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Abstract

Currently a hot research topic, rechargeable zinc-air batteries are considered one of the most
promising post lithium-ion battery technologies for utility-scale energy storage, electric vehicles,
and other consumer electronics. Nevertheless, despite a high energy density, low cost, and material
abundance, the development of alkaline-based Zn-air batteries has been hampered by parasitic
reactions at the Zn anode and sluggish oxygen redox kinetics. This article will review the current
status of Zn-air batteries, discuss recent development trends including neutral and hybrid Zn-air
batteries, and highlight future research needs. Specifically, an analysis of the latest publications
will show that, through redesigning the anode, introducing alternative electrolytes, and engineering
high-performing bifunctional oxygen catalysts, researchers have successfully prolonged the
battery reversibility to a few thousand cycles and reached unprecedented energy efficiencies over
70%. Although unsolved obstacles remain, these strategies have opened up interesting possibilities
in the advancement of rechargeable Zn-air batteries, creating promising prospects for the energy
and electronics industries.
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1. Introduction

The growing integration of renewable energy systems has driven a strong interest in energy storage
solutions due to the intermittent nature of renewable energy sources. Apart from grid-scale utilities,
the increasing consumer adoption of EVs and the ubiquity of 10T sensors have also accelerated the
research and development of rechargeable batteries in this energy-conscious, interconnected
society. To date, Li-ion batteries are deemed to be the most mature rechargeable battery technology,
and are already widely commercialized in consumer products including EVs, medical devices, and
other portable electronics. However, due to the high cost, unsatisfactory energy density, and
potential toxicity of Li-ion batteries, researchers have begun searching for other alternatives.

In particular, Zn-air batteries have emerged as a promising candidate. Zn metal is a more earth-
abundant, low-cost, and environmentally-friendly alternative to Li metal. Deriving energy from
Zn and the ample oxygen supply in ambient air, Zn-air batteries are a much more sustainable option
than Li-ion batteries. Moreover, the air-breathing cathode makes Zn-air batteries significantly
more compact than conventional batteries, contributing to their remarkable theoretical energy
densities of 1218 Wh kg (gravimetric) and 6136 Wh L* (volumetric) [1]. In fact, primary Zn-air
batteries have already been introduced to the market in the nineteenth century as a power source
for hearing aids and pagers, with a practical energy density of 200-500 Wh kg* [2]. As for
rechargeable applications, Zn has a low activity which makes it relatively stable in aqueous
electrolytes, offering promise for long-term cyclic operation [3]. They were even proposed as the
most suitable energy source for electric vehicles long before the dominance of Li-ion batteries [4].
Nonetheless, long-standing bottlenecks have hindered their development and commercialization.
The performance of rechargeable Zn-air batteries is largely limited by the inefficient oxygen
reaction Kinetics at the air cathode, while their poor cycle stability results from anode degradation
and deformation in the conventional alkaline electrolyte. Only in recent years have Zn-air batteries
gained renewed interest, mainly due to advances in material science and nanotechnology [5]. In
the last decade, researchers have made substantial progress and achieved exciting breakthroughs
by optimizing the anode structure, applying additives, exploring alternative electrolytes,
engineering oxygen catalysts, and integrating Zn-ion reactions, as summarized in Figure 1, driving

Zn-air batteries closer towards the goal of widespread adoption.
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Figure 1 — Schematic summary of recent advancements in rechargeable Zn-air batteries, enabling
longer cycle life and higher energy efficiency

There are already numerous review articles on rechargeable Zn-air batteries [6-10], but due to their
rapid development and the significant increase in recent research efforts, many new breakthroughs
have been made, including novel trends in quasi-solid-state batteries, neutral electrolytes, and
hybrid Zn systems. Thus, a timely review of the most recent advances in Zn-air batteries is
necessary to provide updated perspectives and to guide future research. Moreover, the most recent

review articles on Zn-air batteries only focus on a specific part of the battery—most commonly



the material design of bifunctional oxygen catalysts—without providing a holistic overview of the
combined interactions of various components [11-15]. Therefore, in this work, a balanced review
of all major components of the Zn-air battery will be presented, specifically focusing on research
literatures published in the last five years. First, the working principle and current obstacles of the
conventional alkaline-based Zn-air battery will be introduced. Then, the recent advancements in
the anode, electrolyte, and oxygen catalyst will be discussed, where the novel classes of Zn-air
batteries including quasi-solid-state, neutral, and hybrid systems will be highlighted. The currently
achievable battery performances will be compared, and the remaining challenges will be presented.
Finally, we will suggest promising paths for further investigation, in the hopes of inspiring more
systematic research in Zn-air batteries and closing the gap towards widespread commercialization.

2. Current Status and Obstacles

Currently, several companies have already started deploying Zn-air batteries for utility scale
energy storage, including NantEnergy, who installed 3,000 systems in nine countries at
a manufacturing cost as low as US$100 per kWh in 2019 [16]. Rechargeable Zn-air batteries are
considered one of the most economically feasible battery solutions for grid-scale applications [17].
However, their practical adoption is still in early-stage and limited. Moreover, the currently
achievable battery lifetime in practical conditions is only around 150 cycles, and the round-trip
energy efficiency is typically less than 60%, which is far from the realistic operational
requirements of EVs [18].

One of the most critical obstacles impacting the battery’s performance is the deterioration of the
Zn anode caused by water-induced parasitic reactions in the electrolyte. A Zn-air battery is
typically composed of a Zn anode, an alkaline electrolyte such as KOH, an electrically insulating
separator to regulate ion transport, and an air cathode. Despite the high conductivity, low cost, and
fast electrochemical kinetics of the alkaline electrolyte, it provides an aggressive chemical
environment for the zinc electrode. This section will focus on the current obstacles faced by the
traditional alkaline-based system, which is the basis of most publications of Zn-air batteries
reported to date. The more recent developments of neutral and hybrid Zn-air batteries and their

corresponding challenges will be discussed in Section 3.2.3 and Section 3.4 respectively.
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Figure 2 — Schematic representation of a rechargeable Zn-air battery configuration

Figure 2 illustrates the main configuration and working principle of a typical alkaline-based
rechargeable Zn-air battery. When a Zn-air battery undergoes discharge, zincate ions (Zn(OH)+>)
are formed in the alkaline electrolyte via the zinc oxidation reaction, where hydroxyl ions (OH")
are generated via the oxygen reduction reaction (ORR), as described in Equations 1-2a. When
Zn(OH)4? deposition exceeds the saturation limit, it would further decompose into insoluble ZnO
and deposit onto the anode surface (Equation 2b). However, the passivation layer of ZnO would
become increasingly compact after repeated cycles, gradually raising the internal resistance and
reducing the electrical conductivity of the anode. Eventually, surface passivation could completely
block ionic access, thereby adversely affecting Zn utilization and reversibility [19].

Upon electrochemical recharge, ZnO will be reduced back to Zn, and oxygen evolution reaction
(OER) will take place at the cathode (Backward reaction of Equation 3). Yet, because of the non-
uniform distribution of current densities, the Zn deposition is often uneven, which would densify

certain regions of the anode and lead to significant shape change. Then, Zn accumulation on raised



surface heterogeneities would generate sharp, needle-like protrusions, also known as dendrites. Zn
dendrites may fracture from the anode and reduce the battery capacity, or even puncture the
separator and create short circuiting [1, 20]. Anode deformation and dendrite formation have

detrimental effects on the battery rechargeability, which have attracted many research studies.

Cathode: 02+ 2H,0 + 4e” «> 40H" (1)
Anode:  Zn + 40H < Zn(OH)s* + 2¢° (2a)
Zn(OH)2 <> ZnO + H,0 + 20H  (2b)

Overall:  2Zn + O «> 2Zn0O (3)

During battery recharge, hydrogen evolution reaction (HER) is another performance-limiting
phenomenon. As shown in Equation 4, HER would compete with the anode for electrons, and
lower the energy efficiency of the charging process [21, 22]. Moreover, the HER dictates the
corrosion rate of the Zn anode, which is thermodynamically unstable in the alkaline electrolyte. At
rest, the Zn-air battery will undergo self-discharge, resulting in a shortened shelf life. Besides,
HER mainly takes place at high current density sites, where dendrites are located. As hydrogen
generation tends to induce convective electrolyte flow, it would further accelerate anode
degradation [1, 23, 24]. Zn anode failure due to passivation, shape change, dendritic growth, and
hydrogen evolution in the aqueous alkaline electrolyte is currently one of the most critical factors
affecting the cycle lifetime of the Zn-air battery.
2H,0 + 26" <> 20H + H» (4)

Current obstacles arising from the interaction of the air cathode and the electrolyte also cannot be
overlooked. Since water is consumed in the cathode, the aqueous electrolyte suffers from
evaporation over time, increasing the concentration of Zn(OH)4? ions and speeding up anode
degradation. Or worse, the electrolyte would eventually dry out and end the battery operation. In
addition, since the catalyst layer of the cathode must be wetted to facilitate the ORR, it is
commonly observed that water vapor would accumulate and diffuse out of the air cathode, causing
cathode flooding. This not only speeds up electrolyte evaporation, but also causes mass transport
problems and raises the cell overpotential [25, 26]. Although a hydrophobic gas diffusion layer is
currently added to the air cathode to suppress cathode flooding (Figure 2), a more integrative

design of the electrode is favored. Furthermore, electrolyte reactions with carbon dioxide in the



ambient air would generate insoluble carbonates such as potassium carbonate (K>COs), which
could impede oxygen transfer when deposited onto the air cathode, thereby lowering the energy
efficiency of the Zn-air battery [27].

