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Abstract: Metal–air batteries are a promising technology that could be used in several applications,
from portable devices to large-scale energy storage applications. This work is a comprehensive review
of the recent progress made in metal-air batteries MABs. It covers the theoretical considerations
and mechanisms of MABs, electrochemical performance, and the progress made in the development
of different structures of MABs. The operational concepts and recent developments in MABs are
thoroughly discussed, with a particular focus on innovative materials design and cell structures.
The classical research on traditional MABs was chosen and contrasted with metal–air flow systems,
demonstrating the merits associated with the latter in terms of achieving higher energy density
and efficiency, along with stability. Furthermore, the recent applications of MABs were discussed.
Finally, a broad overview of challenges/opportunities and potential directions for commercializing
this technology is carefully discussed. The primary focus of this investigation is to present a concise
summary and to establish future directions in the development of MABs from traditional static to
advanced flow technologies. A systematic analysis of this subject from a material and chemistry
standpoint is presented as well.

Keywords: metal-air battery; metal–air flow batteries; cell design; applications; challenges

1. Introduction

Researchers and politicians are becoming increasingly focused on energy storage as the
awareness of the environmental implications that come with relying on fossil commodities
and the reliability and long-term durability of electricity networks increases across the
globe. Energy storage can assist in resolving the issue of intermittency associated with
wind and solar power; in some cases, this can react quickly to substantial demand changes,
allowing the grid to respond more rapidly and reducing the need to implement backup
power plants. Energy storage is becoming increasingly popular. The efficiency of an energy
storage facility is defined by the speed with which it can react to changes in demand, the
total amount of energy it can store, the rate at which energy is lost throughout the storage
process, and the ease with which it can be recharged. Solar PV only provides electricity
during the day, at its most productive. Every day brings a new level of total output. Wind
energy output is erratic, yet it may be spread around the world. On the other hand, average
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performance may vary significantly; for example, in one area of Germany alone, there
can be an almost 20 GW difference in performance over the course of a day [1]. Because
of the intermittent development of renewable energy, it is difficult to maintain a stable
equilibrium in terms of supply and demand. The shutdown of traditional power facilities
reduces the capacity to regulate frequency, and so energy storage is necessary. Energy
storage may also be used to meet the demand for energy at peak periods, such as when air
conditioners are turned on in the summer or when homes switch on lights and appliances
in the evening. Electricity becomes more expensive when power plants are forced to boost
output to satisfy the increasing demand for energy during peak hours. Energy storage
improves grid efficiency by allowing utilities to buy power during off-peak hours when
energy is cheaper and sell it back to the grid when energy is more in demand [2–4], thus
increasing system efficiency.

Among the different available energy storage devices, batteries have several advan-
tages, such as high efficiency, and are available in different sizes [5]. The evolution of
batteries can be traced back to the 1800s when physicist Alessandro Volta conceptualized
the development of this technology. A battery is a device that is functional via electro-
chemical reactions in a cell or several cells connected in series [6,7]. The primary function
of a battery is to store power via an electrochemical medium [8]. The three main compo-
nents of the electrochemical cell are: an anode, a negative electrode (Reducing electrode
where oxidation happens); a cathode, a positive electrode (Oxidizing electrode where
reduction happens); and an electrolyte [9], which facilitates ion transfer between the two
electrodes. An oxidation reaction, i.e., electron loss, occurs on the anodic electrode. The
released electrons, having gained excitation, become mobile and flow via a circuit to the
cathodic electrode, where reduction occurs. On the other hand, the charges flow freely
between the electrodes of the battery via the electrolyte [10]. Batteries are subdivided
into primary and secondary batteries. Non-rechargeable batteries, often called primary
batteries, are designed not to be recharged once they discharge energy [11]. However, it
has been reported [12,13] that these batteries are tiny, light, cheap, and straightforward
sources of electricity that are appropriate for a wide range of portable equipment. On
the other hand, a secondary battery is rechargeable, since it may be electrically recharged
after it has been discharged [14,15]. This is because secondary batteries operate based on
the reversible redox reactions, and the reversible reactions realize the charge-discharge
functions. Secondary batteries, such as lithium-ion, lead-acid, zinc-air, nickel-cadmium,
etc., can be recharged several times. The following table (Table 1) summarises the crucial
aspects of the common types, i.e., Li-ion, lead-acid, and redox flow batteries.

Metal-air batteries (MABs) are one kind of battery that is both safer and has a higher
energy density than other types. The utilization of oxygen from ambient air as a cathode
source has the additional benefit of lowering the cost and weight of the MAB considerably.
Furthermore, the anode of the MAB may be constructed from low-cost materials [16].

Table 1. The mean features of the common batteries, i.e., Li-ion, lead-acid, and redox flow batteries.

Battery
Type Power

Energy
Density
(Wh/Kg)

Operating
Voltage (V)

Discharge
Time, h

Cost
($/kWh)

Life Time at
80% DoD *

Cycles

Main
Advantage

Main
Disad-

vantage

Energy
Efficiency % Ref.

Li–ion 1 kW–1 MW
100–200

(150–
200 Wh/L)

3.6–4 0.1–10 800 (2006)
268 (2015) 4500–8000 High

energy
Poor

safety 93 [17–19]

Lead–
acid 1 kW–10 MW 20–40

(50–70 Wh/L) 2.1 0.01–1 150 200–2000 Low cost Short life
cycle 85 [17,19,

20]

Redox
flow

100 kW–
80/90 MW

2–32
(25–30 Wh/L) 1.4 1–10 223 2000–4000 Flexible

design

Low
energy
density

82 [2,21,22]

* Dod: depth of discharge.

An electrolyte (aqueous or non-aqueous) and a bi-functional air electrode are the
primary components of a metal-air battery. Metal electrodes include zinc, lithium, mag-
nesium, aluminum, and other metals. This device’s fundamental working concept is to
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electrochemically reduce O2 from the air and oxidize the metal electrode, resulting in the
formation of solid metal oxides that may be recycled. Compared to Li-ion systems, this
method allows for substantial reductions in both the volume and weight of the battery. The
theoretical energy density and specific energy of metal-air systems are shown in Figure 1,
which provides a comparison of these values.
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Figure 1. Theoretical energy density and specific energy (including oxygen) of commonly researched
metal-air batteries [23].

It has been shown that in certain non-ideal situations, the precipitation of the solid
discharge product may consume active electrolyte components, lowering the energy density
that can be achieved [24]. The investigation of a wide range of metal-air chemistries
is continuing. Mg-air systems are attractive because of the uniform deposition of Mg
metal [25–27], but the corrosion of the Mg electrode severely restricts aqueous Mg-air
batteries. Several ionic liquid electrolytes have been suggested for use in magnesium-air
systems. Still, they all suffer from electrochemical instability [28], especially noticeable
during charging, and the cell’s reversibility is restricted. Al-air is another intriguing
candidate to consider. As an available and safe element, aluminum is used in the production
of Al-air batteries, which provide both a high theoretical energy density and high specific
energy values [29–31]. A combination of sodium’s abundant natural supply and safety,
as well as its characteristics that are similar to lithium, has fueled research into Na-air
batteries [32–34]. The development of these systems is still in its stage. Si-air batteries have
also received a lot of attention recently [35]. They have a high theoretical energy density
and are stable in electrolytes, including aqueous solutions. However, the reversibility of the
solid discharge product, precipitation, and pore blockage are all issues that are presently
being addressed in experimental investigations of Si-air systems in both ionic liquid and
alkaline electrolytes. Li-air and Zn-air are two of the most promising metal-air systems
now under study [36,37], with Li-air being the most promising. Lithium-air batteries
(LABs) have been studied for decades [38], but they have only recently emerged as a highly
explored subject in the scientific community. The electrolyte has proven to be a stumbling
block in the advancement of LAB technology. The aprotic (non-aqueous) and aqueous
electrolyte combinations used in Li-air systems are the most often seen. The use of mixed
electrolyte systems has been suggested. The first wave of LAB investigation concentrated
on aprotic electrolytes, which was the start of the wave. Using the aprotic Li-air system
(LiPF6 in ethylene carbonate (EC)), Abraham et al. [39] suggested an overall reaction
resulting in the formation of Li2O2 or Li2O, which was published in 1996. Carbonate
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solvents were used in the first generation of aprotic Li-air cells; however, it has subsequently
been shown that carbonate solvents are unstable, releasing lithium carbonates during
discharging and emitting CO2 during charging [40]. In recent years, carbonate electrolytes
have mostly been phased out in favor of ether and ester solvents in conjunction with
lithium salts. The precipitation of Li2O2 poses a second difficulty for LABs in aprotic
electrolytes, which presents the third obstacle. When this solid precipitates in the cathode,
it may create a thick layer over the carbon surface, preventing electrons from transferring
between it and the anode. It is possible that whole pores in the cathode may become closed
as precipitation proceeds, resulting in the electrode being passivated and reducing the
cell’s capacity. Finally, it has been shown that oxygen transport in aprotic electrolytes may
be a difficult component to control in LAB effectiveness, particularly at higher current
densities [41]. This has prompted researchers to draw lessons from the success of the gas
diffusion electrode in fuel cells and to continue studies of LABs using aqueous electrolytes
as an alternative. It is widely known that Li metal interacts strongly with water, which
has traditionally restricted aqueous electrolytes in Li-air systems. However, the usage of
aqueous electrolytes has recently been expanded. When a glass-ceramic layer over the Li
electrode was successfully suggested in 2004, it allowed for the electrochemical process to
continue while also protecting the metal electrode [42]. In alkaline aqueous electrolytes,
the discharge product is LiOH H2O rather than Li2O2, indicating that the electrolyte is
alkaline. These systems allow for LiOH to precipitate at the separator–anode interface,
which lowers the danger of pore-clogging in the cathode, which has been seen in aprotic
laboratory systems. While in the presence of air, dissolved CO2 interacts with OH– to create
carbonates, which gradually decreases the conductivity of the electrolyte and shortens
its lifespan. When exposed to water, dissolved CO2 reacts with OH– to form carbonates,
which further shortens the cell’s lifetime. Many theoretical studies have highlighted the
impressive possibilities of these systems [42], and the company International Business
Machines (IBM) has sought the expansion of LABs for industrial purposes. IBM has
also pursued the growth of LABs for commercial applications. Even though there are
still major difficulties [43,44], the future of LABs seems bright. Zinc-air batteries (ZABs)
are the only completely developed metal–air system now available, and they have been
successfully marketed as primary cells for many decades. Hearing aids, for example, are a
low-current application that they are particularly suited for. Their lifespan and electrical
rechargeability, on the other hand, are both limited [45]. One significant benefit of Zn as an
electrode material is that it is stable in water, unlike Li, which is a significant advantage.
Alternate near-neutral aqueous [46] and ionic liquid electrolytes have been suggested
in an attempt to enhance the rechargeability of ZABs. Current research continues to be
focused on material development to overcome the lifespan limits of these systems and cell
engineering to enhance the effectiveness of the system. However, although some obstacles
persist, the advancement of secondary ZABs has progressed to the point where they may be
feasible for stationary storage applications. Some start-ups, such as Eos Energy Storage and
Fluidic Energy [47], are working to commercialize the innovation. Zn-air systems provide
one of the most rapid and dependable routes to today’s practical secondary metal-air
battery systems.

