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Martins, M.; Sequeira, C.A.C.;
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Abstract: One of the most popular solutions for electrochemical energy storage is metal–air batteries,
which could be employed in electric vehicles or grid energy storage. Metal–air batteries have a
higher theoretical energy density than lithium-ion batteries. The crucial components for the best
performance of batteries are the air cathode electrocatalysts and corresponding electrolytes. Herein,
we present several of the latest studies on electrocatalysts for air cathodes and bifunctional oxygen
electrocatalysts for aqueous zinc–air and aluminium–air batteries.
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1. Introduction

In recent years, human society has been facing the consequences of using fossil fuels
as the primary energy source and reduced energy supplies due to the exponential increase
in energy demand. Consequently, renewable energy sources, such as solar, wind, and water
power, have accounted for increasing energy use. These energy resources have a highly
fluctuating and sporadic power output. Therefore, the parallel use of electrochemical en-
ergy conversion and storage technologies, including capacitors, supercapacitors, batteries,
and fuel cells, is necessary. Such technologies enable the easy and efficient use of the
aforementioned sustainable energy sources by storing the produced electricity, which can
be used later [1]. Energy is stored electrostatically in capacitors, while in supercapacitors,
energy is stored both electrostatically and electrochemically. Both batteries and fuel cells
transform chemical energy into electricity. The main difference is that fuel cells are an open
system, where the electrodes are constantly supplied with fuel, and there is no need for
charging. Conversely, batteries are a closed system involving the internal consumption
of reactants and require charging [1]. Batteries are divided into two groups: primary
batteries (non-rechargeable) and secondary batteries (rechargeable). Secondary batteries,
e.g., lithium (Li)-ion, nickel–cadmium, and zinc (Zn)–air batteries, can be charged multiple
times. The rechargeable nature of secondary batteries is based on a reversible redox reaction
that can proceed in both directions. Secondary batteries have a very high energy efficiency
of 75% [1]. Other advantages of batteries include their high energy density, long life, and
availability in different sizes. The most commercialised batteries are lithium-ion batteries,
which, unfortunately, are approaching their performance upper limit [2,3]. Therefore,
researchers are actively working on developments in electrochemical energy storage and
conversion and are looking for a solution to the energy supply problem beyond lithium-ion
batteries. Metal–air batteries (MABs) are investigated as a possible solution due to their
low production cost, high specific energy, power density, and safety [1].
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Research related to MABs began prior to lithium-ion batteries, as early as 1878, when
Maiche designed the first primary Zn–air battery. This type of battery became commercially
available on the market in 1932 [2]. During the 1960s, aqueous iron (Fe)–, aluminum
(Al)–, and magnesium (Mg)–air batteries were established, and a few decades later, non-
aqueous Li–air, sodium (Na)–air, and potassium (K)–air batteries [1]. Despite their early
beginnings, their development has been significantly slowed by problems associated with
their components. A rechargeable solid-state Li–O2 battery was first introduced in 1996
by Abraham et al. when they successfully demonstrated three charge–discharge cycles [4].
At the time of their first appearance, Li–air batteries did not attract significant attention
from the research community. In 2006, the Bruce group reconsidered Li–air batteries
and presented their good electrochemical performance through the prism of practical
applications. In the future, driving distances of slightly over 550 km are forecast for
Li–air batteries [4]. As there are very limited Li reserves on Earth, the Na–air battery was
introduced in 2011 as a promising alternative to Li–air batteries due to the similar chemical
characteristics of Li and Na [4]. The most commonly used electrolyte in Li–air batteries is
non-aqueous due to the violent reaction of Li with water. Still, in 2008, a water-stable Li
metal anode with a water-stable Li-conducting glass ceramic and a Li-conducting polymer
electrolyte was presented for the first time as the anode for Li–air batteries with the aqueous
LiCl catholyte [5].

Similarly, in 2013, a mixed aqueous (NaOH)/aprotic electrolyte obtained through a ce-
ramics separator was introduced for Na–air batteries [5]. Iron and zinc as MAB anodes have
attracted attention primarily for applications in electric vehicles due to their abundance and
low cost. Despite all the setbacks, the development of MABs has followed the evolution of
materials science; thus, in 2015, a metal-free bifunctional cathode electrocatalyst for Zn–air
batteries was presented [1]. Also, the development of MABs has followed the market
demands for flexible batteries; thus, in 2015, a gel polymer electrolyte for flexible Zn–air
batteries was presented [1]. Zn–air and Al–air batteries are considered ideal for application
in flexible batteries due to their low cost, safety, and high energy density [6]. The Al–air
battery was introduced in 1962 by Zaromb et al. Since then, efforts have been focused on
making them usable in various systems, such as electric vehicles, military communication,
and unmanned aircraft.

