of 10 mA cm−2. a) Adapted with permission.[71] Copyright 2018, Elsevier. b) Reproduced with permission.[71] Copyright 2018, Elsevier.

Figure 5. a) SEM image and corresponding EDS elemental mapping of CNT@porphyrin covalent organic framework (POF), as well as chemical struc-
ture of the single-layer POF (the hydrogen, carbon, nitrogen, and cobalt atoms are marked with white, green, blue, and pink, respectively). Reproduced 
with permission.[57] Copyright 2018, Wiley-VCH. b) TEM image (the inset is a high-resolution TEM image showing carbon layers) and HAADF-STEM 
image of the S,N-Fe/N/C-CNT sample (showing well-dispersed Fe atoms in the carbon layers). Reproduced with permission.[25a] Copyright 2017, Wiley-
VCH. c) The overall polarization curves of all samples in the whole ORR and OER region in a 0.1 m KOH solution. Reproduced with permission.[25a] 
Copyright 2017, Wiley-VCH.
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the zinc–air battery stably operated for 300 charge/discharge 
cycles over a period of 50 h (10 min per a charge/discharge 
cycle) while effectively retaining its initial performance, which 
is significantly greater than those of 3DOM-Co3O4, Pt/C, and 
Ir/C (Figure 6b). Moreover, synergistic improvement in stability 
was achieved due to an increased dissolution potential of Pd 
nanoparticles on the 3DOM Co3O4 surface. On the other hand, 
researches of inactive metal oxide supports (e.g., TiO2, TinO2n–1)  
mainly focused on controlling their morphological aspects 
(e.g., surface area, pore volume, and pore-size distribution) and 
surface chemical composition in order to anchor catalysts firmly 
through strong metal/support interaction and increase the cata-
lytically active site exposure for the oxygen reactions.[63,73] Nev-
ertheless, the electronic conductivity of metal oxide supports 
is still a critical issue for electrocatalytic applications.[75] Thus, 
practical catalyst support materials must be designed such that 
their surfaces inhibit excessive oxidation and/or are concealed 
by conductive oxide layers.

2.3. Air Electrode Optimization

An ideally constructed air electrode should facilitate electron 
transport from the current collector to the catalyst layer, and 
more importantly, provide channels with ideal diffusion/trans-
portation environments for reaction participants to and away 
from catalytic active sites. Specifically, the electrode environ-
ment that supports the ORR should be semihydrophobic to 
ensure continuous supply of both oxygen and electrolyte access 
to the catalytically active sites, and the electrode environment 
supporting the OER should be hydrophilic to prevent oxygen 
gas bubbles from sticking and blocking the active surface. The 
amount and distribution of the liquid phase (alkaline electro-
lyte) within the air electrode has a strong impact on charge/
mass transport processes.[76] Compared with hydroxide ion dif-
fusion, oxygen transfer is usually the bottleneck owing to its 
low solubility in aqueous solutions.[77] Therefore, ensuring con-
tinuous and abundant supply of oxygen is of great importance 
to allow high current densities to be drawn in zinc–air batteries. 
Typically hydrophobic polymer binders (e.g., Nafion and polyte-
trafluoroethylene) are used in the fabrication of air electrode to 
attain an appropriate hydrophobic/hydrophilic balance for the 
surrounding bifunctional catalysts, but their electrochemical 
and mechanical stability were called into question during cell 
operations.[78] Current researches on binder-free air electrodes 
that are directly integrated with bifunctional oxygen catalysts 
are motivated by the above challenge.[79] To this end, binder-free 
bifunctional air electrodes having catalysts, with various com-
positions and hierarchical porous structures, directly grown on 
conductive current collectors have been vigorously studied and 
exhibited significantly improved stability and reduced voltage 
losses in zinc–air batteries.[78c,80,81] For example, a characteristic 
binder-free bifunctional air electrode was prepared by the direct 
growth of mesoporous Co3O4 nanowire arrays on a stainless 
steel mesh as a conductive current collector.[82] This integrative 
design can enhance the electron transfer between catalytic layer 
and current collector, thus improving voltage efficiency for both 
ORR and OER. In an attempt to maximize the utilization of cur-
rent collectors, Xu et al. developed a cross-stacked and porous 

carbon-nanotube sheet that severed as a gas diffusion layer, a 
catalyst layer and a current collector.[83] The battery employing 
such integrated air electrode exhibited enhanced discharge/
charge rate performance. However, the oxygen transport paths 
in these binder-free bifunctional air electrodes were gener-
ally limited by flooded pores, which cut off the oxygen supply 
between electrode and surrounding environment.[84] A general 
strategy is to employ a hydrophobic gas diffusion layer as the 
backing layer,[81] which inevitably scarifies the gravimetric and 
volumetric energy density of the battery, therefore call for better 
integrative air electrode architecture with enhanced diffusion of 
oxygen to the reaction zone. Visual (e.g., X-ray tomography and 
magnetic resonance imaging) and quantitative understanding 
of underlying transport processes in these electrodes during 
the battery operation is necessary so as to circumvent oxygen 
diffusion barriers.[77,85]