More critically, the battery efficiency is plagued by the slow redox pathways at the air cathode.
The four-electron oxygen chemistry as shown in Equation 1 is notoriously sluggish due to the
strong oxygen bonds, leading to high overpotentials in the ORR/OER. Currently, researchers are
dedicating substantial efforts in the development of bifunctional oxygen catalysts to accelerate the
oxygen reaction kinetics. However, the latest achievable discharge voltages of Zn-air batteries are
still lower than the theoretical voltage of 1.66 V at standard conditions. Meanwhile, a recharge
voltage of 2 V or higher is often required to reverse the reactions [1, 28]. This is reflected in the
wide discharge-charge voltage gap and the poor round-trip energy efficiencies of many Zn-air
batteries reported. Round-trip energy efficiency can be calculated by dividing the discharge
voltage by the charge voltage at a given current density, which is another indicator of the ratio of
useful energy retrieved by the battery. Apart from narrowing the discharge-charge voltage gap, the
insufficient energy efficiency during battery cycling must be raised to promote the practical usage

of rechargeable Zn-air batteries.
3. Recent Advancements

3.1 Zinc Anode

Substantial research studies have focused on strengthening the reversibility of the Zn anode to
increase the cycle life of the Zn-air battery. By extensively exploring the anode design through
anode additives and structural modifications, researchers have successfully mitigated various
problems of the Zn anode, including dendrite formation, passivation, hydrogen evolution, and

corrosion.
3.1.1 Anode Additives and Surface Modification

The application of anode additives can be classified into inorganic and organic additives through
the form of alloying and chemical coating. Due to a higher chemical stability, metals such as
bismuth, lead, nickel, and cadmium are able to inhibit the HER [29, 30]. Moreover, with a more
positive electrode potential, the metal ions can be reduced first during battery charging, thus

forming a conductive platform to support more uniform current distributions for the subsequent
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deposition of Zn, thereby suppressing dendrite growth [26]. As a result, researchers have explored
the integration of these metals and their oxides into the Zn anode. In particular, bismuth and its
oxides have emerged as a popular additive choice due to its high electrical conductivity and
thermal stability, and its ability to form a solid electrolyte interface (SEI) on the Zn anode surface
to reduce corrosion and passivation while promoting electrolyte access [31, 32]. In a primary Zn-
air battery, Jo et. al. recently developed a Zn-Bi alloy which exhibited a high corrosion inhibition
efficiency of 91.5% and a discharge capacity retention of 99.5% [30]. In a secondary battery,
Aremu et. al. used a Zn anode coated with bismuth oxide, potassium sulfide, and lead (I1) oxide
additives, achieving dendrite-free cycling with superior capacity and no passivation [33].

Other metallic additives have also been explored, such as aluminium oxide, copper oxide, and
titanium oxide, which have all shown performance-enhancing effects on the Zn-air battery by
establishing a protective anodic layer to minimize spontaneous side reactions [34-36]. Using
atomic layer deposition, Zhang et. al. recently developed ZnO@TiNxOy core/shell nanorods as the
anode where the TiNxOy coating successfully mitigated Zn dissolution, lowered internal resistance,
and expedited charge transfer, as demonstrated in Figures 3a-e. The thin TiNxOy coating
effectively blocked bulkier Zn(OH)4> molecules while enabling water and OH- access to the anode,

resulting in a battery with stable discharge capacity of 508 mAhg* over 7500 cycles [37].
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Figure 3 — Effects of anode additives from selected literature (a) Zn dissolution in 4M KOH
solution, (b)-(c) SEM images before and after charge, (d) XRD characterization before and after
charge, and (e) EIS results of uncoated ZnO and ZnO@TiNxOy nanorod as anodes. Reproduced
with permission from Elsevier [37]. (f)-(h) SEM images showing the thickness of passivation layer
in, (f) uncoated Zn, (g) CVD-coated Zn, and (h) CSD-coated Zn after discharge. Reproduced with

permission from Elsevier [38].

In addition to metal-based additives, silica coatings were also investigated as a safer and more
environmentally friendly alternative. Similar to an SEI, silica coatings enable the formation of a
Si(OH)4 gel on the anode, which confines Zn(OH)+* ions and slows down ZnO precipitation.

Schmid et. al. reported a silica-coated Zn anode prepared by chemical vapor deposition (CVD)
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and chemical solution deposition (CSD) methods, which suppressed HER by 40% and inhibited
passivation, as shown in Figures 3f-h. However, only two cycles were sustained in the Zn-air
battery [38]. The long-term effects of silica-based coatings on the extended cycle stability of Zn-
air batteries remain unclear.

On the other hand, organic additives such as polyvinyl alcohol (PVA), sodium polyacrylate
(PANa), and polyaniline (PANI) hydrogel have proven to inhibit corrosion and self-discharge [39].
Organic coatings generally provide higher controllability, easier fabrication, lower cost, and are
more environmentally friendly compared to inorganic anode coatings [40]. Cellulose has also been
reported to show superior effects in dendrite reduction compared to lead oxides [41]. Recently,
Zhang et. al. introduced a novel ZnO/PVA/B-CD/PEG composite electrode with polymer binders,
creating a stable 3D structure to encapsulate the Zn metal and reduce anode deformation,
delivering over 80 dendrite-free cycles [42]. However, despite their merits, organic additives could
increase battery impedance by acting as insulators and impurities [22]. In general, the use of
additives could compromise the specific energy of the battery while adding weight and costs,
therefore careful application of the additives and optimization of anode composition are important.
The use of inorganic and organic anode additives has shown apparent improvements in mitigating
the parasitic anodic reactions by providing an SEI-like protective layer to prevent direct electrolyte
access and to immobilize zincate ions. Yet, most reports do not provide sufficient information on
the underlying reactions associated with the specific additive material, thus it is difficult to
conclude the unique mechanism and effectiveness of each kind of additive relative to one another.
Because most of the research attention in recent years is focused on cathode materials instead, the
number of studies on anode additives is also lacking. More systematic studies are strongly
encouraged to investigate the precise effects of each coating material on anode degradation and

battery cycle stability.
3.1.2 Structural alteration

Altering the anode morphology is an effective approach to promote activity and further regulate
anode deformation. A structure with excessively large pores could adversely impact the electrode
resistance and corrosion rate, but under careful tuning, the increased surface area could facilitate
mass transport and electrochemical activity. Lin et. al. observed that a porous Zn anode,

electroplated using a frequency of 500 Hz, could produce 60% higher power density with a doubled
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specific surface area [43]. Tan et. al. also reported an electroplated Zn on carbon paper that resulted
in an excellent battery discharge capacity of 814 mAhg™ at 10 mAcm. However, the battery could
only last for one cycle due to the dissolution of the electroplated Zn [44].

More recently, some researchers have thermally treated the Zn anode to create 3D porous and
sponge-like architectures for enhanced reversibility. Compared to conventional powder-based zinc
electrodes, the novel 3D structure promotes more uniform current distribution and more effective
ionic and electron pathways. It could also confine ZnO deposition within its interior voids, thereby
diminishing dendrite growth and improving discharge performance, as illustrated in Figures 4a-b
[20]. The compression tolerance of sponge-like electrodes has also opened new doors for battery
applications in flexible and stretchable wearable devices. Using electrodeposited Zn nanosheets
on nitrogen-doped carbon foams, Pan et. al. presented a sponge-like Zn-air battery with a low
discharge-charge voltage gap of 0.657 Vat 5mA cm™ and a remarkable power density of
260 mW cm™ with strong mechanical endurance properties, as demonstrated in Figures 4c-f [45].
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Figure 4 — Schematic diagram of the dissolution-precipitation of ZnO during battery cycling in (a)
conventional powder-based Zn anode and (b) the 3D Zn sponge anode. Reproduced with
permission from Royal Society of Chemistry [20]. (c)-(d) A light-emitting diode (1.8V) lit up by
two squeezable Zn-air batteries under (c) original and (d) 40%-compressed conditions. (e)
Galvanostatic discharge-charge curves. (f) Power density retention after various compression

cycles. Reproduced with permission from Elsevier [45].

Table 1 presents a selection of recent developments in Zn-air batteries with optimized Zn anodes,
as published in literature. Although anode additives and 3D porous structures have proven to be

effective solutions to mitigate anode deterioration, many research works have focused on the
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measurements of corrosion suppression and HER inhibition without reporting overall battery
performance metrics, including cycle stability, peak power density, and energy efficiency. In the
cases where galvanostatic discharge-charge operations were tested, the cycle lifetimes of the Zn-
air batteries were often unsatisfactory. Thus, in the future, more thorough research studies are
required to further promote long-term anode reversibility for practical operations.