Consequently, in 2016, researchers confirmed that an electric vehicle can reach a
travel distance of over 3000 km using an Al–air battery weighing 100 kg [1]. Mg–air
batteries, which are generally primary, have received less attention from researchers, but
they have found applications primarily in systems with limited space for battery imple-
mentation. They are used in small, lightweight, portable devices for civil and military
applications [1]. The second most abundant element in the Earth’s crust and a semiconduc-
tor successfully used in electronics, silicon (Si), was first used as an anode in MABs in 2009
by G. Cohn et al. [7]. Doped Si was used as the anode to improve electronic conductivity.
Although the first Si–air battery was fabricated using a non-aqueous electrolyte, today
there are aspirations to develop Si–air batteries with an aqueous alkaline electrolyte such
as KOH [1]. Recently, special attention has been paid to research related to MABs, and the
number of publications on MABs has increased more than 15 times since 2011 [3].

MABs comprise four main components—a porous air cathode, a metal anode, an
electrolyte, and a suitable separator that mechanically separates the anode and cathode.
MABs are continuously supplied with oxygen from the atmosphere at the cathode and are
therefore considered a hybrid of a battery and a fuel cell [2]. MABs have high theoretical
specific energy density values ranging from 1.2 to 11.4 kWh kg−1 [2], i.e., ca. 3–30 times
higher than the theoretical specific energy density value of lithium-ion batteries, one of
the most commercialised batteries today [2]. The theoretical specific capacities of different
MABs range from 0.68 to 3.86 Ah g−1 [8], making lithium–air batteries (3.86 Ah g−1) and
aluminium–air batteries (2.98 Ah g−1) some of the most promising candidates for solving
the energy supply problem among non-aqueous and aqueous MABs, respectively. Alkali
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(e.g., Li and K); earth-abundant (e.g., Al and Si); alkaline earth (e.g., Mg and Ca); or first-row
transition metals (e.g., Zn) are employed as MAB anodes [3].

Electrolytes used in MABs can be divided into four groups: aqueous (protic), non-
aqueous (aprotic), hybrid, and solid-state electrolytes. MABs based on alkaline anodes
are stable in non-aqueous electrolytes. In contrast, anodes made of other metals, e.g.,
Mg, Fe, Al, and Zn, are stable in aqueous media but equipped with a hydrophobic layer
that has a protective function and prevents electrolyte leakage [1]. In contrast to non-
aqueous electrolytes, aqueous electrolytes have advantages such as high safety, a high ionic
conductivity of about 1 S cm−1, non-toxicity, and a low cost [3]. Therefore, the flammability
of some organic solvents, their possible polluting influence, their low conductivity of about
1–10 mS cm−1, and their high production cost prevent the wider application of non-aqueous
MABs [3].

The separator prevents electronic contact between the anode and cathode, as well
as the mixing of the anolyte and catholyte, but also allows ion exchange to complete the
circuit; therefore, separators are porous polymeric membranes [9,10]. In commercial cells,
the separator is usually a polypropylene membrane with a porosity of 10–20 µm [9].

Metals such as Zn, Al, Mg, and Fe are thermodynamically unstable in an aqueous
environment; however, coating their surface with corresponding hydroxides or oxides
under certain conditions makes them more stable in aqueous electrolytes and, therefore,
more suitable for use in aqueous MABs. Scheme 1 illustrates the working principle of
aqueous MABs. During discharge, the metal (M) is oxidised at the anode to release n
electrons (n is the oxidation number of the metal) and metal ions that combine with
hydroxide ions to form metal hydroxide (Equation (1)) [3]. The released electrons are
transported through the external circuit to the cathode, where they take part in the oxygen
reduction reaction (ORR) together with water and oxygen molecules from the atmosphere
to produce hydroxide ions, which are further transported through the separator to the
anode to complete the circuit (Equation (2)) [3].

M + nOH− →M(OH)n + ne− (1)

n/4O2 + n/2H2O + ne− → nOH (2)

The overall reaction is obtained by combining Equations (1) and (2) (Equation (3)) [3]:

M + n/4O2 + n/2H2O→M(OH)n (3)

During battery charging, the above reactions occur in the opposite direction [3].
Zinc ions in aqueous electrolytes can be directly reduced, while MABs employing

other metals must be charged mechanically by charging their metal anode [3].
Alkali metals are very reactive in aqueous solutions, so MABs with anodes based on

Li, Na, or K use aprotic electrolytes. It is important to point out that the ORR in aprotic
media has a completely different mechanism than in aqueous electrolytes. Non-aqueous
MABs are still at the beginning of their development due to the serious challenges they
face, including the abovementioned problems with aprotic electrolytes and a completely
different mechanism for the ORR [11–14].