2. MABs’ Theoretical Considerations and Mechanisms

As a result of the oxygen being kept outside the battery, MABs are a viable choice
among several other types of energy storage devices. The oxygen-evolution reaction (OER)
and the oxygen-reduction reaction (ORR) are the two processes related to oxygen. Generally
speaking, MABs function in an open system [48]. The components are represented by
the schematic design seen in Figure 2. This system comprises three basic parts: a metal
anode, a porous air cathode, and an electrolyte that separates the two electrodes from one
another. As implied by the name, the anode material of a metal-air battery is composed
of metals such as lithium Li, sodium Na, iron Fe, zinc Zn, and other elements. There are
many types of electrolytes available [49]. They include: aqueous electrolytes, non-aqueous
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(aprotic), solid-state, and hybrid electrolytes. Because of their extraordinary sensitivity to
water, lithium-air, potassium-air, and sodium-air batteries were often used in non-aqueous
systems. While anodes composed of magnesium, aluminum, iron, or zinc are compatible
with aqueous electrolytes, these aqueous systems need the addition of a hydrophobic
protective layer to prevent electrolyte leakage [48].
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In MABs, metal changes into ions on the anodic electrode, while the oxygen transforms
into hydroxide ions at the cathodic electrode. This is in contrast to the operating approach of
a conventional ionic battery, which sees metallic ions transition from the anode to cathode.
The diffusion of oxygen into the MAB occurs via a layer known as the gas diffusion layer.
The behavior of oxygen in an aqueous electrolyte medium differs from that of oxygen in a
non-aqueous electrolyte, as depicted in Figure 3.
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During the transition of the metal into metallic ions, electrons are produced, and the
metallic ions subsequently dissolve into the electrolyte. During a charging operation, all of
these steps are reversed. The reaction formulae for several MABs are shown in Table 2.
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Table 2. Cathode, anode, and overall reactions of metal–air batteries.

Metal Anode Electrolyte Anode Reaction Cathode Reaction Overall Reaction Ref.

General M � Mn+ + ne− O2 + 2H2O + 4e− � 4OH− [16]

Iron Fe

Alkaline
aqueous

Fe + 2OH− �
Fe(OH)2 + 2e−

3Fe(OH)2 + 2OH− �
Fe3O4 + 4H2O + 2e−

O2 + 2H2O + 4e− �4OH−

2O2 + 3Fe �
Fe3O4

[51]

Aluminum Al Al + 4OH− �
Al(OH) 4−+3e−

3O2 + 2Al �
Al2O3

[32]

Zinc Zn

Zn + 4OH− �
Zn(OH)2−

4 + 2e−

Zn(OH)2−
4 �

ZnO + 2OH− + H2O

O2 + Zn � ZnO [52]

Lithium Li Non-
aqueous Li � Li+ + e−

O2 + e− � O−2
O−2 + Li+ � LiO2

LiO2 + Li+ + e− � Li2O2

O2 + Li � Li2O2 [53]

2.1. Cell Potential

The cell potential is determined by calculating the potential difference between the
anodic and cathodic electrodes, as shown in the following equation [54,55]. The resulting
value is expressed as a volt unit (V), as shown in Equation (1).

Eo
cell = Eo

Red,Cathode − Eo
Red,Aonde (1 M and 1 bar) (1)

If the standard circumstances are altered, the Nernst equation may be used as a
guideline to calculate:

E = Eo − RT
nF

lnQ (2)

which is derived from Gibbs free energy

∆G◦ = −nFE◦ = ∆H◦ − T∆S◦ (3)

This is calculated using the balanced reaction equation and thermodynamic tables.
When ∆G is a positive value, it implies the reaction requires external energy (nonsponta-
neous reaction), while when it is a negative value, the reaction can occur in the absence of
external energy (spontaneous reaction) [54–56].

2.2. Energy Efficiency

The energy efficiency of a rechargeable battery is subdivided into three parts. First, the
charging energy efficiency ηcharg, which is equal to the net energy ∆Qn divided by charge
energy Qin , as calculated as follows

ηcharg =
∆Qn

Qin
(4)

Qin =
∫ SOC(t)

SOC(0)
UchargeCndSOC (5)

∆Qn=
∫ SOC(t)

SOC(0)
UOCVCndSOC (6)

SOC(t) = SOC(0)−
∫

Idt
Cn

(I is positive when discharging the battery) (7)
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which SOC refers to the state of charge, U is the battery voltage and Cn is the battery
standard capacity. Secondly, the discharging energy efficiency;

ηdisch =
Qout

∆Qn
(8)

where the discharge energy is

Qout =
∫ SOC(t)

SOC(0)
UdischCndSOC (9)

Finally, the charge-discharge energy efficiency is given as

ηbattery =
Qout

Qin
(10)

The charge energy Qin and discharge energy Qout can be calculated from the automat-
ically recording data of the voltage, current, and time [57].

3. Electrochemical Performance of MABs

From the results of many tests, many kinds of metal utilized in MABs, such as Zn-air,
Fe-air, Al-air/Al-O2, Li-air/Li-O2, and Si-air batteries, may offer medium-specific power
and good specific energy. Additionally, as depicted in Figure 3, the prospective efficiency of
MABs was contrasted with that of Li-ion (LIB) as well as metal-sulfur batteries. The specific
energy supplied by prospective MABs, advanced metal-S batteries, and LIBs ranges from
500 to 1500 Wh/kg Me, up to 500 Wh/kg, and 200 to 300 Wh/kg, respectively, in terms
of specific energy. While the specific power provided by prospective MABs, advanced
metal–S batteries, and LIBs range from 0.1–1 kW/kg Me, up to 1 kW/kg, as well as up to
10 kW/kg. The specific power delivered by MABs, advanced metal–S batteries, and LIBs
ranges from 0.1–1 kW/kg Me. The numbers on the right-hand side of Figure 4 reflect the
possible future effectiveness of certain MABs [58], which are not yet available.
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Although a Li-air battery showed a high OCV of 2.91 V and high theoretical energy
density, its lifetime was short, as it failed after two cycles due to the corrosion of the lithium
anode by the electrolyte. A Na–air battery fabricated using a 3D tin sulfide nano-petals
cathode showed a high round trip efficiency of 83%, a low overpotential gap of 0.52 V,
good rechargeability (40 cycles), and a high power density of 300 W/kg [59]. The good
performance was related to the 3D tin sulfide cathode that provides active sites for efficient
diffusion of electrolyte and air [59]. An Al–air battery had an OCV of 1.2 V, the theoretical
energy density of 2.98 Ah/g, and specific energy of 200 Wh/Kg [31]. The specific capacity
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of an Al–air battery with a chitosan hydrogel membrane and 10% SiO2 achieved a specific
capacity of 288.5 mAh/g at 1 mA/cm2 due to the generation of SiO3

2−, which is considered
a corrosion inhibitor [60]. Additionally, an Mg–air battery showed a specific energy density
of 3.9 kWh/Kg and a theoretical volumetric density of 14 kWh/L [28]. Adding vanadate
or phosphate as a corrosion inhibitor to the NaCl electrolyte significantly improved the
performance of Mg-air batteries, and phosphate showed a stronger inhibiting effect than
vanadate [61]. Zinc is a cheap and abundant metal; thus, the cost of ZABs is quite low. A
Zn-air battery realized a theoretical energy density of 0.82 Ah/g. A Zn-air battery with
Co-MOF as cathode catalyst achieved a power density of 86.2 mW/cm2 and outstanding
charge-discharge performance [62]. Additionally, a Zn–air battery with Ni3Fe/N-S-CNT as
the cathode electrocatalyst achieved 180 mW/cm2 (power density) and long-term stability
for 500 h [63]. A Fe-air battery had a specific charge capacity of 300 Ah/Kg, the theoretical
open-circuit voltage of 1.28 V, charge efficiency of 96%, voltage efficiency of 40%, and
energy efficiency of 35% [51]. A 3D-printed Fe-air battery with nanocomposite electrodes
and showed a cell voltage of 0.76 V, the maximum charge capacity of 814 mA h/g at
10 mA/cm2, and an energy density of 453 Wh/Kg [64]. The Sn–air battery is another
type of metal-air battery, with an OCV of 0.95 V and 860 Wh/Kg specific energy. A Sn-air
battery operated at room temperature with an electrolyte of methane sulfonic acid and
polyacrylamide gel achieved a maximum power density of 5 mW/cm2 at 12 mA/cm2

for 24 h [65]. The following table (Table 3) summarizes the main differences between the
reported MABs.

Table 3. Shows a comparison among the different available metal-air batteries.

Type Calculated
OCV (V)

Practical Energy Density
(Wh/Kg)

Metal Cost
($/kg)

Efficiency
(Discharge), %

Capacity Density
(mA h/g) Ref.