Table 1: Selection of Zn-air batteries with optimized anodes published in the last 5 years

Anode Feature Anode Discharge capacity ~ Discharge- Cycling Ref.
(mAhg?) charge voltage stability
gap (V) @ current
density*
Anode additives Zn with 3 wt.% Bi203, 10 1.1 (50 mAcm™) 60 cycles, [33]
wt.% KoS, 120 h (50
5 wt.% PbO mAcm?)
Anode additives Zn0@ 508 7500 cycles [37]
TiNxOy nanorods (5 mAcm??)
Anode additives SiO2-coated Zn particles 566 2 cycles [38]
(C/20 current
rate)
Anode additives ZnO/PVA/B-CD 80 cycles (25 [42]
/PEG composite mAcm-?)
Anode additives Zn surface- 658 0.782 (50 mAg?Y)  26.33h (50 [46]
modified by CuO particles mAg?)
Anode additives Zn@C core-shell 135 400 cycles [47]
composite (5C current
rate)
Structural alteration | Electroplated Zn on 814 1 cycle (10 [44]
carbon paper mAcm2)
Structural alteration | Electrodeposited Zn 867 (25 mAcm™?) 0.657 (5 mAcm?)  120cycles (2 [45]
nanosheets @ NCF mAcm2)
Structural alteration | Porous Zn with 3D 812 0.63 (5 mAcm?) 33cycles(5  [48]
network frame structure mAcm-2)
Structural alteration | PUS@Zn 0.9 (2 mAcm??) 18h(2 [49]
mAcm-2)

! The discharge-charge voltage gap refers to the difference between the charge voltage and the
discharge voltage plateaus during galvanostatic cycling. Some of the voltage data are derived from

the figures when not reported in text by the authors.



16

3.2 Electrolyte

Electrolyte development is another crucial focus of recent research efforts in rechargeable Zn-air
batteries. In order to increase the anode reversibility and water retention rate, researchers have
enhanced the conventional alkaline electrolyte with additives, polymer gel materials, and
circulation designs. More novel strategies include developing alternative electrolytes such as
quasi-neutral electrolytes and non-aqueous solutions to experiment with more efficient oxygen

redox chemistries.
3.2.1 Electrolyte Additives and Flow Battery

Inspired by dendrite inhibition studies in Li-ion batteries, many electrolyte additives such as
ethylenediaminetetraacetic acid, tartaric acid, Triton X-100,

cetyltrimethylammonium bromide, dimethyl sulfoxide (DMSO), and other organic materials are
currently being explored in Zn-air batteries to suppress anode deformation and enhance their
rechargeability [50-53]. In particular, sodium dodecyl sulfate (SDS) and other surfactants have
become increasingly popular due to their low cost and high safety. Surfactants, which are
amphiphilic molecules, contain polymer materials to be adsorbed onto the surface of the anode,
acting as a barrier to prevent water contact and ionic access, similar to the mechanism of anode
additives. Surfactants also increase the solubility of ZnO molecules and slow down their
precipitation, thus reducing anode deformation [22]. Recently, Hosseini et. al. observed a 24%
improvement in the specific discharge capacity of a Zn-air battery using SDS, and 30% using
nonionic surfactant Pluronic F-127 (P127). Both surfactants retard ZnO dispersion through
adsorbing on the Zn anode, however, P127 possesses multiple anchoring groups for stronger
surface interactions compared to the single anchoring group in SDS, which resulted in higher
cyclic stability [54]. It can be deduced that the different structures of hydrophobic and
hydrophilic chains in a surfactant play an essential role in battery performance, which warrants
more in-depth studies and experimentation.

Electrolyte additives are commonly coupled with a flow battery, where the electrolyte is circulated
through external pumps to remove precipitated carbonates and other by-products. In a Zn-air flow

battery, Khezri et. al. used a potassium persulfate additive which diminished Zn corrosion by 56%
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[55], while Hosseini et. al. demonstrated a 30% higher discharge capacity and a 16% higher
specific energy using ethanol as an eco-friendly additive [56]. More recently, with the use of
DMSO, Hosseini et. al. reported excellent passivation inhibition and rechargeability of over 600
cycles in a flow battery, as shown in Figure 5. The application of DMSO not only improves the
wettability of the anode surface, thereby promoting the ionic conductivity of the electrolyte, but
also forms passive films that increase Zn dissolution while regulating ZnO deposition [57]. Besides,
the continuous flow of electrolyte inhibits the saturation of Zn(OH)s* ions and also improves OH-
transfer [1].

Model-based studies have also emerged to provide important insights for the rational design and
control of the flow battery system. For example, Abbasi et. al. investigated the discharge behavior
of Zn-air flow batteries at various discharge currents and electrolyte flow rates, contributing to the
validation of current mathematical models. Nonetheless, model-based battery designs are still at
an early stage. To develop more accurate models for large-scale practical applications, more
accessible experimental data and continuous modelling efforts are needed [58]. More importantly,
the power requirements and bulky nature of the electrolyte circulation system still limit its appeal

in practical applications, which calls for further system design optimizations.
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3.2.2 Polymer Gel Electrolytes

To prevent Zn anode failure and electrolyte water loss, polymer gel materials have been introduced
in alkaline gel hybrid electrolytes, giving rise to quasi-solid-state, flexible Zn-air batteries with
improved cycle stability. While PV A-based electrolytes have been extensively investigated, more
recent research reveals other polymer gels that surpass its electrochemical performance and water-
retention capability, including PANa, polyacrylic acid (PAA), and polyacrylamide (PAM) [59].

Recently, Song et. al. demonstrated a PVA, PAA, and GO co-crosslinked, KI-containing, alkaline
electrolyte (KI-PVAA-GO) that enabled flexible Zn-air batteries with a low charging potential of
1.69 V and a discharge potential of 1.24 V at 2 mAcm™, and a robust cycling profile over 200 h
with an energy efficiency of 73%. Because gelling often restricts ionic mobility in the electrolyte,
highly hydrophilic and alkaline tolerant additives, including KI, quaternary ammonium, and
cellulose are often used with polymer gel electrolytes to enhance their ionic conductivity and
stability [60]. In a novel PANa-based electrolyte with cellulose additives, Huang et. al. observed
the generation of a solid electrolyte interface that facilitated ionic transport and led to stable,
dendrite-free battery operation over 800 cycles in 160 hours [61]. Figure 6 illustrates the solid
electrolyte interface formation and the practical application of polymer gel electrolytes in solid-
state Zn-air batteries for a smart watch. Nonetheless, a further increase in ionic conductivity and
mechanical robustness are necessary to extend their operation lives in commercial wearable
electronics. Although solid-state batteries are considered much safer than the flammable liquid
battery, it is still not completely feasible to use polymer gel electrolytes in practical Zn-air batteries

due to the volatility of organic solvents and the low solubility of Zn salts [62].
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Figure 6 — (a) Schematic illustration of a solid electrolyte interface formed between the Zn anode
and PANa electrolyte. Reproduced with permission from John Wiley and Sons [61]. (b)
Galvanostatic discharge-charge curves of sandwich-type Zn-air batteries using PVA, PVAA-GO,
and KI-PVAA-GO as electrolytes at 2 mAcm2. (c-d) Demonstrations of a flexible Zn-air battery
used to power a smart watch in a (c) sandwich-type and (d) cable-type configuration. Reproduced

with permission from John Wiley and Sons [60].
3.2.3 Quasi-neutral electrolytes

As a replacement to the traditional alkaline electrolyte, the investigation of chloride- and sulfate-
based electrolytes recently enabled a new class of quasi-neutral Zn-air batteries. The most common

example is the Leclanché electrolyte, a ZnCl>-NH4Cl based solution with high ionic conductivity.
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The neutral pH of the electrolyte reduces Zn solubility and slows down carbon dioxide absorption,
inhibiting dendritic propagation and carbonate formation [63]. The electrodes are also more
durable in the milder chemical environment. However, Zn is less active in neutral electrolytes
while the oxygen redox Kinetics are also slower. In response, Zhang et. al. recently developed a
Mn?*-containing Leclanché electrolyte where the addition of the Mn?* salt promotes higher oxygen
redox efficiency, delivering dendrite-free cyclic performance over 1350 h with a round-trip energy
efficiency of 63% in a Zn-air battery [64]. It is thought that the Zn?" ions would generate zinc
complexes that support Zn deposition and mass transfer, thereby suppressing dendrite growth [63].
Most recently, water-in-salt electrolytes have spurred tremendous interest as a type of quasi-neutral
electrolytes in between the aqueous and non-aqueous realms. Even though the solvent here is water,
the strong concentration of metal salts and the absence of free water molecules could prevent
water-induced adverse reactions commonly found in aqueous electrolytes [65]. In 2018, Wang et.
al. developed a highly concentrated Zn-ion electrolyte that, when coupled with an air cathode,
delivered a battery energy density of 300 W h kg™ and cycling stability over 200 cycles at 50 mA
g! due to the unique solvation structure of Zn?* ions. Characterization results confirmed dendrite-
free cycling, while modeling analysis further revealed the suppression of HER [66]. Although
water-in-salt electrolytes are more commonly investigated in the context of metal-ion batteries,
this pioneering work has demonstrated their compatibility and electrochemical success in a metal-
air battery, suggesting the versatility of water-in-salt systems and inspiring new frontiers in the
development of neutral Zn-air batteries.