3. Noteworthy Concepts

On top of the existing zinc–air batteries optimization strategies 
focused on engineering of bifunctional oxygen electrocatalysts, 
numerous interesting design ideas have also been proposed 
in recent years. These novel strategies includes the hybrid 
cathode/air electrode that demonstrated improved battery 
voltage and power density; the photoassisted bifunctional cata-
lysts which utilized light radiation to improve round trip energy 
efficiency; the aluminum-doped zinc layered double oxides/ 
hydroxides, which outperforms 3D porous Zn/ZnO anode, 
and molten salt electrolyte which allows for high rate capability 
and long cycle lifes. It is not possible to discuss them all here; 
rather we highlight a few novel and promising concepts.

3.1. High-Voltage Hybrid Air Electrode

Theoretically, the highest potential zinc–air batteries can 
achieved is limited by the oxygen redox reaction. Recently, 
gains in voltage and energy density have been reported 
through adaptation of advance catalysts which provide extra 
energy density by serving as additional cathode active material. 
These materials would first undergo their reduction/oxida-
tion reaction and then serve as catalyst for ORR/OER. These 
types of batteries have been referred to as hybrid zinc batteries 
due to their utilization of both chemistries. The feasibility of 
the concept was first showcased by Lee and co-worker, whom 
demonstrated a hybrid zinc batteries design with NiO/Ni(OH)2 
composite nanoflakes cathode that achieved energy density of 
980W h kg−1 (based on active material mass).[86] The adaptation 
of the NiO/Ni(OH)2 not only generated an extended discharge 
platform at 1.7 V, their fast kinetics also enables the batteries to 
achieve high power density of 1000 W kg−1 and 5400 W L−1 at 
25 mA cm−1. Following the initial demonstration, other advance 
designs such as Co3O4 nanosheets on carbon cloth,[87] NiCo2O4 
on carbon coated nickel foam[88] and spinel MnCo2O4 nano-
particles on nitrogen-doped reduced graphene oxide[89] have 
also been reported to achieve rechargeable energy densities of  
550–850 W h kg−1 which can be maintained for hundreds of 
cycles. Overall, the advantages of these zinc hybrid batteries in 
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voltage and energy density are clear, but further elongation of 
their life span at deep cycling will be required, as their cathode 
materials do eventually suffer capacity fade caused by forma-
tion of electrochemically passive species.

3.2. Photoassisted Air Electrode

The combination of photovoltaic cell with electrocatalyst to 
improve battery round trip efficiency is a known strategy that 
has been demonstrated in water oxidation and Li–air batteries.[90] 
The idea is to supply the electrocatalysts with additional charge 
carriers generated by radiation captured in a p–n junction to 
reduce the reaction overpotential and thus increase energy effi-
ciency of a system. Recently, the concept is successfully incor-
porated into zinc–air batteries by Lv et al., who coupled N12P5 
with NCNTs to form a photoresponsive bifunctional air elec-
trode. The N12P5 were assigned as the p-type semiconductor and 
the OER catalyst, while the NCNT would serve the functionality 
of the n-type material and ORR catalyst.[91] The electrocatalytic 
performance of the Ni12P5@NCNT hybrid was shown to react 
positively with light radiation, as examples, their ORR limiting 
current increased from 4.06 to 4.37 mA cm−2 and their bifunc-
tional activities changed from 0.82 to 0.80 V. Similar trends can 
be observed when they are employed into zinc–air batteries, 
as the battery overpotential decreased from 0.75 to 0.68 V and 
round-trip efficiency increased from 61.3% to 64.2% upon light 
radiation. The overall electrochemical performance of the cata-
lyst may not be comparable to the best performing bifunctional 
catalysts in recent publications, but it provides new insight into 
further improvement of the zinc–air battery system.