Fe/Air 1.28 50–75 0.4 96 300–786 [51]
Zn/Air 1.65 350–500 1.85 - 300–875 [52,66]
Mg/Air 2.93 400–700 2.75 - 737−2131 [28]
Al/Air 2.71 300–500 1.75 70 260–2777 [31,67,68]
Na/Air 2.27 1600 1.7 - - [69]
Li/Air 2.96 1700 68 68–94 3842 [70–73]
Sn/Air 0.95 - 21 70–90 - [69,74]

4. Anode of MABs

Since the invention of the first metal-air battery, the zinc-air battery, in 1878, a great
deal of development and study has been carried out, and Figure 5 displays a summary of
some of these advancements [75]. Many metals, including zinc, aluminum, iron, lithium,
sodium, potassium, and magnesium, may be used as anodes in MABs. Each metal has
its own set of benefits and drawbacks when it comes to being used as anode electrodes.
The energy density of LABs is the greatest theoretically possible (11,140 Wh/kg) among
the many kinds of MABs; however, obtaining rechargeable LABs (LABs) is difficult. On
the other hand, metals such as zinc (0.82 Ah g(−1), magnesium (2.20 Ah g(−1), as well as
aluminum (Al) are ecologically benign, plentiful, commercially viable, as well as reasonably
safe. Furthermore, Al is readily available for recycling in massive amounts, and it has a
higher energy density (8.1 kWh·kg(−1)), as well as a significant theoretical voltage (2.7 V).
As a result, AABs are considered to be the second most energy-dense battery after Li.

The chemical activity of the anode determines the discharge capacity of the anode.
Because of the high activity of the metal, a side reaction with various components of the
electrolyte may occur that cannot be avoided. These reactions may occur at different rates
and have varying effects on battery efficiency, subject to the purity of metal and the storing
conditions [28]. A list of theoretical specific energies for each kind of metal-air battery is
provided in Table 4, with the specific energy computed using the following formula:

WMe/MeOx = n × F × MMe/MeOx
−1 × Ucell (11)
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where W denotes the specific energy of the material, n denotes the number of atoms
that have been transported, M denotes the molar mass, whilst Ucell is the cell voltage.
Table 5 contains experimental findings [58], representing the most relevant results that
have been published.
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Table 4. Various types of MABs have different theoretical specific energies.

MAB
Energy

(
Wh kg−1

)
Voltage

(V)
Electrolyte Ref.

Including O2
Without O2

(Metal)

Li/Air (Li2O product) 5220 11,238 2.91 Non aqueous [76,77]

Al/Air
2784 8091 2.7 Aqueous [67]
3311 6258 2.1 Non aqueous [78]

Si/Air
3947 8461 2.21 Non aqueous [79]
2334 8001 2.09 Aqueous [80]

Ca/Air (CaO product) 2996 4186 3.13 Non aqueous [81]

Mg/Air 2848 6098 2.77 Aqueous [58]
3919 6493 2.95 Non aqueous [82]

Na/Air (Na2O2 product) 1601 2716 2.33 Non aqueous [83]
Fe/Air 764 1229 1.28 Aqueous [84]
Zn/Air 1086 1352 1.65 Aqueous [52]
K/Air 935 1700 2.48 Non aqueous [85]

Sn/Air (at 1000 K) 860 6250 0.95 Non aqueous [69]

Table 5. The recent experimental results of different MABs, adapted from [58].

MAB Discharge
Product Experiment Specific Energy

(
Wh kg−1

)
Condition Reversibility

Cycles
Voltage (V)

Ref.

Fe/O2 Fe(OH)2 453 Wh/kgFe [b,c,d,e] 3500 [b,d] 1.28
Zn/O2 ZnO >700 Wh/kgZn [a,c,d] >75 [a,c] 1.65
K/O2 KO2 ~19,500 Wh/kgCarbon [a,c,d] >200 [a,c] 2.48

Na/O2
Na2O2 ~18,300 Wh/kgcarbon [a,c,d] >20 [a,c]

2.33
NaO2 2.27

Mg/O2
Mg(OH)2 ~2750 Wh/kgcathode [a,c,d,f] <10 [a,c,d]

2.77
MgO 2.95

Si/O2
Si(OH)4 ~1600 Wh/kgSi [a,c,d] Not yet 2.09

SiO2 2.21

Al/O2
Al(OH)3 ~2300 Wh/kgAl [a,c,d] Limited

2.71
Al2O3 2.1

Li/O2
Li2O2 >11,050 Wh/kgcarbon [a,c,d] >250 [a,c]

2.96
Li2O 2.91

Conditions: a is anode sheet/foil, b is porous/particulate anode, c is full-cell measurements, d is 100% deep discharge, e is repeated
charge/discharge, and f is elevated temperature.
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Progress Done in the Anode of MAB

As discussed above, several metals, such as zinc, aluminum, iron, lithium, sodium,
potassium, and magnesium, can be used as anodes in MABs. Each metal has its advantages
and disadvantages. The Al–air battery has unique features, such as high energy density,
light weight, good recyclability, environmentally friendly, and cheap. Moreover, the
electrolyte can be an alkaline, salty, and non-aqueous solution [86]. Therefore, we will
focus in this section on the progress made in Al–air batteries.

The performance of an ultrafine-grain (UFG) aluminum anode produced by equal
channel angular pressing (ECAP) (Figure 6) in three distinct electrolytes (NaOH, KOH,
and NaCl) was studied at a constant discharge current of 10 mA cm−2. The cathode was
an air electrode with gas diffusion and catalyst (Ag powder) layers as a double-layer
structure, laminated with a current collector (Ni mesh). The UFG was also compared with
coarse-grained (CG) aluminum. The results shown in Table 6 indicate that the grain with
finer sizes enhanced the battery’s performance in alkaline electrolytes because of the active
dissolution of the aluminum anode. However, due to the local corrosion and the oxide film
blockage in NaCl electrolyte, the study results show that changing the Al anode grain to a
fine size has no effect on performance. The anode efficiency of CG and UFG in NaOH is
55.3% and 77.4%, respectively. Moreover, the energy density improved by 55.5% with a
finer grain size relative to CG, but the effect in NaCl and KOH solutions is not clear [87].
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Figure 6. Micrograph of Al anode (a) cast and (b) equal channel angular pressing (ECAP). Reprint
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Table 6. The characteristic performance of Al–air battery using different Al anodes at a current density of 10 mAcm−2, with
permission to reproduce from [87].

Electrolyte
Solution

Aluminum
Anode

Average Discharge
Voltage (v)

Capacity Density
(Ah/kg) Efficiency (%) Energy Density

(Wh/kg)

2 M NaCl
CG 0.398 2751 92.3 1097

UFG 0.387 2726 91.6 958.4

4 M KOH
CG 1.38 2439 81.7 3363

UFG 1.44 2475 83.1 3593

4 M NaOH
CG 1.397 1647 55.2 2428

UFG 1.532 2307 77.3 3524

Two aluminum anodes with different purity percentages were compared to examine
the impact of the impurity on the performance of the aluminum–air batteries. The tested
anodes were a 2N5 purity 99.5% and a 4N purity 99.99% grade aluminum anode. The
experimental results show that the 2N5 grade Al showed a lower battery performance
than the 4N grade Al due to the impurities that shaped the complex layer containing iron,
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silicon, cupper, and other elements. This impurity layer of 2N5 aluminum decreases the
battery’s voltage on standby status and depletes the battery efficiency and the discharge
current at 1 volt; however, lower voltages of 0.8 volts lead to the layer dissolving, and thus
the performance improved. The results at the two different applied potentials are shown
in Table 7. We can conclude that the impurity complex layer reduced with a declining
discharge voltage. This phenomenon improves battery efficiency and discharges current
density by reducing the self-corrosion reaction. Therefore, it is possible to use the cheaper
2N5 grade aluminum anode instead of 4N Al at the condition of high-power discharge for
aluminum-air batteries [88].

Table 7. Characteristics of 2N5 and 4N grade aluminum-air batteries at 1 and 0.8 V applied potentials,
with permission to reproduce from [88].

Voltage (V) Anode Electric
Capacity (C)

Electric
Capacity/Discharge (C) Performance (%)

1 V
4N grade Al 1467.23 751.30 50.92
2N5 grade Al 1991.22 377.47 18

0.8 V
4N grade Al 2211.13 1590.70 71.76
2N5 grade Al 2151.14 1625.61 75

Zinc is considered an effective alloying element for the anode of an aluminum-air
battery to increase the nominal cell voltage and decrease the self-corrosion rate. However,
a study found that Zn added to Al 99.7% purity anode decreased its discharge performance
due to the formation of Zn oxidation film. Additionally, to overcome this formation, indium
(In) was added to an aluminum-zinc anode, which showed improvement in the discharge
performance of Al–air batteries by reducing the resistance of zinc oxidation film via In ions.
Moreover, an Al-Zn-In alloy anode that is made of commercial-grade aluminum (99.7%
purity) has a cheaper cost than 4N grade aluminum (99.99% purity) [89].

5. MABs Electrolyte

As depicted in Figure 7 [16], the electrolyte for MABs may be aqueous, non-aqueous,
solid-state, or hybrid in nature. This section covers the recent progress made in the different
electrolytes used in MABs.
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5.1. Aqueous Electrolyte

Aqueous electrolyte possesses highly ionic conductivity. Additionally, it is attractive
for batteries with high power density. Additionally, water-based electrolytes are non-
flammable and low-cost. However, the aqueous electrolyte is more corrosive than an
organic solution. On the other hand, it has a limited water thermodynamic electrochemical
window. The range of its thermal application is narrower, as its performance at low
temperatures is limited by the freezing point [90]. Aqueous electrolytes can be grouped
into three solutions based on the pH number [16].

Alkaline: The alkaline electrolyte solution has a pH value above 7 and lower or equal
to 14, and is the most used electrolyte in the aqueous-based MABs compared to an acidic
electrolyte, due to its favorable ORR with lower overpotential and faster reaction kinetics.
However, when CO2 from the air environment interacts with this electrolyte, it forms a
carbonate surrounding the cathode. A high quantity of carbonate reduces the cathode’s
efficiency because it obstructs the pores of the positive electrode [16]. In addition, using
strong alkaline electrolytes is harmful to the environment. Zinc-air and aluminum-air
batteries usually use aqueous alkaline electrolytes. MABs with alkaline electrolytes can
afford better electrocatalysis activity of oxygen and higher resistance to metal corrosion
than neutral and acidic electrolytes. Examples of alkaline electrolytes include KOH, LiOH,
and NaOH; however, the most employed in MABs is the concentrated KOH solution, due
to it having the lowest viscosity and highest ionic conductivity [75].