Using an alternative Zn salt with a smaller fluorinated anion, Sun et. al. [67] recently reported a
Zn(OTf), electrolyte resulting in a zinc peroxide (ZnOz) chemistry that proceeded through a two-
electron ORR rather than the sluggish, conventional four-electron process. The hydrophobic OTf
ions generated a water-poor and ion-rich Helmholtz layer on the air cathode, facilitating highly
reversible redox reactions while preventing water-induced parasitic reactions. Figure 7a illustrates
the reversible O2/Zn0O- reaction chemistry at the air cathode, which is not possible with hydrophilic
anions such as sulfate ions. Compared to a Zn-air battery with an KOH electrolyte, using the
Zn(OTf), electrolyte also showed a significant inhibition of self-discharge behavior and carbonate
formation, as demonstrated in Figures 7b-e. Moreover, surprisingly, only 1 mol kg of salt was
required here to deliver a discharge capacity of 684 mAhg* for 320 cycles at 1 mAcm2, suggesting

that superconcentrated salt is not always necessary [67], which inspires new possibilities in lower-
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cost quasi-neutral electrolytes. However, it is important to note that the two-electron reaction
involves intermediates of peroxide that could corrode carbon-based catalysts due to their
oxidization tendency [68]. Thus, the catalyst material for the air electrode must be carefully chosen,

while a more in-depth understanding of the two-electron oxygen chemistry is crucial.
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Figure 7 — (a) Schematic illustration of the reaction pathways at the surface of the air cathode in
Zn(OTf)2 and ZnSOs electrolytes. (b-e) Performance comparisons between Zn-air batteries in
KOH and Zn(OTf): electrolytes: (b) Discharge profiles and zinc utilization rates (ZUR) at 2
mAcm2, (c) Open circuit voltages during 24 h (KOH) and 480 h (Zn(OTf)) storage, followed by
discharge performance, (d-e) Galvanostatic discharge-charge curves at 0.4 mAcm under ambient
air and Oz atmosphere, (inset of d) SEM image of K>COs formation at the air cathode after two
cycles in KOH electrolyte. Reproduced with permission from The American Association for the

Advancement of Science [67].

Neutral Zn-air batteries circumvent the parasitic reactions associated with the highly corrosive
alkaline electrolyte, offering high promise in cycle stability. Nonetheless, research and
development are still at an early stage, while publications are still relatively scarce. Neutral
electrolytes commonly suffer from pH instability, limited ionic conductivity, and high cost, which
must be mitigated to outperform the traditional alkaline-based Zn-air battery. More importantly,

the anode reversibility mechanism under quasi-neutral and water-in-salt electrolytes is also not
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well understood, which calls for more comprehensive characterizations in order to enable
systematic experimentation. Finally, the development of suitable bifunctional oxygen catalysts in
neutral media is also essential to improve the oxygen redox kinetics. Despite the promise of neutral
Zn-air batteries, there remain important challenges to be solved in order to realize their full
potential.

3.2.4 Non-aqueous electrolytes

Non-aqueous electrolytes have been proposed recently to increase battery performance by
eliminating water evaporation and parasitic reactions. Using a molten carbonate electrolyte in a
Zn-air battery, Liu et. al. reported a high coulombic efficiency of 96.9% and ultralow discharge-
charge voltage gap of 0.39 V over 110 cycles. Yet, the cyclic operation was performed under
550 °C to keep the electrolyte in molten state, which is not realistic for room temperature
applications [69].

On the other hand, ionic liquid—a molten salt that exists in liquid state at room temperature—has
become an attractive option due to their high stability, low-vapor pressure, and non-volatility. In a
recent study, Ingale et. al. demonstrated the water retention and dendrite elimination capabilities
of the DEMATTO ionic liquid. Without water as a solvent, the ionic liquid enabled a high-
performing Zn-air battery with a low discharge-charge voltage gap of 0.6 V over 700 h of stable
cycling. However, the power density was unacceptably low due to the low ionic conductivity of
the electrolyte [70]. Despite the promising performance of ionic liquids, their lower conductivity,
high viscosity, and high cost are the main drawbacks hampering their ability to replace
conventional alkaline electrolytes in Zn-air batteries [71, 72].

Table 2 summarizes the recent electrolyte developments for Zn-air batteries enabled by organic
and inorganic electrolyte additives, polymer gelling, and novel alternative electrolytes. Despite
exciting progress in mitigating anode deformation, water evaporation, and carbonation issues, the
average cycle life of Zn-air batteries remains far from satisfactory, as shown in Table 2. Round-
trip energy efficiencies of over 70% were achieved in a few recent studies, but the majority still
remains low. Compared to conventional alkaline Zn-air batteries, the power density of neutral and
non-agqueous Zn-air batteries are significantly restricted due to their poor conductivity. Yet, cyclic
stability can be strongly enhanced due to the preclusion of side reactions such as carbonation and

corrosion. This is not only reflected in Table 2, butalso in a study by Sumboja et. al, who compared
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a ph-7 chloride-based Zn-air battery with a conventional alkaline cell. It was observed that the
cyclic stability has been extended from 245 cycles to 540 cycles, but the voltage gap doubled and
the PPD decreased by eightfold [73]. Although these alternative electrolytes offer enormous
potential, their low conductivity calls for more in-depth experimental and model-based
development.

Table 2: Selection of Zn-air batteries with enhanced electrolytes published in the last 5 years

Electrolyte feature | Electrolyte OCVv  PPD Discharge  Discharge  Cycling Round Ref.
V) (mWc  capacity -charge stability trip
m-?) (mAhg?)  voltage @ current  efficie
gap (V) @ density* ncy
current
density*
Electrolyte Potassium persulfate 14 710 0.6 (50 800 cycles [55]
additive + Flow additive in 7M KOH mAcm2) (50
system mAcm2)
Electrolyte DMSO in 7M KOH 125 550 0.75 (75 600 cycles [57]
additive + Flow mAcm?) (75
system mAcm2)
Polymer gel Hydrogel with PANa 1.47 2105 800 0.7( 300 cycles [59]
and cellulose mAcm?)  55h(5
mAcm-?)
Polymer gel PVA, PAA, GO 1.4 78.6 742 0.45 (2 200h (2 73% [60]
alkaline gel with Kl mAcm?)  mAcm?)
additive
Polymer gel PANa hydrogel 88 795 0.68 (2 800 cycles 65.5% [61]
mAcm3?) 160 h (2
mAcm?)
Polymer gel TEAOH- 7411 6579 0.94 (5 30h(5 [74]
PVA mAcm?)  mAcm?)
Polymer gel PVA-based gel with 123 0.7(3 144 63.2% [75]
silica mAcm2)  cycles,
48h (3
mAcm?)
Polymer gel PAM-based alkaline 1.32 105 720 0.82(5 140 cycles 63.5% [76]
gel mAcm?) (5 mAcm
2
)
Polymer gel PANa alkaline 1.45 145 0.75 (2 400 62% [77]
hydrogel mAcm2)  cycles,
73h(2
mAcm-2)
Quasi-neutral 2M NH4CI, 0.2M 15 7.3 488.6 0.72(1 1350h (1 63.2% [64]
electrolyte ZnClz, 0.02M MnSOs4 mAcm?)  mAcm?)
Quasi-neutral 1 mol kg* Zn(OTf): 1.2 684 1(1 320 cycles 55% [67]
electrolyte mAcm?)  160h(1
mAcm2)
Quasi-neutral Im Zn(TFSI)2 + 1(50 200 cycles [66]
electrolyte 20m LiTFSI mAg™?) (50 mAg
1
)
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Quasi-neutral 0.1 M NH4Cl 1.3 12.8 1.0(1 540 50% [73]
electrolyte + NH4OH mAcm?)  cycles,

2160 h (1

mAcm?)
Non-aqueous Molten 1.33 0.39 (25 110 cycles  74% [69]
electrolyte Lio.s7Nao.63Ko50CO3 mAcm?) 50 h (25

with NaOH mAcm2)

Non-aqueous DEMATTfO ionic 0.045 0.6 (0.05 700 h [70]
electrolyte liquid mAcm?)  (0.05

mAcm2)
Non-aqueous ZnCl2+2.33 H20 14 1000 0.8 (500 100 cycles [78]
electrolyte molten hydrate mAg?) (500 mAg

1

)

! The discharge-charge voltage gap refers to the difference between the charge voltage and the
discharge voltage plateaus during galvanostatic cycling. Some of the voltage data are derived from
the figures when not reported in text by the authors.