Although alkaline electrolytes (e.g., KOH) cause the corrosion of anode materials,
rapid carbonisation, and the formation of dendrites on the metal, they are often used as
electrolytes for air cathodes. These electrolytes facilitate kinetics of the oxygen evolution
reaction (OER) and ORR in contrast to neutral electrolytes, which are somewhat milder
and more environmentally friendly but have sluggish OER/ORR kinetics [15].



Batteries 2023, 9, 394 4 of 24

Batteries 2023, 9, x FOR PEER REVIEW 3 of 25 
 

g−1) and aluminium–air batteries (2.98 Ah g−1) some of the most promising candidates for 
solving the energy supply problem among non-aqueous and aqueous MABs, respec-
tively. Alkali (e.g., Li and K); earth-abundant (e.g., Al and Si); alkaline earth (e.g., Mg and 
Ca); or first-row transition metals (e.g., Zn) are employed as MAB anodes [3]. 

Electrolytes used in MABs can be divided into four groups: aqueous (protic), 
non-aqueous (aprotic), hybrid, and solid-state electrolytes. MABs based on alkaline an-
odes are stable in non-aqueous electrolytes. In contrast, anodes made of other metals, e.g., 
Mg, Fe, Al, and Zn, are stable in aqueous media but equipped with a hydrophobic layer 
that has a protective function and prevents electrolyte leakage [1]. In contrast to 
non-aqueous electrolytes, aqueous electrolytes have advantages such as high safety, a 
high ionic conductivity of about 1 S cm−1, non-toxicity, and a low cost [3]. Therefore, the 
flammability of some organic solvents, their possible polluting influence, their low con-
ductivity of about 1–10 mS cm−1, and their high production cost prevent the wider ap-
plication of non-aqueous MABs [3]. 

The separator prevents electronic contact between the anode and cathode, as well as 
the mixing of the anolyte and catholyte, but also allows ion exchange to complete the 
circuit; therefore, separators are porous polymeric membranes [9,10]. In commercial cells, 
the separator is usually a polypropylene membrane with a porosity of 10–20 µm [9]. 

Metals such as Zn, Al, Mg, and Fe are thermodynamically unstable in an aqueous 
environment; however, coating their surface with corresponding hydroxides or oxides 
under certain conditions makes them more stable in aqueous electrolytes and, therefore, 
more suitable for use in aqueous MABs. Scheme 1 illustrates the working principle of 
aqueous MABs. During discharge, the metal (M) is oxidised at the anode to release n 
electrons (n is the oxidation number of the metal) and metal ions that combine with hy-
droxide ions to form metal hydroxide (Equation (1)) [3]. The released electrons are 
transported through the external circuit to the cathode, where they take part in the oxy-
gen reduction reaction (ORR) together with water and oxygen molecules from the at-
mosphere to produce hydroxide ions, which are further transported through the sepa-
rator to the anode to complete the circuit (Equation (2)) [3]. 

M + nOH- → M(OH)n + ne- (1) 

n/4O2 + n/2H2O +ne- → nOH (2) 

The overall reaction is obtained by combining Equations (1) and (2) (Equation (3)) 
[3]: 

M + n/4O2 + n/2H2O → M(OH)n  (3) 

During battery charging, the above reactions occur in the opposite direction [3]. 

 
Scheme 1. The working principle of aqueous MABs (left) and air cathode construction (right). Scheme 1. The working principle of aqueous MABs (left) and air cathode construction (right).

The air cathode is one of the key components of MABs, and its properties are crucial
for their performance. An efficient air electrode should allow the rapid diffusion of oxygen
and the fast migration of OH−, prevent water permeation, have good activity for the ORR
in primary MABs or both the ORR and OER in secondary MABs, and present physical
and electrochemical stability in an alkaline environment and at high potentials [3]. No air
electrode fulfils all these requirements at the same time. A conventional air electrode is
constructed from three components: an electrocatalyst, a gas diffusion layer, and a current
collector placed between these two components to enable the transfer of electrons from or
to the catalyst layer (Scheme 1) [3]. All three of these layers are porous to maximise oxygen
diffusion [3]. During the ORR, oxygen from the air diffuses from the porous, thin, and
(to a certain extent) hydrophobic gas diffusion layer through the current collector layer
to the catalyst layer. Simultaneously, electrons from the metal anode pass through the
current collector to the catalyst layer and combine with oxygen molecules at the catalyst’s
sites. For the OER, the oxygen and electron pathways are inverse [3]. The current collector
layer should be sufficiently conductive and tough, given that its role is primarily to collect
electrons and provide physical support, i.e., prevent tearing [3]. The catalyst layer is where
the OER and ORR occur; therefore, it is the component that most strongly affects the
efficiency and durability of MABs. As different reactions occur on the electrodes during the
charging and discharging of the battery, some catalysts are intended for only one of these
reactions, while some have bifunctional catalytic activity.