The discharge behavior of the recently presented Si–air battery in the alkaline elec-
trolyte has been investigated using different concentrations of KOH electrolyte. Silicon–air
cell of refill type shown in Figure 8 was used. When the KOH concentration is between
2 M–5 M, the discharge potential dependence on the concentration is almost stable, while
it decreases significantly only at lower concentrations up to 1 M, with the difference in
discharge potential between high and low concentrations being 100 mV. In contrast, there
was no impact of the KOH concentration on the open cell potential in this experiment.
Because OH− alters the conductivity and activity of the electrolyte, increasing the KOH
concentration up to 6 M resulted in a linear rise in ionic conductivity. The application
of discharge current, as well as the concentration of KOH, may have an impact on the
roughness of the Si surface [80].
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Anode:
Si + 4OH− � Si(OH)4 + 4e− (12)

Cathode:
O2 + 2H2O + 4e− � 4OH− (13)

Corrosion:
Si + 2OH− + 2H2O→ SiO2(OH)2−

2 +2H2. (14)

Neutral: The neutral solution has a pH value of 7, and it has been demonstrated
to increase both the cycle stability and the lifespan of secondary ZABs; however, at this
time, no modeling studies have evaluated the performance of neutral ZABs in a laboratory
setting. The pH stability of neutral ZABs is a key element in cell function. Additionally, an
aluminum alloy–air battery can discharge with higher activity and lower corrosion rate in
a neutral salt solution than in an alkaline electrolyte [16].

Acidic: The acidic solution has a pH between 2 and less than 7. It is rarely applied in
aqueous-based MABs due to the decreased battery efficiency via a large amount of H + in the
solution that reacts directly with metal. Different types of acids at the same pH, operation
temperature, and concentration change an Al-Zn alloy anode’s performance [16]. Acidic
solution suppressed the formation of byproducts on the cathode and the formation of dendrite
on the anode. However, it can result in corrosion problems for some types of MABs [91].

Electrolyte Additives

In an aqueous electrolyte, the metal electrode suffers from critical issues, including
electrode corrosion, passivation, hydrogen evolution, and dendrite formation. The elec-
trolyte material design can mitigate some of these issues by different electrolyte additives
and enhance the metal electrode’s performance. For alkaline conditions, the additives used
can be ZnO and polyethylene or ZnO and carboxymethyl cellulose (CMC), as shown in
Figure 9. Meanwhile, the additives for neutral salt water solution are Zn2+, In3+ and Sn3+.
Additionally, some aromatic carboxylic acids are useful in alkaline solutions and have
similar effects under acidic conditions. The imidazole group N atoms can be used in acidic
solutions [75,91].
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5.2. Non-Aqueous Electrolyte

Solid-state electrolytes have the potential to minimize electrolyte leakage while main-
taining thermal stability and robustness. They also have the potential to eliminate the
problems of electrolyte evaporation and gas crossover. Another advantage is that it allows
the increase in the energy density of MABs and the creation of reusable and bendable
gadgets. Nevertheless, it has the potential to raise the battery’s resistance and decrease
its capacity. For MABs, the solid-based electrolyte has higher OH− interfacial transport-
ing resistance than aqueous system due to the poor wetting property that restricts the
three-phase interface reaction, but using alkaline gel electrolyte (AGE) could mitigate these
issues [16,75,91].

The ionic liquid electrolyte has two types of cations: (1) ions of alkali metal in an
organic solvent and (2) large organic cations with inorganic/organic anions. This type of
electrolyte has challenges due to carbonate formation that blocks the electrode pores and
consumes the electrolyte [16]. Ionic liquids have low volatility, no flammability, and high
ionic conductivity. Additionally, they can resist moisture in LABs. Ionic liquids that can
be stored at room temperature (RTILs) are a kind of salt that has a melting point of less
than 100 ◦C and is composed of large organic cations and organic/inorganic anions other
things. Since MAB electrolytes may be very conductive, exceedingly nonvolatile, and can
support the electrochemistry of certain metals, researchers have turned their attention to
RTILs as MAB electrolytes as a result of the drying out problem [75,92]. RTILs are also
expensive. The aprotic organic electrolyte is broadly used in MABs with metal electrodes
that are unstable in water, such as Na and Li [75]. This contributes to the formation of
a solid electrolyte interphase (SEI) at the surface of the anode. However, it has concerns
for flammability, environmental, toxicity, and economic impacts. Additionally, an organic
electrolyte results in a discharge product with nonconductive and insoluble properties that
deposit and block the air cathode pores. A mixed electrolyte system has been proposed
to solve the issues of cost, undecomposed discharge products, and poor efficiency of the
round trip with organic electrolytes, all of which have been addressed [93].

5.3. Hybrid Electrolyte

A mixed electrolyte is also referred to as a hybrid electrolyte in certain circles. The
name implies that it is composed of two distinct electrolytes separated by a solid electrolyte
barrier that prevents water and gas diffusion while transferring cations. NASICON is
one example of a solid electrolyte membrane, where it refers to sodium super ionic con-
ductor [93]. The anode electrolyte in a hybrid battery system is called an anolyte, while
the cathode electrolyte is called a catholyte. Using an alkali metallic ion (Na+ or Li+)
solid-state electrolyte (SSE) separator, a novel aqueous iron–air battery was developed, in-
cluding alkaline anolyte and acidic catholyte. When the anode and cathode are exposed to
oxidation-reduction processes (redox reactions), the alkali metallic ion acts as a mediator of
ionic transport [16,94]. Another example of a hybrid electrolyte battery system is the hybrid
Na–air cell, which uses both organic and aqueous electrolytes, with a membrane separating
them. Figure 10 shows the schematic diagrams for each cell compared to non-aqueous
Na-O2 batteries, with the comparative findings given in Table 8 [93].

Table 8. Comparison between non-aqueous Na-O2 cell and hybrid Na–air cell [93].

Na−O2 Na–Air

Barrier Polymeric like Celgard 3501 NASICON
Discharge products NaO2 and/or Na2O2 NaOH
Product solubility Insoluble Soluble
Overpotential gap Higher Lower

Overall performance (%) ≥75 ≤75
Stability No recommendable Recommendable
Safety Satisfactory Reasonable
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Selecting the Electrolyte

In most cases, electrolytes are selected via a trial-and-error procedure based on rules
of thumb connecting various characteristics of the electrolyte; as a result, time is spent
in testing with different electrolytes to obtain the desired performance. In non-aqueous
Li-O2, Na-O2, and K-O2 cells, a connection was found between the solvent reorganization
energy and the ORR rate constant k and the oxygen diffusion coefficient D (O2), as shown
in Figure 11. The research demonstrates the basic correlations that exist in the membrane
between the solvent and the salt and the impact that these interactions have on the overall
performance of the battery. With increasing cation size, it has been discovered that the rate
of ORR in the presence of alkali metal ions is strongly dependent on the selection of salt
anion as the size of the cation grows. For non-aqueous alkali metal–air batteries [95,96],
the choosing of the electrolyte is made more accessible by using the graph shown below.
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Due to the fact that different kinds of MABs function differently, each type of elec-
trolyte has benefits and drawbacks to consider. On the other hand, Table 9 highlights the
benefits and drawbacks associated with each kind of MAB electrolyte.

Table 9. Comparison of different types of membranes for metal-air batteries.

Membrane Types Merits Demerits Reference

Aqueous

Alkaline

Potassium
Hydroxide.

Lithium Hydroxide.
Sodium Hydroxide

Non-corrosive.
Zn has rapid electrochemical kinetics as

well as intrinsic
electrochemical reversibility.

Higher ionic conduction.
ZAB has excellent performance at

low temperatures.
The solubility of zinc salts is very high.

CO2 sensitivity is a concern.
Alkaline solutions are

harmful to the environment.
Dissolution of Zn,

precipitation of insoluble
CO3

2− hydrogen evolution,
and electrolyte evaporation.

[16,75,97]

Neutral

Potassium Chloride
Lithium Chloride
Zinc Dichloride

Magnesium
Dichloride

Secondary ZABs have excellent cycle
stability as well as a long calendar life.

Less corrosion and discharge due to high
activity of Al alloy

Carbonization of the electrolyte
should be avoided.

Dendrite formation may be reduced.
Reduce the solubility of zinc in ZAB.

CO2 absorption is very low.

In industrial applications,
this is a rare occurrence. [16,58,97]

Acidic
HCl

HAc H2SO4 H3PO4
HNO3

Reduced the development of byproducts
on the cathode and the formation of

dendrites on the anode.

Rarely utilized in
industrial applications.

Some kinds of MABs are
prone to corrosion issues.

[16,91]

Non-
aqueous

Ionic liquid RTILs
Lithium salts

Low volatility.
Inflammability.

High ionic conductivity.
Excellent moisture resistance.

Carbonate crystallization.
High purity is required.

Synthesis is harmful to the
environment.

[16,75,97]

Organic Sodium-based salts

Sodium and lithium-air batteries are
among the most often used

types of batteries.
Contributes to the development of SEI at

the anode.

Costly.
Combustible.

A certain degree of toxicity
is present.

The discharge product is
preventing air cathode

pores from opening.

[75,93]

Solid-state ZrO2

Work in all MABs kinds without exception.
Electrolyte leakage prevention, thermal

stability, as well as robustness, are all
important considerations.

It is advantageous for increasing the
energy density of MABs.

Making wearable and flexible gadgets
possible is made possible by

this technology.

Increased resistance of the
battery will result in a

reduction in
battery capacity.

The wetting property
is poor.

[16,75,91]

Hybrid Alkaline anolyte and acidic catholyte. Higher performance.
Cycling stability is excellent.

In industrial applications,
this is a rare occurrence. [16,93,97]

6. Cathode of Metal-Air Batteries MABs

The cathode is the third part of MABs, and the active material for the cathode is oxygen
from the surrounding environment, which is both free as well as plentiful. Furthermore,
it does not require a hefty shell to keep it contained, which increases the device’s energy
density [97,98]. The oxygen reduction reaction (ORR) and the oxygen evolution reaction
(OER) are the cathode reactions, with ORR occurring during the discharge cycle and OER
occurring during the charge cycle [16,99].

6.1. Air Cathode Components

The air cathode is made up of a gas diffusion layer (GDL), a catalyst, and a current
collector, as displayed in Figure 12. It can affect the properties of MABs greatly, so it must
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be optimized by enhancing ORR, reducing the formation of carbonate and byproducts,
avoiding flooding in the air cathode, and preventing evaporation of the electrolyte [91].
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The current collector’s primary tasks are connecting to external electrical circuits to
create a closed circuit and transmit electrons between them. It may be made of non-metal
or metal, with the metal current collector being made of porous foam-like metals such
as Ni mesh, Cu, and stainless steel. Non-metal current collectors, such as carbon cloth,
conductive carbon paper, and graphitic fiber, on the other hand, are made of carbon-based
materials [16,91].