3.3 Bifunctional Oxygen Catalyst

Recent research efforts in Zn-air batteries have mainly focused on advancing the material and
structural design of bifunctional oxygen catalysts, which can accelerate the electrochemical
reaction kinetics at the air cathode while withstanding the alternating cyclic operations.
Traditionally, noble metals such as Pt, Ir, and Ru are used in the catalysts, but they are
unsustainable and costly. While commercial carbon-supported Pt (Pt/C) exhibits superior ORR
activity, its OER performance is poor due to the deposition of an insulating oxide layer [79]. Thus,
transition metal-based catalysts have risen as an abundant and low-cost alternative in recent years.
Transition metals (Co, Mn, Fe, Ni) and their compounds provide multiple potential oxidation states
due to their incompletely filled d-orbitals, which promote the electrochemical activity of the
catalyst [80]. Transition metal alloys can further improve the catalytic activity of electrodes by a
synergistic combination of multiple transition metal species [81, 82]. On the other hand, transition
metal oxides can take different lattice or crystal structures, such as monoxide, dioxide, perovskite,
and spinel oxides. With abundant oxygen vacancies, perovskites with the general formula
of ABO3z (A: 12-fold oxygen-coordinated metal; B: 6-fold oxygen-coordinated transition metal)
and spinel oxides (AB20.) offer enriched active sites and the flexibility for electronic modulation
[83, 84]. An example is the widely explored cobalt oxide (CosOs), where Co?* species in
tetrahedral sites promotes OER activity and Co®'in octahedral sites helps adsorb oxygen
intermediates during ORR [85]. Other transition metal derivatives have also gained research

attention in recent years. Compared to transition metal oxides, transition metal nitrides exhibit



26

higher electron conductivity [86], while transition metal phosphides display stronger OER
catalytic activity [87]. Transition metal sulfides also offer fast charge transfer and good adsorption
of oxygen intermediates [88].

Nevertheless, transition metal compounds alone are vulnerable under strong electrolytes and harsh
redox environments, and prone to particle aggregation. This has inspired the development of metal-
carbon composites as bifunctional oxygen catalysts for Zn-air batteries. Metal-carbon composites
are typically assembled by anchoring or directly growing metal-based nanoparticles on the
functional groups of carbon substrates such as carbon black and porous carbon [89]. Carbon
supports could enhance stability, electron conductivity, and the dispersion and utilization of active
sites, and also offers flexibility for modulation [82, 90].

Though less common, metal-free carbon-based catalysts are also explored to further decrease costs
and environmental impacts by eliminating the use of any metals [91]. In addition, research had
begun to utilize biomass as a renewable carbon source for carbon-based catalysts due to
environmental and cost concerns on their conventional production from fossil fuels [92]. Recently,
rechargeable Zn-air batteries have been developed with the use of table sugar [93] and bamboo
leaves [94] as eco-friendly biomass sources for the carbon-based catalyst. Nonetheless, pristine
metal-free carbon offers limited active sites and easily corrodes. Therefore, their electronic and
morphological structures must be modified to enhance catalytic activity and stability [95].

To this end, structural regulation and defect engineering have been introduced to optimize the
activity of bifunctional oxygen catalysts by enriching active sites, accelerating electron transfer,
and altering electronic structures. Particularly, promising techniques such as metal organic
frameworks and single-atom catalysts are drawing increasing attention in the last few years,
leading to prolonged cycle operations and lowered charging potentials in Zn-air batteries. Due to
the page limitation, only the latest bifunctional oxygen catalysts that are directly applied in Zn-air

batteries have been included in this section.
3.3.1 Structural Engineering

Structural engineering is a popular technique used to enhance the activity of bifunctional oxygen
catalysts through morphological manipulation. Similar to porous Zn anodes, the porosity of
carbon-based catalysts can be increased to enhance activity and stability. Xiao et. al. recently

reported the use of a transition metal oxide NiCo204 embedded into porous carbon as an oxygen
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catalyst, exhibiting a narrow discharge-charge voltage gap of 0.73 V and robust stability over 1460
cycles at 10 mAcm2 in a Zn-air battery. NiCo,0: offered rich active sites for both ORR and OER,
while the porous conductive carbon framework acted as an efficient transport platform for
oxygen diffusion and electron transfer, boosting overall battery performance with strong
synergistic effects [96].

In metal-carbon composites, nanosized metallic particles are typically anchored onto the carbon
substrate to ensure surface contact and expedite charge transfer. However, the synthesis process
often causes particle agglomeration. Therefore, 1D and 2D carbon nanostructures have been
further introduced to facilitate particle dispersion, in order to improve electron transportation and
the accessibility of active sites [97]. Consisting of one-atom-thick layers, graphene possesses
excellent electron mobility and a large surface area, which is an ideal platform for particle
dispersion [98]. Likewise, carbon nanotubes (CNTSs), cylindrical molecules that consist of rolled-
up sheets of graphene, also help expedite charge transfer and restrain particle aggregation [99].
In a recent work by Wu et. al., molecularly thin sheets of a NiFeMn trimetallic nitride were
stabilized by titanium carbide (Ti3C,) sheets, creating an efficient bifunctional oxygen catalyst
with robust cyclic performance over 120 h at 20 mAcm™ and a discharge capacity of 627 mAhg’!
in a flexible fiber-shaped Zn-air battery [ 100]. Although it is not the best performing Zn-air battery
in recent publications, the synthesis of 2D sheets offers new insights into the structural
enhancement of bifunctional oxygen catalysts. Song et. al. also developed a TiC-supported
amorphous MnOy as an oxygen catalyst, which outperformed carbon-supported MnOy and the
state-of-the-art Pt/C-IrO» catalyst [101]. These studies suggest new possibilities of corrosion-
resistant and highly conductive substrates used to stabilize metal-based catalysts other than carbon-
based supports, which tend to corrode and worsen carbonation problems.

The structural modification of bifunctional oxygen catalysts was also further extended by the
recent constructions of 3D porous architectures, such as 3D hierarchical Co-N-C nanobrushes [97],
and donut-shaped hybrid metal-carbon nanostructures [102]. Using an air electrode of NiFeOx
supported with a 3D, vertically-aligned carbon nanotube array, Yan et. al. achieved an ultralong
cycle life of 1500 hours at 5 mAcm [103]. Other than metal-carbon composites, 3D structuring
has also been applied to pure transition metal compounds and metal-free carbon catalysts, inspiring
the fabrication of porous N-doped cobalt pyrite yolk-shell shaped nanospheres (N-CoS; YSS) as

illustrated in Figures 8a-g [104], and honeycomb-like hierarchical N, O-doped carbon as shown in
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Figure 8h. Upon structural manipulation, the N, O-doped carbon catalyst displayed robust stability
over 1165 cycles in 388 hours at 10 mAcm2, with a low voltage gap of 0.72 V, and achieved a
high peak power density of 261 mWcm [105]. Through the rational structural construction of
bifunctional oxygen catalysts, the effective surface area can be maximized to accommodate more
active sites and enhance diffusion kinetics, resulting in Zn-air batteries with higher energy

efficiency.
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Figure 8 — (a) Schematic illustration of the synthesis of N-CoS; YSS. (b,c,d) FESEM, and (e,f,9)
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Wiley and Sons [104]. (h) Long-term cycling stability at 10 mAcm™ caused by the 3D
honeycombed porous structure of N, O-doped carbon. Reproduced with permission from Elsevier
[105].

3.3.2 Defect Engineering

Defect engineering promotes the electrochemical activity of catalysts through the introduction of
active sites and the regulation of charge distributions. For example, rich edge sites and topological
defects in graphene derivatives like graphene oxide (GO) and reduced graphene oxide (rGO)
provide intrinsic activity and offer anchoring points for other active metals and heteroatoms [106-
108]. Taking advantage of this, Shu et. al. uniformly dispersed cobalt nitride nanoparticles on the
surface of rGO, which formed unique worm-shaped holes on the Cos47N@N-rGO catalyst that
further exposed active sites, delivering robust battery operation of 2000 cycles over 330 hours.
However, its round-trip energy efficiency was only 57%, which urges further research and
optimization [109].

Oxygen defects can also enhance electrical conductivity in the catalyst by stimulating the
delocalization of electrons. To do so, a common method is surface etching, which includes
ammonia surface treatment, plasma etching, and ball-milling [110]. For example, Li et. al. recently
created oxygen defects in the atomic layer of cobalt oxides (Co304.x) nanosheets using plasma
treatment, delivering superior cyclic performance over 150 hours at 5 mAcm™ and achieving a
lower overpotential for OER compared to commercial IrOz in a rechargeable Zn-air battery [111].
Heteroatom doping is also a common strategy to introduce defects. The doping of carbon materials
is a process that replaces some carbon atoms with heteroatoms such as N, S, or P. These
heteroatoms can introduce electron depletion on carbon atoms and optimize valence orbital energy
for active sites [84, 107]. Lyu et. al. reported a metal-free N, S co-doped carbon catalyst, where
the binary doping generated an asymmetric distribution of the charge and spin density of carbon
atoms, leading to remarkable ORR and OER activity [112].