Although a lot of work has been carried out in the field of MABs, challenges related to
the metal anode (passivation, corrosion, and dendritic formation); electrolyte (CO2 dissolu-
tion from the air, the absorption of moisture, and the evaporation of the electrolyte) [15];
air cathode (sluggish OER/ORR kinetics and poor cycling stability) [2]; and the choice
of a suitable separator significantly reduce their effectiveness and therefore prevent the
commercialisation of MABs and the utilisation of their full potential. The current possible
solutions to most of these problems lead to an increase in the price and size of batteries and
a decrease in energy density [2]. Therefore, it is extremely important to continue research
in this field.



Batteries 2023, 9, 394 5 of 24

This review focuses on aqueous MABs, emphasising new advances in materials to
be employed as electrocatalysts for the OER and ORR, as well as the mechanism of the
aforementioned reactions in alkaline media.

2. Anode Materials for MABs

As mentioned, MABs are electrochemical cells wherein the metal is oxidised and
oxygen is reduced. These devices feature a high energy density, ca. 3–30 times higher
than commercial lithium-ion batteries [2,16]. Zinc, aluminium, and magnesium alloys
are considered especially advantageous for some applications because they are inexpen-
sive and lightweight. Lithium, sodium, and potassium are stable in non-aqueous envi-
ronments, while magnesium, aluminium, iron, and zinc are stable in aqueous systems
(Scheme 2) [2,16]. Concerning the abundance of these metals, lithium is not considered an
abundant element despite being distributed in the lithosphere. In contrast, Na is one of the
most abundant elements and it is second lightest and smallest metal after Li. [4].
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Li–air batteries are the most studied systems due to their specific energy of ca. 3458 Wh kg−1

(Table 1), which is higher than that of common lithium-ion batteries (270 Wh kg−1) and other
rechargeable systems such as lithium–sulfur batteries (2600 Wh kg−1) [17]. Nevertheless,
obtaining rechargeable Li–air batteries is difficult. Li anodes have some drawbacks, includ-
ing lithium dendrites and the solid electrolyte formation during cycling [18]. It has been
reported that Li metal can be restored only partially in battery cycling with the continuous
deposition of lithium hydroxide on the anode surface for the discharge/charge process in a
non-aqueous solution [17]. The formation of LiOH can be attributed to the degradation in
the discharge/charge process. Using a protective layer can help prevent the corrosion of
the lithium anode in aqueous and non-aqueous electrolytes when there is moisture.

Zn metal gained the research community’s attention as an anode material in MABs to
overcome the high reactivity of lithium in aqueous media [3]. Zn–air batteries are charac-
terised by an exceptional energy density (1218 Wh Kg−1), which makes them favourable
for mobile and other electronic applications (Table 1). Furthermore, they have advantages
such as the abundant availability of their components along with their inexpensive and safe
manufacturing process, long shelf-life, and flat discharge voltage [3]. Rechargeable Zn–air
batteries are classified into two types: mechanically and electrically rechargeable batteries.
The former are recharged by introducing fresh Zn electrodes to avoid the poor reversibility
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of Zn. The excessive cost of the Zn recharging chain and distribution limits this option. In
electrically rechargeable Zn–air batteries, flowing media are used to improve the stability of
the zinc electrode. However, the corrosion of air electrodes in the charging process affected
the further development of Zn–air batteries at the end of the 20th century [19].

Moreover, Zn is considered a good alloy element for the anode in an aluminium–air
device to ensure an increase in the nominal voltage and a decrease in the self-corrosion
capacity. Still, studies performed on aluminium–zinc anodes have revealed a decrease
in their discharge process due to Zn oxidation film formation. Thus, indium (In) was
introduced into an Al-Zn anode, showing an improvement in the discharge of Al–air
batteries by decreasing the resistance of the Zn oxidation film.

The Al–air battery is recognised for its high specific energy (Table 1), light weight,
good recycling capability, environmental friendliness, and low price. Additionally, different
electrolytes can be used: alkaline, saline, and non-aqueous [20]. The Al–air battery has
a remarkable specific energy (8100 Wh kg−1, higher than that of Zn anodes) and a high
theoretical voltage (2.7 V) [3,20]. Al is a readily available metal that can be recycled in
substantial amounts [3].

The sodium–air battery has also been reported to have a high specific density (1600 Wh kg−1)
and capacity (Table 1). It should be mentioned that Na is among the most abundant
elements on Earth (the sixth most abundant element). Moreover, it is less susceptible to
decomposition during the charge/discharge of Na–air batteries as it combines with oxygen
to form a more stable sodium superoxide (NaO2) [21].