The gas diffusion layer (GDL) performs a variety of tasks. It acts as a conduit between
the air atmosphere and the catalyst layer, allowing oxygen to diffuse into the atmosphere,
or in other words, it absorbs air from the surrounding environment. Additionally, it inhibits
electrolyte leaking out of the battery, stops water from entering into the battery, and it
supports the catalyst layer of the battery. GDL should have the following characteristics:
hydrophobicity, lightness, thinness, and high porosity. This necessitates meticulous plan-
ning ahead of time. Gas diffusion layers are often composed of carbon or catalytic materials
and hydrophobic binders such as polytetrafluoroethylene PTFE (Teflon), while the catalytic
materials are frequently combined with the binders before being put or imprinted onto
current collectors [91].

The catalyst layer is the third component that has a significant effect on the char-
acteristics of MABs. The bifunctional catalyst is required to increase the OER and ORR
reactions, because the natural kinetics of the oxygen reactions is typically sluggish and
increasing the kinetics of these reactions improves the electrochemical performance of
MABs while simultaneously reducing overpotentials. The electrocatalysts may be divided
into four categories, which are as follows: noble metals and their alloys, such as platinum
Pt, iridium Ir oxides, and ruthenium Ru oxides, showing excellent performance in both
OER and ORR tests; (2) metal oxides that are single, binary, or ternary in nature (e.g., MnO,
NiO, and CoO); (3) carbonaceous materials, such as doped carbons and nanostructured
carbons (e.g., nitrogen doping carbon); and (4) transition metals and metal macrocyclic
complexes [28,37,49,50,91,99,100], respectively.
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6.2. Oxygen Electrochemical Reactions in MABs

Since oxygen acts uniquely in aqueous as well as nonaqueous electrolytes (reaction
pathways are shown in Table 10), it was necessary to develop a variety of catalysts that
corresponded to distinct reaction processes. Both processes may occur on an air cathode
electrode without the use of catalysts; however, since the natural kinetics of oxygen are
sluggish, the use of electrocatalysts can speed up the reactions. The oxygen reduction
reaction ORR and the oxygen evolution reaction OER are the two processes that occur
when oxygen is present. This happens during the discharge process in MABs and consists
of many stages, the most important of which are as follows: (1) oxygen diffuses into
the surface of the catalyst from the surrounding environment. (2) Secondly, the surface
of the catalyst absorbs oxygen. (3) The electrons from the anode are transferred to the
oxygen molecules through an external circuit. (4) The oxygen connection is broken, and
the oxygen bond becomes weaker. (5) The hydroxyl ion product is removed from the
catalyst’s surface and transferred to the electrolyte. All of these processes are reversible in
OER, which happens during the charging process. Because of the relative stability of the
intermediates generated following oxygen adsorption on the catalyst, either a four-step or
a two-step route may be used in the ORR and OER processes, respectively. The superoxide
intermediate produced by the two-electron mechanism is a reactive oxygen species.

O2 + H2O + 2e− → HO−2 + OH− (15)

Table 10. Pathway reactions for the different electrolytes of metal-air batteries (MABs) [101,102].

Electrolyte Oxygen
Reaction

Reaction Pathway

Two-Step Four-Step

Aqueous
MABs

Alkaline

ORR
â O2 + H2O(l) + 2e− → O∗ + 2OH−
â O∗ + 2OH− + H2O(l) + 2e− → 4OH−

â O2 + H2O(l) + e− → OOH∗ + OH−
â OOH∗ + e− → O∗ + OH−
â O∗ + H2O(l) + e− → OH∗ + OH−
â OH∗ + e− → ∗+ OH−

OER

â OH− + ∗ → OH∗ + e−
â OH∗ + OH− → O∗ + H2O(l) + e−
â O∗ + OH− → OOH∗ + e−
â OOH∗ + OH− → ∗+ O2(g) + H2O(l) + e−

Acidic

ORR

â O2(g) + H+ + e− → OOH∗
â OOH∗ + H+ + e− → O∗ + H2O(l)
â O∗ + H+ + e− → OH∗
â OH∗ + H+ + e− → ∗+ H2O(l)

OER

â H2O(l) + ∗ → OH∗ + H+ + e−
â OH∗ → O∗ + H+ + e−
â O∗ + H2O(l)→ OOH∗ + H+ + e−
â OOH∗ → ∗+ O2(g) + H+ + e−

Non-
aqueous
MABs

e.g., LAB in
non-

aqueous
electrolyte

ORR
â O2 + e− → O−2
â O−2 + Li+ → LiO2
â 2LiO2 → Li2O2 + O2

OER â Li2O2 → 2Li+ + O2 + 2e−

* is the active site on the surface, (l) is a liquid phase and (g) is a gas phase, O∗, OH∗ and OOH∗ are adsorbed intermediates.

The hydroxide OH− produced in the four-electron process in an alkaline medium is
presented in Equation (16).

O2 + 2H2O + 4e− → 4OH− (16)
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The process of four electrons is highly required for high power and energy densities.
Feeding purified air or employing an O2-permeable membrane is necessary for alkaline
media to avoid accumulating carbonate ions in the liquid electrolyte with time [100–102].

6.3. Progress Done in the Cathode of MAB

Although they have excellent performance, the electrocatalytic activity of noble metal-
based electrocatalysts is limited by their poor durability and high cost [5,103,104]. In order
to overcome these limitations, a study developed a graphene quantum dot/graphene hydrogel
GH-GQD that has good durability and excellent electrocatalytic activity in alkaline solution in
primary ZABs. Compared to GO and GH, the GQD exhibits a greater number of active sites,
resulting in greater ORR electrocatalytic activity. Then, different concentrations of GQD (45 mg,
90 mg, and 180 mg GQD) were compared, and it was discovered that the GH-GQD-90 exhibited
high ORR activity and excellent durability in alkaline primary MABs, high performance as an
ORR catalyst in primary ZAB, and its discharge property performance at higher current densities
can be compared with Pt/C. When used in MABs and fuel cells, the GH-GQD demonstrates
tremendous promise for ORR as an alternative to noble materials [105].

An investigation into rechargeable MABs produced a one-dimensional manganese-
cobalt oxide (spinel-type), Mn Co2O4 (MCO), and CoMn2O4 (CMO) nanofiber, as shown
in Figure 13, that served as bi-functional cathode catalysts for the devices. As shown in
Figure 14, these both have a high catalytic activity for both ORR and OER in an alkaline
solution. Then, they were tested in ZABs as catalysts and were shown to decrease the
gaps between the discharge and charge voltages significantly. As a result, the round-trip
efficiency was improved as compared to a cathode without a catalyst. Despite repeated
discharge–charge cycling, the CMO-NF, and MCO-NF catalysts maintain their stability;
however, carbon corrosion in the catalyst/carbon composite cathode caused the battery’s
cycling performance to degrade significantly. A comparison of the electrochemical per-
formance of ZABs utilizing the nanofiber catalysts that were manufactured with the per-
formance of Pt/C and catalyst-free carbon cathodes is shown in Figure 15 [106]. It is
possible that the structure of MCO-NF and OMC-NF, which facilitate mass movement via
the porous one-dimensional structure and provide a high number of active reaction sites,
is responsible for the enhancement of the electrochemical properties.
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on the fiber surfaces. EDS mapping data which present the element distributions of Co, Mn, and O
for (e) MCO-NF and (f) CMO-NF, adapted from [106].



Energies 2021, 14, 7373 20 of 46

Energies 2021, 14, x FOR PEER REVIEW 21 of 48 
 

 

 
Figure 13. SEM micrograph of (a–c) MCO-NF and (b–d) CMO-NF. The arrows in (d) refer to pores 
on the fiber surfaces. EDS mapping data which present the element distributions of Co, Mn, and O 
for (e) MCO-NF and (f) CMO-NF, adapted from [106]. 

 
Figure 14. (a) Cathodic polarization curves at ω = 1200 rpm for the ORR measured, (b) K–L plots at 
0.6 V vs. RHE and (c) anodic polarization for the OER, adapted from [106]. 
Figure 14. (a) Cathodic polarization curves atω = 1200 rpm for the ORR measured, (b) K–L plots at
0.6 V vs. RHE and (c) anodic polarization for the OER, adapted from [106].

Energies 2021, 14, x FOR PEER REVIEW 22 of 48 
 

 

 
Figure 15. Galvanostatic discharge–charge plots (a) at 10 and (b) 25 mA cm−2, (c) battery voltages at 
different current densities and (d) cycling performance at 10 mA cm−2 of rechargeable alkaline ZABs 
with various catalysts, adapted from [106]. 

 
Figure 16. The HT-0 h PdCo/C catalyst (a) SEM and (b) STEM images. TEM images of (c) HT-0 h, (d) HT-4 h, (e) HT-8 h, 
(f) HT-16 h and (g) HT-24 h PdCo/C catalysts. The HT-8 h sample (h) HRTEM image and (i) EDS line scanning profile, 
with permission to reproduce from [108], License number: 5152750650685. 

Figure 15. Galvanostatic discharge–charge plots (a) at 10 and (b) 25 mA cm−2, (c) battery voltages at
different current densities and (d) cycling performance at 10 mA cm−2 of rechargeable alkaline ZABs
with various catalysts, adapted from [106].

To obtain Pt-based alternative electrocatalysts, a study mixed Ni, Co, and S to obtain a
better electrochemical performance. Mixing sulfides and metal oxides containing transition
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metals frequently showed useful electrochemical efficiency due to transition metal elements’
synergy with single sulfide or metal oxide. NiCo2S4 hollow microspheres resemble a
hydrangea and have a highly porous structure. The porous structure of NiCo2S4 may aid
in the diffusion of oxygen and hydroxyl reactants, and it often has a high surface area
for oxygen reactions due to its porous nature. When NiCo2S4 microspheres are tested
in an alkaline medium, they exhibit good electrocatalytic activity for OER and ORR and
high stability, making them a suitable catalyst for aqueous AABs and rechargeable ZABs.
Moreover, the hydrangea-like structure exhibits numerously desorbed and adsorbed sites
for oxygen. Therefore, NiCo2S4 microspheres can be evaluated for aqueous MABs as an
advanced electrocatalyst [107].