Heteroatom doping is an essential feature in transition metal-based nitrogen-doped carbon
materials (M-N-C, M: transition metal), a high-performing class of metal-carbon composites. The

synergistic interactions between metals and N-doped carbon promote catalytic activity by altering

the electronic structure and facilitating the adsorption and desorption of O and intermediates [97].

Using a MgO-templated carbonization process, Tang et. al. synthesized a Co/N/O tri-doped
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graphene catalyst with atomically dispersed Co-Nx-C active sites, delivering superior bifunctional

activities with a narrow cycling voltage gap of 0.7 V at 1.0 mAcm in a flexible Zn-air battery.

However, the battery only operated for 18 cycles over a period of 1 hour, which was insufficient
to prove its long-term cycle stability [106].

3.3.3 Metal organic framework (MOF)

To prepare M-N-C hybrids and other functional catalysts including metal alloys and heteroatom-
doped carbon, metal-organic framework (MOF)-derived methods have recently emerged as a
promising approach due to their low cost, tailorable nature, and potential for high-throughput
synthesis. MOF is a novel class of porous crystalline structures consisting of metal ions
coordinated to organic ligands. Combining the benefits of both structural and defect engineering,
the high surface area and porosity of MOFs can accelerate mass transfer and expose active sites,
while heteroatom doping can introduce defects and avoid particle agglomeration during pyrolysis
[113, 114].

A common example of MOF is the zeolitic imidazolate framework ZIF-67, which consists of Co?*
ions and 2-methylimidazole, and is widely applied in bifunctional Co-N-C catalysts [115]. Figure
9a illustrates a typical template-guided preparation process. Zhou et. al. synthesized a catalyst
composed of Co nanoparticles embedded in hollow N-doped carbon tubes (Co@hNCT) through
the growth of ZIF-67 nanocrystals. The porous conductive framework expedited electron and ion
transfers, while maximizing the utilization of active sites, resulting in a Zn-air battery with a high
power density of 149 mWcem and stable cycling at 5 mAcm™ over a period of 500 hours, as shown
in Figures 9b-d [114]. In fact, a recent study by Xu et. al. reported one of the longest cyclic
operations of Zn-air batteries to date—over 3000 hours (9000 cycles) at 5 mAcm, and a narrow
discharge-charge potential gap of 0.76 V, enabled by the development of a MOF-derived Co
supported with N-doped CNT/graphene hybrid [116]. MOF-derived bifunctional oxygen catalysts
show great promise for the performance enhancement of recent Zn-air batteries, which call for

continuous investigation and advancement.
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Elsevier [114].
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3.3.4 Single Atomic Engineering

Single atomic engineering is another novel trend in the catalyst field, which involves the dispersion
of isolated metal atoms over a host substrate. Figure 10a compares the structures of nanoparticles
and single atom catalysts, and shows that every atom in a single atom catalyst can be potentially
utilized for catalytic activity. The high atomic utilization in single atom catalysts opens new
frontiers in metal-carbon composites as oxygen catalysts [117, 118].

In 2019, Han et. al. fabricated a single-atom Co catalyst anchored on N-doped carbon by tuning
the composition of Zn and Co in the bimetallic ZnCo-ZIFs precursors, as shown in the
characterization images in Figures 10b-d. Compared to nanoparticles and atomic clusters (Figures
10e-f), single-atom Co catalysts (Figure 10g) exhibited higher bifunctional catalytic activity and
reversibility in Zn-air batteries [119]. Sun et. al. further introduced P-O doping in an Fe single-
atom site which successfully reduced the reaction overpotential of the Zn-air battery. The resulting
battery showed a superior peak power density of 232 mWcm and robust cyclic performance over
450 cycles at 25 mAcm [120].

Single atomic engineering is a significant breakthrough in catalyst development because of the
precise and controlled construction of catalysts in the atomic level. Yet, the low metal loading of
current single atom catalysts must be increased in order to maximize the promise of single atom
catalysts in practical and scalable assembly of Zn-air batteries. The stabilization of isolated atoms
in single atom catalysts with high metal loading is particularly difficult, and current fabrication
processes remain relatively inefficient [121]. However, in a recent study, a novel multilayer
stabilization method has emerged to enable the construction of high-loading single atom catalysts
in N, S, F co-doped graphitized carbons, which offers an exciting opportunity for future

development and adaptation [122].
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Figure 10 — (a) Comparison of structural features and distinct properties of metal catalysts based
on nanoparticles and single atoms. Reproduced with permission from John Wiley and Sons [118].
(b) SEM and (c) TEM images and (d) EDS mapping of cobalt single atoms on N-doped carbon
(Co-SAs@NC). (e) TEM image of cobalt nanoparticles on N-doped carbon. (f,g) HAADF-STEM
images of (f) cobalt atomic clusters on N-doped carbon and (g) Co-SAsS@NC. Reproduced with

permission from John Wiley and Sons [119].

Table 3 presents the latest publications on novel catalyst developments optimized by structural
regulation, defect engineering, MOF-derived synthesis, and single atomic dispersion, which have
led to improved performances in rechargeable Zn-air batteries. With the use of advanced

bifunctional oxygen catalyst materials and engineering strategies, superior discharge capacities
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could be reached, while narrow discharge-charge voltage gaps over a few thousand cycles have
been achieved, creating unprecedented progress in the development of Zn-air battery. Nevertheless,
the latest reported round-trip energy efficiencies are still under 70%. To further advance the
development of the oxygen catalyst, more in-depth investigations of the material formation

processes is necessary to enable their controlled tuning and precise optimization.

Table 3: Recent advances in bifunctional oxygen catalysts for Zn-air batteries in the last 5 years

Cathode Cathode catalyst ocv PPD Discharge Discharge- Cycling Round trip  Ref.
modification V) (mW  capacity charge stability @ efficiency
cm?)  (mAhg?)  voltage current
gap (V) @  density!
current
density*
Structural NiC0204 1.48 267 767 0.73(10 1460 cycles, 62.2% [96]
engineering nanowhiskers in mAcm2) 487 h (10
porous carbon mAcm2)
Structural Molecularly thin 1.50 627 0.68 (20 120 cycles, [100]
engineering sheets of NiFeMnN mAcm2) 120 h (20
stabilized by TisC» mAcm?)
Structural Donut-shaped 139 730.55 0.94 (30 350 cycles, [102]
engineering hybrid of CoP@ mAcm?) 150 h (30
P,N-doped carbon mAcm?)
matrix
Structural NiFeOx@ 1.45 194 800 0.87 (5 4500 cycles, [103]
engineering VACNT mAcm?) 1500 h (5
mAcm-?)
Structural Porous N-doped 1.41 81 744 0.85(10 165h (10 56% [104]
engineering cobalt pyrite yolk- mAcm2) mAcm2)
shell nanospheres
Structural 3D honeycomb N, 261 0.72 (10 1165 cycles, [105]
engineering O-doped carbon mAcm2) 388 h (10
mAcm?)
Structural Honeycomb-like 110 1.03(10 100 h (10 [123]
engineering Co-Nx-C mAcm?) mAcm2)
Nanopolyhedron
Structural NiC02S4 urchin-like 0.82(2 60 cycles (2  68.8% [124]
engineering structure mAcm2) mAcm2)
Structural Mesoporous Ni/NiO  1.47 225 853 0.83(2 240 cycles, 57.1% [125]
engineering Nanosheets on mAcm2) 120h (2
carbon fiber paper mAcm-2)
Defect Co/N/O tri-doped 1.44 152 750 0.7 (1 18 cycles, 63% [106]
engineering graphene mAcm?) 1h(l
mAcm-2)
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Defect
engineering

Defect
engineering

Defect
engineering

Defect
engineering

Defect
engineering

Defect
engineering

Defect
engineering

Defect
engineering

Defect
engineering

Defect
engineering

MOF-
derived

MOF-

derived

MOF-
derived

MOF-
derived

MOF-
derived

MOF-
derived

MOF-
derived

Coss7/N@
worm-like structure
of porous N-rGO

Oxygen defect
C0304.x nanosheets

N,F-doped carbon

Co/NC

Fe/Fes0s@N-HCS

Spinel Coln2Ses
nanosheet

CoxSy@S,N co-
doped mesoporous
carbon

FeNiP/N,P-
doped carbon
nanosheets

LaCo0o.8Ru0.203-s
(Ru substitution in
LaCoO)

Pd-modulated B-site
doped single
perovskite

HCo@
FeCo/N/C

Co@N-CNT

Co/N-doped
CNT/graphene
hybrid

Co9Ss/GN

CoP/ N,P-doped C

Ni-Co-S/ N, S-
doped porous
carbon

Co@SiOx /N-doped
carbon framework

1.45

1.33

1.41

1.37

1.35

151

1.28

1.5

1.45

1.45

1.48

14

1.43

121

122

130

196

93.6

107

136

163

136

52

125

149

253

186

186

137

138

789

791

766

733

77

603

433

740

746

801

829

0.77 (1
mAcm?)