Magnesium–air batteries bring the benefits of Mg’s high abundance, high reaction
activity, light weight, low toxicity, and relatively high safety. One of the main advantages
of the magnesium–air battery is its capacity to be re-used by mechanically changing the
magnesium anode and media. In the discharge process, the magnesium is oxidised to
Mg2+, releasing 2 e−. Simultaneously, the O2 flowing in the air cathode is reduced to OH−.
The theoretical voltage of the Mg–air battery is reported to be 3.1 V, and the specific energy
is 6800 Wh kg−1 (Table 1) [1,22].

Iron–air batteries comprise an Fe anode and a carbon–air cathode submerged in
aqueous media at ambient temperature. The Fe oxidation and O2 reduction proceed during
discharge and recharge from reverse reactions. The oxidation reaction of Fe(OH)2 to FeOOH
or Fe3O4 provides a higher specific energy (913 Wh kg−1). Still, the formation of Fe(III)
species is not desirable due to their higher stability and possible incomplete reduction
during the recharge process. In the discharge process of an Fe–air battery, the Fe(OH)2
from the primary reaction of the anode deposits on the Fe electrode surface due to its low
solubility in the alkaline electrolyte [1,23].

As mentioned above, silicon is the second most abundant element on Earth, and
it has been widely studied in the semiconductor technology area in the last five-to-ten
years. However, the exploration of Si as an anode material in batteries only started in 2009.
Generally, silicon is oxidised at the anode for Si–air batteries in aqueous and non-aqueous
media, and oxygen is reduced at the cathode. However, there are considerable differences
depending on the solution [23].

Calcium is a highly abundant metal, >150% more abundant than sodium or magne-
sium. Its low molecular weight and E0 of −2.368 V for Ca/Ca2+ redox in aqueous media
make it an ideal contender for MAB anodes. Moreover, the deposition of Ca from aprotic sol-
vents using salts such as Ca(ClO4)2 or via alloy formation has recently been demonstrated.

Potassium has also attracted significant attention as an anode for MABs due to its
low cell potential and considerable specific energy. Still, the reactivity of K induces side
reactions with oxygen and water and the degradation of electrolyte solvents. Thus, this
drastic reactivity of K metal restricts the choice of electrolyte. In addition, thick, porous
solid–electrolyte interface layers are formed as a consequence of changes in the volume
of K metal and surface side reactions during cycling. This further decreases the energy
efficiency and reversibility of potassium–air batteries [20].
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In summary, each metal has benefits and drawbacks as an anode electrode in MABs.
The anode chemical activity defines the discharge capacity [6,24]. The reactions occurring
are conditioned by the metal purity and the storage environment and can proceed under
different conditions, influencing the battery efficiency. Table 1 shows the performance of
MABs with different anode materials.

Table 1. Performance of MABs with different anode materials.

Anode Material EOCV (V) vs. RHE Durability Pmax (mW cm−2) Specific Energy (Wh Kg−1) Ref.

Li 2.9 Up to 700 cycles 2 3458 [17]

Zn 1.7
500 h at −10 and 25 ◦C,

150 h at 40 ◦C under
charging at 100 mA cm−2

10 to 435 1218 [25]

Al 2.7 Long 315 8100 [26]

Na 2.4 Holds 90% of its cell
capacity after 300 cycles 39 1600 [26]

Mg 2.9 - 112.4 6800 [27]

Fe 1.3 More than 10,000 charge/
discharge cycles - 913 [28]

Si 2.2 Short 0.3 8470 [29]

Ca 3.1 Long - 250 [21,22]

K - Long - 935 [30]

3. Mechanism of OER and ORR in Alkaline Media

The OER mechanism in alkaline media presents a four-electron pathway (4OH− →
O2 + 2H2O + 4e−) wherein, during the electron transfer between the active site of the
metal electrocatalysts (M*) and OH− ions, several intermediates such as M*OH, M*O, and
M*OOH appeared [3,31–35], as described by the following equations (Equations (4)–(8)):

M*+ + OH− →M*OH + e− (4)

M*OH + OH− →MO + H2O + e− (5)

2MO→ 2M + O2 (6)

MO + OH− →MOOH + e− (7)

MOOH + OH− →M + O2 + H2O + e− (8)

C. Feng et al. [32] explained that O2 can be formed in two ways. The first is given
by Equations (4)–(6), finishing with the direct dissociation of M*O to M* and O2, and the
second is the reaction between M*O and OH− ions, forming an M*OOH− intermediate
that then reacts with OH− ions, forming O2. That is, metal cations on the surface of the
electrocatalyst are active sites for the OER, and their electrocatalytic activity direct depends
on the M*-O bond formed in the M*OH, M*O, and M*OOH intermediates [32]. B. Środa
and coworkers [36] explained that OH groups have the lowest free energy, making them
the most suitable for the OER. Thermodynamically and kinetically, the OER is energy-
demanding and sluggish, because its mechanism requires the exchange of four electrons
during the breaking and forming of four O-H and O-O bonds, respectively [37]. Aside from
this, the most important part of the OER mechanism is the creation of O-O bonds, which
has not been completely explained [37].