In another study, a PdCo/C bimetallic nanocatalyst was prepared as a potential air
cathode catalyst. The prepared catalysts went through a heat treatment process at 200 ◦C in
H2/Ar atmosphere from 4 to 24 h and the image for each period is presented in Figure 16. A
clear correlation was found between the heat treatment and the total catalyst performance.
The optimum heat treatment duration was 8 h, resulting in the greatest activity for ORR and
OER. As a consequence, the HT-8 h PdCo/C catalyst was tested in rechargeable Zn–air and
Mg–air batteries. The resulting performance of each battery is shown in Figures 17 and 18,
respectively, to demonstrate its effectiveness. When the HT-8 h PdCo/C catalyst is used,
the stability and activity of the Zn–air and Mg–air batteries are improved, and the activity
is increased, indicating that it has the potential to be used on a broad scale [108].
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catalyst, with permission to reproduce from [108], License number: 5152750650685.
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A novel technique for manufacturing air cathodes is described in Figure 19, which
employs cost-effective ways to reduce the cathode structure while maintaining high quality.
The effect of temperature on the manufactured in-house air cathode can be seen in the
polarization curves shown in Figure 20A and Table 11, respectively. The research team
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utilized various characterization methods to further understand the performance and
characteristics of the newly created air cathode, which was then compared to commercial
air cathodes for comparison. Since the developed air cathode does not require the heat
seal coating materials that are used in the commercial air cathode, the gas flow restriction
and internal electrical resistance of the system are both reduced, allowing for an increase
in water transportation to reaction sites as well as an increase in air permeability. As
demonstrated in Figure 21, the performance of the magnesium–air single cell utilizing
manufactured air cathodes is comparable to that of a commercial air cathode [109]. The
newly designed air cathode, on the other hand, is both cost-effective in terms of production
and materials and appropriate as a cathode for an MAB in a neutral or alkaline electrolyte.
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Table 11. The ORR performance of advanced air cathode in air-saturated 10 wt% NaCl solution at a different temperature
was adapted from [109].

Temperature (◦C) Current Density (mA cm−2) at
−1.55 V (vs. SHE)

Geometric Exchange Current Density (mA cm−2) at
Ambient Pressure

22 127 9.21 × 10−3

30 158 1.03 × 10−2

40 182 1.16 × 10−2

50 205 1.30 × 10−2

60 224 1.44 × 10−2

70 238 1.55 × 10−2
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The non-aqueous LAB was used to investigate the effect of the operating temperature 
on the morphology of the discharge product produced. The solid discharge product Li2O2 
clogs the cathode pores, thus stopping the discharge process. The product must be oxi-
dized before it can be used in the charging process. Following the application of various 
operating temperatures at varying discharge current densities, the morphology of the 
Li2O2 discharge product and the performance are shown in Figures 22 and 23, respec-
tively, after the application of different operating temperatures. 

This is in addition to Figure 24, which depicts the voltage–capacitance graphs at var-
ious temperatures. It is concluded that altering the operating temperature at a certain dis-
charge current density does not affect the form of Li2O2, while raising the operating tem-
perature causes a reduction in the size of the discharge product. Additionally, the form of 
the discharge product at a given temperature change in relation to the discharge current 
density. Finally, the operating temperature impacts the charge voltage, cyclability, and 
capacity of a particular non-aqueous LAB [110]. 

Figure 21. Mg–air single cell performance with the commercial cathode and fabricated in-house air
cathode in neutral solution adapted from [109].

The non-aqueous LAB was used to investigate the effect of the operating temperature
on the morphology of the discharge product produced. The solid discharge product
Li2O2 clogs the cathode pores, thus stopping the discharge process. The product must be
oxidized before it can be used in the charging process. Following the application of various
operating temperatures at varying discharge current densities, the morphology of the
Li2O2 discharge product and the performance are shown in Figures 22 and 23, respectively,
after the application of different operating temperatures.
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Figure 23. Discharge curves at different temperature and at current density (a) 0.1, (b) 0.2, and
(c) 0.3 mA cm−2, with permission to reproduce from [110].

This is in addition to Figure 24, which depicts the voltage–capacitance graphs at
various temperatures. It is concluded that altering the operating temperature at a certain
discharge current density does not affect the form of Li2O2, while raising the operating
temperature causes a reduction in the size of the discharge product. Additionally, the form
of the discharge product at a given temperature change in relation to the discharge current
density. Finally, the operating temperature impacts the charge voltage, cyclability, and
capacity of a particular non-aqueous LAB [110].
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7. Progress in the Design of the MABs

The two kinds of MABs are primary and secondary, as highlighted in Figure 25a–c.
Primary MABs are non-rechargeable, while secondary MABs are rechargeable. The main
MABs have two electrodes, each with an ORR catalyst, while the rechargeable MABs have
two or three electrodes, each with an ORR and OER catalyst, depending on the model. In
the three-electrode arrangement, the metal electrode is located between the air cathode
electrode and the charging electrode for the OER, which is a convenient position. The air
cathode is electrically separated during the charging process, which extends its lifespan by
preventing it from being exposed to the high oxygen evolution reaction potential during
the charging phase. In contrast, the two-electrode design of rechargeable MABs, shown
in Figure 25c, consists of a metal electrode and a bifunctional air electrode that contains
catalysts for ORR and OER, as well as other functions. This arrangement is straightforward
and does not need the separation of the two electrolyte flows, since the air cathode may
serve as both an anode for OER and a cathode for ORR [99]. Furthermore, it has less mass
(resulting in higher specific energy) and fewer interfaces, which reduces the possibility of
kinetic rate losses. Additionally, recent research has focused on improving the stability and
efficiency of bifunctional catalysts [111].
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7.1. Classifications Cell Structure

Figure 26 illustrates the classification of MABs into three configurations: the conven-
tional static battery, the flow battery, and the flexible battery. The first configuration is
the traditional static air battery, which consists of the three primary components (anode,
cathode, and electrolyte) and a separator. In this configuration, the kinetics of the anode
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reaction are fast compared with the cathode reaction, and it requires highly efficient cata-
lysts to facilitate the reactions, in addition to the challenge of the by-products that deposit
insolubly on the surface of the electrodes during charge-discharge cycles, resulting in a
decrease in the battery’s performance due to the blocking of the pores of the electrode, lim-
iting the air diffusion step. The second configuration is the flow battery, which consists of
an anode, cathode, electrolyte, separator, and electrolyte bank, and to drive the electrolyte
flow, it is usually installed with a pump. The configuration of the electrolyte flow decreased
the volume density and energy efficiency; also, additional tubes and pumps increased
complications during the discharge process. The third configuration is the flexible battery,
which is of huge interest due to the increasing demand for flexible, portable electronics in
recent years which require a flexible energy storage device. This type of battery consists
of a thin metallic plate anode to reduce battery weight, a cathode such as carbon fiber, a
highly conductive electrolyte, and a separator. Currently, the ideal flexible batteries are
ZABs and aluminum-air batteries, due to their safe operation, high energy density, and
low cost [16].
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7.1.1. Static MABs

In addition to tiny and portable electronic gadgets, the static system may also be used
for large-scale electronics. Metal–air batteries with a static structure have been extensively
researched; however, their performance is restricted regarding practical power/energy
density and energy efficiency, respectively. The integration of static cell structure with
other energy technologies, on the other hand, is complicated and difficult [112].

Parallel-Plate Electrode Configuration

The arrangement of the parallel-plate electrode configuration shown in Figure 27
allows high heat dissipation and mass transport rates. For laboratories, small cells are
favored due to the low requirements of power and volume. However, the heat generated
in large cells during the charge and discharge cycles has to be considered. The cross-section
of a unit cell and the stack connecting several cells together to form a battery are displayed
in Figure 28 [51]. Several materials are investigated in air cathodes such as Pt/C combined
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with Ir/C, and urchin-like NiO2S4 microspheres covered by a sulfur-doped graphene
nanosheet, S-GNS (S-GNS/NiO2S4) [113].
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Figure 28. Fe–air unit cell. (a) Single-cell cross-section and (b) stack of 6 Fe–air cells, adapted from [51].

Coin-Type

A coin cell type and its components are shown in Figure 29, and Figure 30 displays the
performance of this configuration using different electrolytes at 6 M concentration: potas-
sium hydroxide (KOH), poly vinyl alcohol (PVA), poly acrylic acid (PAA), and PAM [114].

In Situ Cell

Numbered components of an in situ cell are shown in Figure 31. The alloy clamp rings
and PEEK screws, used to close the cell after assembly, are numbered 1 and 2, respectively.
The thin sheets of Ni metal (used as negative and positive electrodes) are numbered 3 and 4,
respectively. The tubing connections for pumping the electrolyte or gas fuel are numbered
5. The thyristor is numbered 6.
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7.1.2. Flexible MABs

The stability of the flexible MABs should be ensured when subjected to frequent
mechanical strain over an extended time period, and the security of the battery should
be ensured when subjected to a variety of deformation circumstances. The electrodes in
flexible MABs must have the ability to adapt to changing conditions. Metal ribbons, metal
rods, metal foil, or a flexible metal substrate covered with a metallic powder may be used
as anodes, as can metal rods coated with a metallic powder. Additional characteristics of a
cathode current collector include great flexibility, high conductivity, and air permeability.
These characteristics should be combined with an active material coating to produce a
flexible air cathode. The carbon materials with the greatest potential as active materials are
graphene and nanotubes, which are distinguished by their high tensile strength and high
Young’s modulus. As a bonus, putting metallic or metal oxide/nitride on a carbon substrate
enhances the cathode’s catalytic activity [16]. The remarkable performance of the flexible
MABs is attributed to the close contact that exists between the cell components [116].

Fiber-Type

The configuration of this type of flexible MAB and the progress made in its develop-
ment are shown in Figure 32. The cell structure of this type of MAB is usually a polymer
electrolyte (e.g., gelatin gel polymer electrolyte GGPE) around the central metal anode and
flexible air cathode coated with the electrolyte. It can operate efficiently under external
strain. Additionally, other studies demonstrated the excellent mechanical stability and
electrochemical performance of this configuration type [116].
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Sandwich-Type

The components in sandwich-type MAN are produced in plan form, then assembled
as in Figure 33. This configuration exhibited high volumetric and gravimetric energy
density and excellent electrochemical and cycling performance under bending conditions
even at a high current density [116,118].