0505
mAcm?)

0.85 (20
mAcm?)

0.88 (5
mAcm?)

0.8 (10
mAcm?)

0.71 (10
mAcm?)

0.88 (20
mAcm2)

0.58 (10
mAcm2)

0.78 (5
mAcm?)

0.9 (10
mAcm?)

0.84 (10
mAcm2)

0.85 (5
mAcm?)

0.76 (5
mAcm2)

0.52 (2
mAcm2)

12
mAcm2)

0.73 (10
mAcm2)

0.82(5
mAcm2)

2000 cycles,
330h (1
mAcm?)

450 cycles,
150 h (5
mAcm2)

49 h (20
mAcm2)

12h(5
mAcm2)

25 cycles,
100 h (10
mAcm2)

400 cycles
(10 mAcm-

%)
600 cycles,

100 h (20
mAcm2)

330 cycles,
110h (10
mAcm2)

1440 cycles,
240h (5
mAcm-?)

60 cycles,
60 h (10
mAcm-?)

200 h (10
mAcm2)

500 h (5
mAcm2)

9000 cycles,
3000 h (5
mAcm2)

2000 cycles,
147h (2
mAcm2)

80 h (2
mAcm-2)

180 cycles
(20 mAcm-

%)
400h (5
mAcm2)

56%

60.9%

63.6%

62.3%

69%

60%

[109]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[114]

[116]

[136]

[137]

[138]

[139]
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MOF-
derived

MOF-
derived

MOF-
derived

MOF-
derived

MOF-
derived

MOF-
derived

MOF-
derived

MOF-
derived

MOF-
derived

Single atom
catalyst

Single atom
catalyst

Single atom
catalyst

Single atom
catalyst

Single atom
catalyst

Single atom
catalyst

Single atom
catalyst

Single atom
catalyst

Co/C09Ss@CNT

Bao.sSrosCoosFen.20
3 perovskites

Co-MOF/
LaCo0s-s hybrid

CoO/CoxP Trimurti
Heterostructured
Hybrid

Ni1Coz@
N-CNTs

NisFe/
Co-N-C

Co-NCS@nCNT

C0304/Co@NC

N-doped CNT
matrix

Co single
atoms@NC

P—-O-doped single
atom Fe-N-C

Single atom FeCo/
N-doped HCS

Fe-Nx-HCS

Co single atoms-
Co304@ N-doped
active carbon

Single-atom Co-Nx-
C

Single atom Fe/N-G

Co single
atoms@NC

1.44

1.44

14

1.446

1.39

1.42

15

15

1.4

1.41

1.43

1.42

1.45

14

14

1.41

185

126

123

98.2

68

90

124

220

109

86.7

154

164

78

120

20.9

721.6

798

797

819.6

422

721

0.75(5
mAcm?)

0.83 (5
mAcm?)

0.67 (5
mAcm?)

0.86 (5
mAcm?)

071 (5
mAcm?)

0.75 (10
mAcm?)

0.89 (5
mAcm?)

0.94 (10
mAcm?)

085
mAcm?)

071
mAcm?)

0.77 (10
mAcm?)

0.88 (5
mAcm2)

1(10
mAcm2)

0.77 (10
mAcm2)

1.04 (2
mAcm2)

0.78 (10
mAcm2)

0.45 (10
mA cm-?)

50 cycles,
2000 h (5
mAcm?)

1800 cycles,
300h (5
mAcm?)

120h (5
mAcm?)

66.5%

400 cycles,
202h (5
mAcm?)

200h (5
mAcm?)

65 h (10
mAcm?)

64.3%

480 cycles, 66.6%
80h(5
mAcm?)
3600 cycles,
600 h (10
mAcm?)
4800 cycles,
1600 h (5
mAcm-?)
17h(1
mAcm-?)

20 h (10 61%
mAcm-?)

300 cycles,
100h (5
mAcm2)

58 h (10
mAcm2)

35h (10
mAcm2)

200 cycles
79h(2
mAcm2)

240 cycles
(10 mAcm-
%)

42 h, 125
cycles (10
mA cm?)

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[119]

[120]

[149]

[150]

[151]

[152]

[153]

[154]
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! The discharge-charge voltage gap refers to the difference between the charge voltage and the
discharge voltage plateaus during galvanostatic cycling. Some of the voltage data are derived
from the figures when not reported in text by the authors.

3.4 Hybrid Zinc Battery

Despite the development of bifunctional oxygen catalysts, the working voltage of zinc-air batteries
is still limited to a maximum theoretical value of 1.66 V only. As a result, there has been an
increasing number of recent studies on hybrid Zn batteries, which combine the Zn-air reaction with
other Zn-ion systems such as Zn-Ni, Zn-Coz0s, and Zn-Ag reactions to raise its theoretical
potential. These Zn-ion batteries exhibit higher working voltages due to the higher potential of the
metal-based cathode material as compared to ORR/OER at an air cathode, even though their
theoretical capacities are lower. Therefore, when integrating both reaction mechanisms, hybrid Zn
batteries could benefit from both a high operating voltage from the Zn-ion reaction and a superior
capacity from the Zn-air reaction [155].

Similar to a Zn-ion battery, a hybrid Zn battery is composed of a Zn anode, an electrolyte, and a
cathode that contains an active material. Yet, instead of employing a closed system, the cathode of
a hybrid Zn battery is exposed to air, which provides oxygen access for the Zn-air reaction. In this
way, the active reactant for the Zn-ion reaction could simultaneously function as an oxygen
catalyst for the Zn-air reaction, thereby integrating the two battery systems without the need for
extra components [156]. Thus, an ideal active material should possess a high cathodic potential for
the Zn-ion reaction and also excellent catalytic activities for the ORR and OER.

As a result, transition metal compounds such as Ni-, Co-, and Ag-based oxides and sulfides gained
tremendous attention as promising cathode materials for hybrid Zn batteries. Ni- and Co-based
active materials typically exhibit higher OER activities but lower ORR activities and poorer
electrical conductivity than Ag [155]. However, a recent study by Wang et. al. suggested the use
of NiCo.S4 as active material, which possesses a much higher electrical conductivity than pure Ni
or Co derivatives such as Coz04 and NiO. Using NiCo2S4 nanotubes grown on 3D N-doped carbon
as cathode, the resulting hybrid Zn battery is able to deliver a high working voltage of 1.75 V with
a superior specific capacity of 626 mAhg [157].

Hybrid Zn batteries typically exhibit multiple discharge voltage plateaus corresponding to the
distinctive Zn-ion and Zn-air reaction mechanisms. In the above study, the 1.75 V plateau

originates from the Zn-NiCo,S;4 reaction, while a subsequent plateau of 1.08 V corresponds to the
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Zn-air reaction [157]. Another example is the Zn-Ag/ Zn-air hybrid battery developed by Tan et.

al, which displays two-step voltage plateaus of 1.85 and 1.53 V as Ag undergoes two valence states

2Ag0O + H20 + 26" & Ag20 + 20H" (5a)

Ag20 + H20 + 2e” > 2Ag + 20H" (5b)

(Equations 5a-b), then a 1.25 V plateau corresponding to the Zn-air reaction. At the same time, the
hybrid battery delivers a high discharge capacity of 800 mAhg™ which exceeds that of a Zn-Ag
battery alone [158]. Taking advantage of the higher voltage enabled by the Zn-ion reaction, hybrid
Zn batteries exhibit a higher energy density and energy efficiency than conventional Zn-air
batteries. Due to the high intrinsic electrical conductivity of Ag, the battery also benefits from a
higher utilization ratio of catalytic material, leading to superior capacity.

Table 4 summarizes the recent developments of hybrid Zn batteries, showing the high operating
voltages of 1.6-1.9 V and high energy efficiencies of 60-85% as they maintain remarkable
discharge capacities and energy densities. Long operating lives of more than 1000 cycles were also
achieved in many of these contributions, particularly in the Zn-NiCo2S4/ Zn-air hybrid battery
developed by Li et. al., which delivered 5000 stable cycles over more than three months [159].
However, this recent trend in hybrid Zn batteries comes with its own hurdles. Although the
working discharge voltages of the hybrid Zn batteries are higher than that of conventional Zn-air
batteries, they are still largely hindered by the limitations of the cathode material, such as the poor
utilization rate and insufficient catalytic activities. In order to achieve a breakthrough in the
performance of hybrid Zn batteries, transition metal derivatives must be further explored and
engineered through electronic tuning and structural alterations. The loading and material choice of
the cathode must also be carefully optimized to balance its contribution in both the Zn-ion and Zn-
air reactions. Furthermore, comprehensive characterizations are essential to evaluate the
mechanisms of distinctive reaction stages during battery cycling, such that any unwanted parasitic

reactions could be systematically addressed.
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Table 4: Literature selection of hybrid Zn-ion/ Zn-air batteries published in the last 5 years

Hybrid system Discharge Discharge  Energy Discharge-charge  Cycling Round trip  Ref.
voltage capacity density voltage gap (V) stability @ efficiency
plateaus (V)  (mAhg?') (Whkg?') @ current current

density! density!