The ORR in alkaline media could occur by a two-electron (O2 + 2H2O + 2e− →
HO2

− + 4OH−) or four-electron (O2 + 2H2O + 4e− → 4OH−) pathway, where the stability
of the OM* and OOHM* intermediates obtained after the adsorption of O2 on the surface
of the electrocatalysts defines which pathway will be dominant [31,33,35]. The overall
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reaction (O2 + 2H2O + 4e− → 4OH−) is presented in detail by the following equations
(Equations (9)–(12)):

M* + O2 + H2O + e− → OOHM* + OH− (9)

OOHM* + e− → OM* + OH− (10)

OM* + H2O + e− → OHM* + OH− (11)

OHM* + e− → OH− + M* (12)

In the first reaction (Equation (9)), an O2 molecule is adsorbed on the active site of
the surface of the electrocatalysts, forming the OOHM* intermediate, which subsequently
transforms into OM* (Equation (10)) intermediates by breaking the O-O bond, finally pro-
ducing an OHM* intermediate (Equation (11)) [38]. This ORR pathway is called associative
by W. Xia et al. [38], while the two-electron or peroxo (or second associative) pathway
starts by forming OOHM* and HOOHM* intermediates immediately after the adsorption
of the O2 molecule and without breaking the O-O bond [38]. The third or dissociation
ORR pathway is the simplest, where the O-O bond is broken, followed by the formation
of an OM* intermediate that is reduced to OHM* and H2OM* [38]. Depending on the
conditions and different electrocatalysts, the ORR could occur via three pathways defined
by free-energy barriers [38]. Kinetically, the ORR reaction is intensely sluggish because
of the transfer of four coupled electrons and protons and the strong O-O bond, which is
difficult to break [39].

4. ORR Catalysts
4.1. The ORR Catalysts for Zn–Air Batteries

Zn–air batteries (ZABs) consist of zinc metal and air electrodes as the anode and
cathode, respectively. An air electrode comprises a separator, catalyst, and gas diffusion
layer. The oxygen inside ZABs is in its gaseous state, because its solubility at atmospheric
pressure in the liquid state is low [40]. The anode and cathode electrochemical reactions in
an alkaline solution in ZABs are given by the following equations (Equations (13)–(17)) [40]:

Anode:
Zn→ Zn2+ + 2e− (13)

Zn2+ + 4OH− → Zn(OH)4
2− (E0

anode = −1 V (25 V vs. NHE) (14)

Zn(OH)4
2− → ZnO + H2O + 2OH− (15)

Zn + 2H2O→ Zn(OH)2 + H2 (16)

Cathode:

O2 + 2H2O + 4e− → 4OH− (E0
cathode = 0.4 V vs. NHE) (17)

Overall reaction:

2Zn + O2 → 2ZnO (E0
equilibrium = 1.65 V) (18)

The equilibrium potential (E0
equilibrium) of ZABs has been calculated as 1.65 V [40]. It

is common knowledge that noble platinum (Pt) and/or platinum-based electrocatalysts
show the best activity for the ORR [25,41,42]. Still, their scarcity, high price, and poor dura-
bility limit their practical application. Nowadays, much research is focused on designing
electrocatalysts with a low cost, high ORR activity, and good stability. Different sizes of
metallic atoms in metal complex electrocatalysts and their electronegativity could lead
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to the redistribution of central electrons, thus optimising electrocatalysts’ activity for the
ORR [43].

Additionally, the low spin could be changed to the intermediate spin of the metal
single-atom site by adding metallic nanoclusters. This could further activate the O-O bond
and improve the kinetics of the ORR [43]. The high ORR activity of some metal nanoparticle
complexes depends on particle size, i.e., it increases with a decreasing particle size [44]. The
appropriate metal–metal bond distance, the increased vacancy of the d electron, and the
surface roughness of electrocatalysts can also enhance the ORR activity [44]. The activation
of O2 molecules and the desorption of OH* species on active sites due to the presence of
metal nanoparticles and single-atomic sites could improve the ORR rate [44].