Array

A planner multilayer MAB array configuration is presented in Figure 34. It possesses
flexible and stretchable properties, a thickness of nearly 3 mm, and exhibits excellent stable
and rechargeable battery performance. This array can be connected in series and parallel,
or in a combination between them. It can be used in wearable devices [69].
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Figure 34. (a) Multilayered structure of a flexible/stretchable rechargeable ZAB array and (b) bending and stretching the
battery and different array connections series and parallel, with permission to reproduce from [119].

7.1.3. Flow MABs (MAFBs)

The flow system is adaptable and can be readily combined with different energy
technologies when it comes to cell construction. It is safe and has a long operational
life because of the flow of the anolyte/electrolyte, minimizing side reactions. It has the
potential to be used for large-scale energy storage as well as stationary power plants. The
anolyte circulation is, however, depicted in Figure 35 [120].
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Anolyte Circulation

The system consists of an anode electrode, an ion transport membrane, catalysts, a
casting air electrode, and two current collectors. The cell in Figure 35 uses a flow of a redox
couple at the negative electrode, while it uses air or oxygen at the positive electrode. The
flow rate of the anolyte must be controlled to avoid any possible concentration polarization.
Replacing the positive electrolyte tank that used conventional redox flow batteries REBs
with an oxygen GDE reduces the volume and total weight, thus improving the power and
energy densities. Vanadium–air and zinc-air flow batteries (VAFB, ZAFB) are an example
of this approach towards metal–air flow batteries [112,120].

Electrolyte Cycling

This approach is presented in Figure 36A, where the fresh electrolyte continuously
supplies the flow through the electrochemical cell. It increases the metal anode charge
and discharges efficiency, and at the same time, it eliminates the by-products and the side
reactions. Therefore, the cathode becomes less blocked, which is favorable for oxygen
access. Sodium-air, zinc-air as well as lithium-air flow batteries can be fabricated using
this approach, and Figure 36B shows the efficiency of zinc-air flow batteries using a NiSx-
FeOy/sulfur-doped carbon fiber paper SCFP catalyst [112].
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Hybrid Electrolyte Flow Battery

Since some metals, such as Na and Li, are water-sensitive, and thus their use is
questionable in aqueous media. Inorganic/organic hybrid electrolytes separated by a plate
that is a superionic conductor are suggested in their flow configurations. Additionally, this
concept has been widely improved in static sodium and lithium–air batteries to protect
the aprotic electrolyte and protect the highly reactive the Na/Li metal anode from oxygen
crossover or water and carbon dioxide impurities in ambient air [112].

Bidirectional Flow Battery with a Two-Layered Cathode

The bidirectional flow battery components of vanadium–air flow battery (VAFB)
are shown in Figure 37, where it used an exchangeable gas diffusion electrode with a
different catalyst for both charging and discharging processes. Involving this developed
cathode in VAFB resulted in 44.5% voltaic efficiency and 87.6% coulombic at 40 mA cm−2

(used catalyst Pt/C and IrO2), but highly active electrocatalysts and crossover-minimizing
membranes need to be collectively improved [112]. For example, in a vanadium redox
flow battery, the crossover of vanadium species through the ion-exchange membrane (IEM)
is a serious problem that leads to continuous capacity decay. To decrease this problem,
tungsten oxide nanofiller with different mass loadings (0–20 wt.%) was introduced in the
Nafion matrix [122]. The lowest vanadium species crossover was achieved using 20% wt.
of WO3. The coulombic efficiency, energy efficiency, and capacity retention were enhanced
by 93%, 75% and 62%, respectively, as compared to 88%, 65%, and 42%, respectively,
in the case of using pristine Nafion 212. Additionally, the electrode materials and their
cost have a great effect on the development and commercialization of flow batteries. For
instance, in addition to the selection of mechanically and thermally stable electrodes, the
cathode structure should be porous to facilitate the ORR reaction [123]. Additionally, the
polarization effect is important, and the pretreatment of electrodes is essential to improve
the electrodes’ surface area and/or hydrophilicity. The treatment of graphite felt with
polyacrylonitrile (PAN-GF) or rayon (R-GF) was performed to study the effect of a precursor
on the polarization effect [124]. The PAN-GF has higher conductivity due to the higher
degree of graphitization, and thus more negligible ohmic polarization. Meanwhile, R-GF
achieved better mass transfer and diffusion of the electrolyte on the electrode surface due
to its more significant surface roughness.
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8. Large-Scale Metal-Air Batteries

Nowadays, much concern has been given to global warming resulting from fossil
fuels [126,127]. Several methods have been carried out to minimize the reliance on fossil
fuels, such as using efficient energy conversion devices such as fuel cells [128–130] that
are efficient and environmentally friendly [131], improving the efficiency of the current
energy conversion devices and/or using renewable energy sources [132–135]. Among these
different methods, renewable energy sources are the most promising option, as they are
sustainable and have no or low environmental impacts [136–139]. However, the significant
increase in renewable energy requires a proper energy storage system to accommodate such
requirements [140,141]. With the increasing prevalence of renewable energy production
sources such as wind [142–145] and solar energy [146–149], the electricity grid will need
the assistance of a large-scale electrical energy storage system. The energy produced from
renewable sources is intermittent, aperiodic, and changeable in nature, requiring constant
attention. Consequently, storing energy during unexpected energy production periods
is essential to maintain the quality of the electricity generated and satisfy the increasing
electricity demand. When compared to other systems, electrochemical energy storage
systems may meet the primary requirements for large-scale energy storage systems, which
include a short life cycle, rapid response time, scalability, and high efficiency [84,112,150].
Electrochemical energy storage systems may also be more cost-effective than other sys-
tems. Typically, electrochemical energy storage refers to electrochemical capacitors and
rechargeable batteries, which may be used in conjunction with other systems in a hybrid
configuration [151,152]. For large-scale energy storage, it is necessary to have a battery
with a life of 5000 charge-discharge cycles at energy efficiency of about 80% for the round
trip [84].

The airflow sustains the reaction of the air electrode in the MABs, which eliminates the
need for tanks to store the reactant. In addition, for the use of large-scale energy storage,
the air electrode must be bifunctional for both ORR and OER during discharge and charge,
respectively, in order to be effective. Because MABs are cost-effective, ultralightweight, and
have a high energy density that is theoretically equal to that of gasoline, they are an excellent
alternative to gasoline. In contrast, its energy efficiency is poor, and its charge/discharge
life cycle is short. Figure 38 shows that MABs have a good energy density; however, the
technology is still in the development stage in terms of efficiency and availability. Still, it
has a possible future in the investment deferral application of distributed storage [153],
as shown in the figure. It has evolved into an excellent energy storage technology for
ecologically friendly and high-performance electric cars, among other applications [107].
Despite this, MABs’ large-scale use is limited by their poor energy efficiency and power
density, caused by a higher overpotential and slow oxygen reactions at the air cathode.
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Iron–air batteries are a potential option for large-scale energy storage because of
their cheap cost, environmental friendliness, ease of scaling up, long-term viability, and
abundance of raw materials, among other characteristics. However, their cycle life and
efficiency need to be improved; only then will they be a viable option [150]. Furthermore,
aluminum–air batteries (AABs) have the lowest cost and the second greatest specific
capacity theoretically, making them a strong prospect for large-scale energy applications
in the future among MABs, particularly in renewable energy. As a result, AABs are very
appealing as a sustainable and efficient technology for energy storage and conversion, with
the capability of providing power for automobiles and large electronic equipment [154].
The high energy density of MABs and redox flow batteries (RFBs), as well as the unique
design of their structural components, have both shown significant promise for large-scale
electrical energy storage as efficient electrochemical systems. Using a combination of MABs
and the idea of flow batteries to overcome side reactions results in a potential candidate
for the development of a metal–air flow battery for electrical energy storage in large-scale
applications. Metal–air flow technologies, because of their inherent benefits and the high
degree of design freedom they provide, have tremendous potential for large-scale energy
storage and transmutation in the future power grid. It is also important to note that before
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contemplating the use of MAB technologies in the commercial sector, efforts should be
made to ensure their safety and dependability in the industrial and academic sectors [112].
It is necessary to improve the efficiency and energy density of vanadium–air flow batteries
(VAFBs) while also lowering the stack cost to be used on a large scale in commercial
applications [112].

9. Applications of MABs

Metal–air batteries are used in a variety of applications. Metal–air batteries can be used
as small power sources for electric cars as well as portable electronic devices. Furthermore,
they may be used as energy storage devices or as effective stations of energy transfer,
particularly when it comes to renewable energy producers, as they can control the flow of
energy from sources such as photovoltaic (PV) panels, wind turbines, and electric grids,
among other things.

9.1. Wastewater Treatment Using MABs

Besides the main function of MABs in storing energy, they can be used in the treatment
of water used in the production of electricity. The studies on MABs in this area are limited
or very uncommon. The study on water treatment conducted by MABs may be classified
into three categories: the collection of compounds in water, the removal of heavy metals
from water, and the treatment of household sewage and wastewater [87].

As a small-scale device, a MAB is simple to set up and run, and it may be used for
household sewage as a pretreatment device, where it can decrease COD, total phosphorus,
as well as ammonia nitrogen in domestic water to acceptable levels. When employed as a
preliminary treatment unit, the high salinity of most industrial wastewater is advantageous
as an electrolyte for the MAB’s discharge, allowing the device to produce more products of
the metal anode and, as a result, the concentration of pollutant may be reduced. At this
time, only wastewater from aquaculture has been investigated [87].

Al–air and iron–air batteries from the literature have been utilized to investigate the
overall efficiency of electricity production and the treatment effect of wastewater. It was
discovered that higher conductivity (higher NaCl concentration) and varying pH values
have little effect on the battery discharge. Higher conductivity (higher NaCl concentration)
and different pH values have little impact on the battery discharge. Furthermore, it was
highlighted that an aluminum–iron double anode exhibited the best battery efficiency [87–89].