Zn-NiCo2S4/ Zn-air 1.75, 1.08 626 688 0.75 (1 mAcm?) 400 cycles, [157]
400h (1

mAcm2)

Zn-NiCo2S4/ Zn-air 17,10 688 1.0 (5 mAcm™?) 5000 cycles, 60% [159]
2160 h (5

mAcm2)

Zn-Ni/ Zn-air 17,11 1.0 (20 mAcm?) 1100 h (20 78% [160]
mAcm2)

Zn-Ag/ Zn-air 1.85, 1.53, 800 944 1.07 (10 mAcm2) 100 cycles 68% [158]
1.25 (10 mAcm™2)

Zn-Ag/ Zn-air 18,1511 1.0 (20 mAcm?) 1700 cycles, 85% [161]
551 h (20
mAcm2)

Zn-Co0304-x/ Zn-air 192,11 800 1060 0.8 (5 mAcm™?) 1500 cycles, [162]
440 h (5

mAcm2)

Zn-Co304/ Zn-air 1.6,1.05 771 1.2 (10 mAcm™) 1000 cycles,  70% [163]
333h (10

mAcm2)

Zn-Co304/ Zn-air 1.75,1.11 711 810 0.8 (1 mAcm™?) 600 cycles, [164]
600 h (1

mAcm-?)

Zn-CoaxNixO4/ Zn- | 1.67, 1.10 812 922 0.7(5mAcm?)  200cycles,  62% [165]
air 200h (5
mAcm?)

Zn-NisSo/ Zn-air 17,11 1105 1.0 (10 mAcm?) 300 h (10 [166]
mAcm2)

Zn-Ni-Co/COOH/ 1.7,1.0 146 945 1.0 (4 mAcm?) 333 cycles, [167]
Zn-air 100 h (4 mA
cm?)

! The discharge-charge voltage gap refers to the difference between the charge voltage and the
discharge voltage plateaus during galvanostatic cycling. Some of the voltage data are derived from

the figures when not reported in text by the authors.
4. Future Perspectives

Recent advancements have brought rechargeable Zn-air batteries closer to the market, but currently,
most batteries could only cycle for a few hundred hours, with a round-trip energy efficiency of
around 60-70%. In some cases, the power densities are insufficient, while the discharging and
charging overpotentials are still significant. Besides, most of the reported batteries are cycled with

a low depth-of-discharge only, which minimises material degradation and slows down capacity



40

fading in the cell [168]. Such condition unrealistically exaggerates both the reported cycle life and
energy density, which fail to reflect the battery’s practical operating performance. In order to
replace Li-ion batteries as the power source for electric vehicles and consumer electronics, Zn-air
batteries must reach superior long-term cyclic performances under practical operating conditions,
which calls for further research and optimization. Some of the most promising research directions
include alternative electrolytes, advanced catalysts, and hybrid Zn batteries, which have already
enabled longer periods of stable cycling, up to a few thousand hours. Nevertheless, each strategy
has its own limitations, for example compromising conductivity, adding complexity, and
increasing costs. More importantly, the limited knowledge of the underlying mechanisms is a
common problem across many of these recent advancements, which acts as the main bottleneck
hindering new research breakthroughs.

First of all, a more rational design framework of bifunctional oxygen catalysts is strongly desired
over trial-and-error iterations in the future. To this end, MOFs and single atom engineering are
promising research directions that could pave the way for the systematic optimization of catalysts.
Therefore, future studies should expand the limited understanding of the precise formation
mechanisms behind MOFs to enable a more methodical tuning of catalyst materials. Upcoming
research efforts should also focus on the stabilization of high-loading single atom catalysts, which
is the main obstacle hindering their practical fabrication currently. It is also worth exploring other
innovative design ideas, including photoactive catalysts that make use of solar energy, which could
increase reaction kinetics and battery efficiency, especially for outdoor applications under
sufficient sunlight [169].

The material optimization of bifunctional oxygen catalysts has dominated most of the latest
research publications on Zn-air batteries. Thus, this perspective strongly encourages more research
contributions on electrolyte development, which arguably exerts an even stronger impact on the
fundamental mechanisms of a Zn-air battery. For example, neutral electrolytes could completely
bypass the traditional alkaline-based parasitic reactions limiting the cycle life of Zn-air batteries.
Since the battery’s energy efficiency is strongly influenced by the parasitic reactions, electrolyte
oxidation, and internal resistance in the battery cell, the development of advanced electrolytes
plays a major role in generating a high-energy Zn-air battery. While studies on quasi-neutral
electrolytes such as water-in-salt systems are growing, available literature is still scarce and their

specific applications in Zn-air batteries are still limited. To advance their development, it is crucial
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to gain an in-depth understanding of the anode reversibility mechanism and oxygen redox
chemistries in the different types of electrolytes, including salts and ionic liquids containing
different anion species. In the same way, studies on additive materials also suffer from the same
problem of insufficient characterization information. To concurrently improve the performance of
alkaline-based Zn-air batteries, it is essential to investigate the precise effects of each type of
additive through thorough characterizations and analyses rather than blind experimentation.

In addition, future efforts in mathematical modelling and dynamic simulations could help expedite
research progress in both the electrodes and electrolyte. By emphasizing the efficient screening of
new materials and design strategies, modelling contributions could effectively eliminate
unfavorable options without time-consuming trial-and-error experimentation. In turn,
experimental investigations should provide abundant and accessible data to support and validate
these models.

Next, it is worthwhile to mention that quasi-solid-state batteries have emerged as another
promising future prospect of rechargeable Zn-air batteries, inspired by recent developments such
as sponge-like electrodes and polymer gel electrolytes. Due to their high energy density, intrinsic
safety, and long lifespan, solid-state batteries are considered the next-generation power source
after traditional liquid batteries [170]. Apart from powering flexible wearable devices, solid-state
batteries provide excellent prospects in electric vehicle applications. Toyota plans to unveil an
electric vehicle prototype powered by solid-state batteries with an ultrafast charging time and 500
km driving range in 2021, while other car manufacturers and startups have also announced solid-
state battery production goals by 2025 [171]. The development of quasi-solid-state Zn-air batteries
is still at an early stage, and their performances are currently more suitable for low-power wearable
devices, but they could hold great promise for future applications in the growing EV industry.
Finally, efficient battery fabrication plays a vital role in the future commercialization of Zn-air
batteries. In recent years, advanced manufacturing techniques such as 3D printing and laser
processing have emerged [172], giving rise to the development of 3D-printed porous electrodes
[173] and paper-based Zn-air batteries [174], and opening up future possibilities for low-cost,
scalable battery assembly. An interesting concept of hand-drawn printable batteries has also been
proposed to facilitate customizable devices for on-demand fabrication [175]. However, to increase
the prevalence of Zn-air batteries in EVs and grid-scale applications, the manufacturing process

must be efficient and scalable while maintaining cost-competitiveness, which is a critical challenge
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currently. Therefore, continuous research efforts in the electrode, electrolyte, and bifunctional
oxygen catalyst are necessary with a strong emphasis in cost optimization and fabrication

efficiency.
5. Summary and Outlook

Substantial progress has been made on the advancement of rechargeable Zn-air batteries in recent
years. Structural modifications in the anode and the application of additives have successfully
mitigated adverse water-induced reactions, while the use of polymer gels, flow battery system, and
alternative electrolytes helped impede carbonate formation and water evaporation, prolonging the
rechargeability of the Zn-air battery from a few hundred cycles to a few thousand cycles. Moreover,
the material and engineering development of bifunctional oxygen catalysts at the air cathode have
gained the most research attention, accelerating the electrochemical kinetics of the redox reactions,
and achieving energy efficiencies up to 70%. These strategies have opened new avenues in
advanced electrodes and electrolytes, inspired the development of solid-state batteries and hybrid
Zn batteries, and paved the way for a more rational design of bifunctional oxygen catalysts.

However, the latest performances of Zn-air batteries are still inferior to state-of-the-art Li-ion
batteries. Critical challenges remain, for example in the poor conductivity of polymer gel materials
in solid-state electrolytes, and the high cost of ionic liquids. The uncertain battery mechanisms
under quasi-neutral electrolytes, the difficult synthesis of high-loading single atom catalysts, and
the added complexity in hybrid Zn batteries are other bottlenecks hindering their development. To
enable the widespread adoption of rechargeable Zn-air batteries, future research directions should
particularly focus on the systematic experimentation of alternative electrolytes, rational catalyst
engineering, accurate mathematical modeling, and low-cost, efficient manufacturing. The demand
for a safe, affordable, and high-performing rechargeable battery technology is surging in the
energy and electronics industries. To meet this change, there is an urgent need to accelerate the

research and development of rechargeable Zn-air batteries.
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