M. Zhang et al. [25] presented some of these ORR electrocatalysts [25]. Namely, they
synthesised electrocatalysts comprising ruthenium cobalt (RuCo) nanoparticles and Co
nitrogen (Nx) species in N-doped carbon (RuCo@Co-N-C) and examined them for the ORR.
The investigation of RuCo@Co-N-C for potential application in ZABs as an air cathode
showed better battery performance than Pt/C with ruthenium oxide (Pt/C + RuO2). The
ZAB’s open-circuit voltage (EOCV) was found to be 1.45 and 1.39 V for RuCo@Co-N-C
and Pt/C + RuO2, respectively [25]. A peak power density (Pmax) of 154.3 mW cm−2 and
a specific capacity of 767.4 mAh g−1

Zn were obtained with RuCo@Co-N-C, higher than
with the Pt/C + RuO2 electrode (Table 2). The 100 h charge/discharge cycling ZAB test of
RuCo@Co-N-C and the Pt/C + RuO2 counterpart showed that the voltage change was not
significantly pronounced in the case of RuCo@Co-N-C, as in the case of the Pt/C + RuO2
counterpart in the ZAB. The outstanding ORR activity of RuCo@Co-N-C was explained by
density functional theory (DFT) calculations, indicating that Ru@CoN4 has a higher charge
density than Co@CoN4. Also, DFT results showed that Ru/Co and CoNx species could act
as active sites for improving ORR kinetics.

Fe nanoparticles (Fe NPs) incorporated into nitrogen-doped carbon to provide sin-
gle Fe atoms (Fe SAs/NPs@NC) showed excellent ORR performance in a ZAB [26]. The
ZAB construction consisted of a Zn plate as an anode, an Fe SAs/NPs@NC + IrO2 air
electrode employed as the cathode, and 6 M KOH + 0.2 M Zn(Ac)2 as the electrolyte. The
battery performance of the Fe SAs/NPs@NC + IrO2 electrode was compared to that of a
Pt/C + IrO2 electrode. The EOCV of the ZAB was found to be 1.446 and 1.477 V for the Fe
Sas/NPs@NC + IrO2 and Pt/C + IrO2 electrodes, respectively. Pmax values of 107.9 and
92.9 mW cm−2 and specific capacity values of 734.5 and 658.3 mAh g−1 at a discharge cur-
rent density of 10 mA cm−2 were obtained for the Fe SAs/NPs@NC + IrO2 and Pt/C + IrO2
electrodes, respectively. The Fe SAs/NPs@NC + IrO2 air electrode performed better in the
ORR than the Pt/C + IrO2 electrode. The durability of the ZAB was tested over 1000 cycles
for 183 h, and the ZAB with the Fe SAs/NPs@NC + IrO2 catalyst exhibited excellent dura-
bility for all 183 h, while the ZAB with the Pt/C + IrO2 catalyst could be cycled for only 90 h,
exhibiting low durability [26]. It was noticed that atomically dispersed Fe-Nx and Fe NPs
had a strong interaction in the Fe-Nx structure, which could have led to this remarkable
ORR behavior. This strong interaction could have decreased the binding energies of the
ORR intermediates and lead to high ORR performances [26].

The oxidation polymerisation–pyrolysis method was used to prepare the uniformly F-
doped porous Fe-N/C catalysts by utilising 4-fluoroaniline as a “self-co-doping” precursor
with N and F elements (F-FeNC) [27]. Zn foil, F-FeNC, and 6.0 M KOH + 0.2 M Zn(Ac)2
solution served as an anode, air cathode, and electrolyte in the liquid-state ZAB, respectively.
The ORR performance of the FeNC-based ZAB air cathode was compared with that of a
Pt/C + IrO2 cathode in the same conditions. The EOCV of 1.49 V for the FeNC-based ZAB
was superior to the value of 1.44 V for the Pt/C + IrO2-based ZAB. The Pmax values of
141 and 222 mW cm−2 at discharge current densities of 222 and 187 mA cm−2 were found
for the FeNC-based ZAB and Pt/C + IrO2-based ZAB electrodes, respectively. The high
ORR performance of the FeNC-based ZAB was confirmed by comparing the discharging
voltages at current densities from 2 to 100 mA cm−2, and the FeNC-based ZAB showed
a stable discharge platform. The F-FeNC-based ZAB gave a stable discharge voltage of
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around 1.28 V at a discharge current density of 10 mA cm−2 over 80 h. Additionally,
the ZAB with the F-FeNC cathode showed a higher specific capacity of 760 mAh g−1

Zn
than the Pt/C + IrO2-based ZAB with a value of 721 mAh g−1

Zn at 10 mA cm−2 [27]. The
F-FeNC-based ZAB air cathode showed long-term cycle stability and good rechargeability
for 120 h, while the Pt/C + IrO2-based ZAB showed cycle stability for about 50 h. It
was explained that the electronic structure of Fe-Nx active sites could be optimised by
incorporating F, while 4-FA mitigated Fe aggregation. The excellent ORR performance
of the F-FeNC catalyst was due to its specific structure with homogeneously dispersed F
atoms and abundant Fe-Nx active sites [27].