As shown in Figure 39, an aluminum-air battery (AAB) was coupled with a microbial
electrolysis cell MEC to produce hydrogen, clean wastewater, and generate coagulants, all
without the need for external energy. Both contribute to energy recovery as a result of this
combination. It has been shown that the Al–air battery-MEC system is self-sufficient in
terms of energy supply, with an AAB of 28 mL providing 0.58 to 0.8 volts of electricity for
an MEC of 28 Ml [89].
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9.2. Water Desalination Using MABs

Because the process of generating fresh water consumes energy, water desalination
necessitates the development of high-performance as well as low-energy technologies.
In addition to their capacity to store energy, electrochemical methods hold tremendous
prospects for the desalination of water [155–158]. A metal-air desalination battery (MADB)
is a device that can desalinate water while also generating energy. It is self-powered and
has the capability of generating electricity. As shown in Figure 40, the MADB included an
AAB that used seawater as both a desalination solution and an electrolyte. The effectiveness
of the MADB idea is demonstrated by the desalination performance, stability, and power
output that have been achieved. However, the amount of energy produced and the pace of
desalination were both restricted by the quantity of dissolved oxygen in the cathode. The
highest power density achieved was 2.83 W m−2 at a current density of 6.58 A m−2 and an
output voltage of 0.43 V, with the current density being 6.58 A m−2 and the output voltage
being 0.43 V. Additionally, it reduces salinity by 37.8 percent while generating 10 mW h of
energy for 14 h of operation. Further development of the MADB may make it possible to
use this idea in the future in actual applications on a large or small scale [159].

Energies 2021, 14, x FOR PEER REVIEW 39 of 48 
 

 

all without the need for external energy. Both contribute to energy recovery as a result of 
this combination. It has been shown that the Al–air battery-MEC system is self-sufficient 
in terms of energy supply, with an AAB of 28 mL providing 0.58 to 0.8 volts of electricity 
for an MEC of 28 Ml [89]. 

 
Figure 39. (A) Schematic diagram and (B) photograph of the MEC and AAB combined system, with permission to repro-
duce from [89]. 

9.2. Water Desalination Using MABs 
Because the process of generating fresh water consumes energy, water desalination 

necessitates the development of high-performance as well as low-energy technologies. In 
addition to their capacity to store energy, electrochemical methods hold tremendous pro-
spects for the desalination of water [155–158]. A metal-air desalination battery (MADB) is 
a device that can desalinate water while also generating energy. It is self-powered and has 
the capability of generating electricity. As shown in Figure 40, the MADB included an 
AAB that used seawater as both a desalination solution and an electrolyte. The effective-
ness of the MADB idea is demonstrated by the desalination performance, stability, and 
power output that have been achieved. However, the amount of energy produced and the 
pace of desalination were both restricted by the quantity of dissolved oxygen in the cath-
ode. The highest power density achieved was 2.83 W m−2 at a current density of 6.58 A m−2 
and an output voltage of 0.43 V, with the current density being 6.58 A m−2 and the output 
voltage being 0.43 V. Additionally, it reduces salinity by 37.8 percent while generating 10 
mW h of energy for 14 h of operation. Further development of the MADB may make it 
possible to use this idea in the future in actual applications on a large or small scale [159]. 

 
Figure 40. Schematic diagram of the MADB’s three-chamber cell on the left side and a photograph on the right side, with 
permission to reproduce from [159]. 
Figure 40. Schematic diagram of the MADB’s three-chamber cell on the left side and a photograph on the right side, with
permission to reproduce from [159].

Zinc-air desalination (ZAD) in Figure 41 has been utilized from the literature for
electrochemical desalination using MAB technology. The ZAD cell using MoS2 bifunctional
catalyst showed a 0.9 to 1.0 mg NaCl/cm 2 desalination capacity and 70% charge efficiency
at a current density of 1 mA/cm 2. The metal-air desalination MAD is a new technology
that provides a highly promising performance for electrochemical desalination based on
non-noble metal catalysts [156].

An aluminum-air battery (AAB) was combined with an electrodialysis system. The
membrane of the AAB was replaced with the electrodialysis cell to decrease the amount of
energy needed for water desalination. The desalination occurs in the middle chamber in a
three-chamber system, which is separated by cation and anion exchange membranes (CEM
and AEM, respectively) from the side chambers. The anode and cathode electrochemical
reactions provide a sufficient driving force: an electro-osmotic drag force for ion diffusion
from sea salt water into anode and cathode chambers. The integrated system using an
electrolyte of NaOH 5 mM produced an open-circuit voltage of 1.6 V at a current density of
3 mA/cm2 during one hour of cell operation, the saltwater conductivity decreased from
5 to 4 ms, indicating the decrease in the number of ions in the water. The cell produced
4.8 mW/cm2 of power. This combined system can work without requiring any power
source [160]. A Zn–air battery with N-doped porous carbon (NPC) as an electrocatalyst
for ORR was also utilized as a power source for capacitive deionization CDI, which
demonstrated excellent desalination performance when NPC was functionalized with
sulfuric acid as the CDI cathode material [23,161].
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10. Challenges of MABs

Although the MAB technology has been researched over the last decade, several
technical difficulties must be solved before the concept can be commercially implemented.

10.1. Metallic Anode Challenges

One of the critical problems facing MABs is the corrosion, passivation, and dendritic
formation of the metallic anode. Corrosion is one of the most crucial side reactions between
a metal and an electrolyte, as shown by the following process.

M + (2 + x)H2O � 2M(OH) + H2 (17)

M + H2O � MOX + H2 (18)

Hydrogen evolution is naturally favored in nearly all MABs because the standard
voltage of M/MO is below the level of hydrogen evolution. The rate of corrosion caused
by the hydrogen evolution reaction (HER) may be calculated using the equations above.
The HER can decrease the columbic efficiency of a metal anode, which may result in a
battery explosion. Corrosion may occur in FABs, AABs, ZABs, and LABs, among other
types of batteries. Table 12 illustrates several methods for lowering the HER rate while
simultaneously increasing charging efficiency.

Table 12. Reducing corrosion strategies [16].

Metal Reducing Corrosion or HER Rate by

ZnO surface Increasing ZnO reduces the self-discharge rate.
Al Changing purity, properties, and temperature of the alkaline electrolyte.

Fe
Utilization of ionic membrane.

Using an alloy as an anode instead of pure metal and additives such as
sulfur or bismuth is a good way to save money.

Passivation is the development of an insulating layer on the electrode surface, which
prevents the discharge product from moving around. Electrode discharge is prevented by
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the layer that develops. This may be found in AABs, ZABs, and LABs batteries, among
other things. Depending on the system, the passivation layers in MABs are LiOH, ZnO,
and Al2O3, respectively. In the presence of an air cathode, the generated soluble species
turned to a non-conductive layer on the surface of the metal. They raise the cell’s internal
electric resistance, which prevents the dissolving of metal. Using porous electrodes to
avoid the development of a passivation layer is an effective approach [16].

Dendritic formation and deformation cause the shape of the metal electrode to gradu-
ally change, meaning that the surface roughness becomes uneven as dendrites form. This
occurs due to the accumulation of metal ions during metal electrode cycling in alkaline
electrolytes. This can result in an unstable battery system, or it may cause a shortcut.
Dendritic structures form in Li-air, Fe-air, and Zn-air batteries [16].

10.2. Electrolyte Challenges

Dissolving CO2 from the air in the aqueous KOH electrolyte represents a challenge
for some types of MABs, such as ZABs, because CO2 reacts with OH− and forms CO2−

3 ,
thus reducing the electrolyte conductivity and slowing the cell reaction down. Appling a
CO2 filter could solve this problem, but it will increase the complexity and the cost of the
system [23].

The evolution of hydrogen gas could be a challenge for electrolytes with a metal
electrode with a lower potential than hydrogen evolution because the electrolyte becomes
thermodynamically unstable [23]. When using an active electrolyte, the insoluble by-
products’ deposition on both electrodes’ surfaces during the charge-discharge cycles is a
challenge that must be taken into consideration. These by-products reduce the battery’s
performance due to blocking the electrode pores, limiting air diffusion [16,162].

The absorption of moisture from the environment and the evaporation of electrolytes
both contribute to the shortening of the life of aqueous MABs. As a result of the accumu-
lation of water, air electrode flooding may occur, which may impair oxygen delivery to
the active areas of the catalyst. However, water loss raises the electrolyte concentration in
the body, which has a detrimental impact on the discharge response. Additionally, if the
electrolyte is diluted, the ionic conductivity will be decreased, resulting in higher internal
resistances in the system. When designing the battery, it is possible to optimize the internal
water balance by considering the quantity of metal used, the composition and volume of
the electrolyte, and the degree of gas diffusion. The polymerization of the electrolyte may
help to decrease the amount of moisture that is lost. Furthermore, the use of a siloxane
membrane protects against flooding and drying out [87].

10.3. Cathode Challenges

It is challenging to develop a bi-functional air catalyst that is stable, active, and
inexpensive and is appropriate for both OER and ORR [23]. The precipitation of solid
products such as Li2O2 in the cathode results in a thick layer that inhibits electron transport
and may even result in the blocking of cathode pores, reducing the overall capacity of the
cell. The transfer of oxygen is a problem for certain types of MAB when operating at high
current densities [23].

11. Conclusions

Metal–air batteries are promising electrochemical devices with a high energy density
that are safe, environmentally friendly, and lightweight. MABs have a wide range of appli-
cations, including portable electric devices, wearable devices, and large-scale applications,
such as electric cars, among many others. This work thoroughly discusses the mechanism
of MABs, types, electrode materials, electrolytes, new designs, and new applications. The
challenges and recommendations are given.

The following conclusions are driven:



Energies 2021, 14, 7373 40 of 46

• Various metals can be used as an anode of MABs. Each metal has its own advantages
and disadvantages. Al is one of the promising electrodes due to its high energy density,
low weight, good recyclability, environmental friendliness, and low cost.

• Despite the high ionic conductivity of the aqueous electrolytes, the leakage, stability,
and thermodynamic limitations are challenges facing their application. Electrolyte
additives or non-aqueous electrolytes can minimize or solve these problems and thus
increase the durability and energy density of MABs.

• A thermally and mechanically porous cathode electrode that can perform ORR and
OER effectively is essential for commercial MABs.

• Both the Al-air batteries and iron–air batteries are good candidates for the large-scale
production of MABs

• Flow MABs are safe and have a long operational life because of the flow of anolyte/electrolyte,
which minimizes side reactions. Flow MABs can be used for large-scale energy storage
as well as stationary power plants.

• A few studies conducted on MABs in water desalination and wastewater treatment
have shown promising results. However, more studies are still required.
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