3.3. Zn–Al Layered-Double-Oxide Anode

Aside from the anode electrode optimization strategies previ-
ously discussed, explorations for alternate anodic materials with 
modified chemistry have also been reported. Among them, 2D 
nanoflake structured Zn–Al layered double oxides/hydroxides 
(Zn–Al LDO/LDH) with similar redox potential as Zn/ZnO 
have recently emerged as promising candidates. Typically, the 
LDHs can be cycled at modest capacities of 300–400 Ah kg−1 for 
200–800 cycles, but suffer from low conductivity.[11,92,93] These 
performance parameters can be further improved by calcina-
tion to remove excess hydroxides and carbonates. The resulting 
LDOs, composed of crystalline ZnO embedded in an amorphous 
matrix of aluminum-doped zinc oxide, surpass their precursor 
and achieved reversible capacities around 400–500 Ah kg−1 and 
cycle life between 500 and 1000 cycles.[94,95] The much improved 
stability of these materials in comparison to Zn/ZnO has been 
attributed to their layered structure and even current density 
distribution,[92,94] but bonding between the Zn and Al likely 
played an important role as well. Currently, reaction mechanism 
and optimal synthetic/cycling condition of LDOs/LDHs are still 
under investigation, and the materials have only been employed 
in alkaline Zn–Ni batteries. However, given the similarities of 
the anodic chemistry in both systems, incorporation and further 
optimization of these electrode materials for zinc–air battery 
systems should be plausible and promising.

3.4. Molten Salt Electrolyte

The room-temperature aqueous alkaline solutions are by far 
the most commonly adapted electrolytes in the development of 
zinc–air batteries, because the oxygen redox can be carried out 
with nonprecious metal catalysts. Unfortunately, the aqueous 
and alkalinity nature of this electrolyte leads to problems of 
drying-out and insoluble carbonate precipitation, as well as 
promoting zinc-dendrite growth and hydrogen evolution, all 
of them limiting the performance of zinc–air batteries. To this 
end, a few recent studies have begun to examine high-tem-
perature zinc molten air systems based on molten carbonate 
eutectic electrolytes.[96,97] For example, a molten electrolyte 
consisting of Li0.87Na0.63K0.50CO3 eutectic with KOH at 550 °C 
has been demonstrated to achieve very stable cycling ability, 
performing 150 charge–discharge cycles with a coulombic 
efficiency of 94% and an average discharge voltage of ≈1.08 V. 
Moreover, a high rate capability was achieved at 7.3C while 
maintaining a coulombic efficiency of over 90%.[97] Although 
operating at a high temperature and sacrificing some gravi-
metric performance (additional cell weight for thermal insula-
tion), the molten salt electrolytes offer advantages over their 
aqueous counterparts, avoiding well-known issues of electrolyte 
evaporation, carbonate precipitation, zinc-dendrite formation, 
and hydrogen evolution, which have been plaguing the life 
span of aqueous zinc–air batteries. More importantly, with high 
temperature, precious metal catalysts can be replaced by iron- 
or nickel-based air electrodes for both oxygen reduction/evolu-
tion processes. Nevertheless, molten salt electrolytes allowing 
lower operating temperatures are preferable to suppress corro-
sion of the air electrode and improve cell cycle life.

4. Conclusion

The excellent theoretical specific energy and volumetric energy 
density, as well as inherent safety and cost merits of recharge-
able zinc–air batteries have promised a particularly exciting 
future for their applications in EV technologies. Although zinc–
air batteries research have made significant progress in the 
past ten years, we must recognize that many problems remain 
to be solved for them to become a leading battery technology 
in EVs. Issues related to low energy efficiency (e.g., 40–70%) 
and short cycle life (e.g., 100–150 cycles) of zinc–air batteries 
need to be fundamentally resolved. Keys to success in efficient 
and long-term battery operation are the zinc and bifunc-
tional air electrodes reversibility and stability. In this review, 
we have addressed recent achievements and optimisms on 
both ends of the battery that are considered to be promising 
in this direction. In case of the zinc electrode, improvements 
in inhibiting zinc-dendrite formation and capacity loss upon 
repeated charge–discharge cycles were made by establishment 
of conductive porous network that ensure even current density 
distribution or adaption of alternate zinc based active materials. 
For bifunctional oxygen catalysts, potentially low-cost transition 
metal oxides and carbon-based materials are good candidates in 
reducing charge–discharge voltage polarization of the battery. 
Although ingenious efforts to engineer these catalysts materials 
have progressed rapidly and shown promising performance 
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improvement, in-depth understanding of the catalyst working 
state and the associated reaction mechanisms is important 
for the design of near-ideal bifunctional catalysts that would 
substantially increase the efficiency of rechargeable zinc–
air batteries. Accordingly, rational structure catalyst designs 
around known active materials, instead of trial-and-error design 
strategies, will be necessary such that precise engineering of 
individual active sites can be achieved. In this regard, single-
atom catalysts for bifunctional catalysis could offer good oppor-
tunity to identify and control the active sites of interest, which 
urge further exploration.
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