Table 2. Performance of the newest ORR electrocatalysts and the corresponding ZABs.

ORR Air Cathode EOCV (V) vs. RHE E1/2 (V) vs. RHE Durability Pmax (mW cm−2) Specific Capacity (mAh g−1) Ref.

RuCo@Co-N-C 1.45 0.90 Long-term cyclic stability for 100 h. 154.3 at ~0.69 V and
~225 mA cm−2 767.4 [25]

Pt/C + RuO2 1.39 / / 119.8 at ~0.57 V and
~210 mA cm−2 717.0 [25]

Fe SAs/NPs@NC + IrO2 1.446 / Excellent durability of 1000 cycles
over 183 h.

107.9 at ~0.83 V and
~130 mA cm−2 734.5 at 10 mA cm−2 [26]

Pt/C + IrO2 1.477 / Low durability for 90 h. 92.9 at ~0.80 V and
~115 mA cm−2 658.3 at 10 mA cm−2 [26]

Fe-FeNC 1.49 0.82 Long-term cyclic durability for 120 h. 141 at ~0.63 V and
222 mA cm−2 760 at 10 mA cm−2 [27]

0.05 Mn-N-P-C 1.45 0.82
The ZAB mechanically recharged

multiple times within 80 h without
the degradation of voltage.

133 at ~0.71 V and
~188 mA cm−2 830 at 5 mA cm−2 [28]

Te/Fe-N-C 1.49 0.88 ∆E = 22 mV (50,000 s). 250 at ~0.71 V and
~350 mA cm−2 770 at 20 mA cm−2 [29]

FeNC-Ce-950 1.480 0.921
The ZAB’s charge/discharge

voltages with FeNC-Ce-950 were
high for about 11 h.

175 at ~0.69 V and
255 mA cm−2 757 at 10 mA cm−2 [43]

Co SAs/NCNA 1.49 0.98 / 206 at ~0.59 V and
~350 mA cm−2 769 [44]

FeNFC800 1.56 0.829
Galvanostatic discharge curve at

10 mA cm−2 for 20,000 s.
196 at ~0.78 V and

~250 mA cm−2 / [45]

0.4Co@NC-900 1.50 0.91
Excellent stability after long-term

charge–discharge cycling tests over
130 h.

203 at ~0.62 V and
325 mA cm−2 792 [46]

N-G/CNTs-900 1.45 0.838

Two N-G/CNTs-900-based ZABs
were connected in series with an
electronic light display screen for

more than 24 h.

133.6 at ~0.61 V and
220.10 mA cm−2 707 at 10 mA cm−2 [47]

P-Fe-N-CNTs 1.498 0.8843
The durability of the ZAB was

satisfactory, and the voltage
retention rate was 95.1% after 144 h.

145 at ~0.64 V and
~225 mA cm−2 885 at 10 mA cm−2 [48]

Co@N-HPCFs / 0.831

The excellent electrochemical
stability of the

Co@N-HPCF-800-based ZAB was
observed in a long-term test with
600 cycles (200 h) at 2 mA cm−2 .

136.2 at ~0.53 V and
~255 mA cm−2 723 at 5 mA cm−2 [49]

NPS-HPCNs 1.479 0.86

The 200 h long-term cycling test of
the NPS-HPCN-based battery at a

current density of 10 mA cm−2

showed reinforced charge and
discharge potentials.

206 at ~0.59 V and
~350 mA cm−2 / [50]

Mn-N-P-doped carbon spheres were synthesised by the polymerisation of hexachlorotr-
ipolyphosphazene (HCCP) and phloroglucinol, followed by calcination at 900 ◦C [28].
J. Li et al. presented a ZAB with a 0.05 Mn-N-P-C air cathode and a Zn sheet as an anode
in 6 M KOH, which delivered an EOCV of 1.45 V and a Pmax of 133 mW cm−2. The Mn-N-
P-C air cathode showed better ORR performance than commercial Pt/C catalysts. This
ZAB was mechanically recharged numerous times over 80 h with no voltage degradation.
Theoretical calculations showed that introducing Mn into N-P-doped carbon decreased
the dissociation barrier from O2 to O∗, which led to the high ORR catalytic activity of the
Mn-N-P-C catalyst [28].

Pyrolysis-acquired iron and nitrogen-co-doped carbon (Fe-N-C) was prepared. After
that, the Fe-N-C was mixed with tellurium (Te) by micelle-induced polymerisation with
Te nanowires as an in situ intervening agent (Te/Fe-N-C) [29]. A homemade ZAB with a
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Te/Fe-N-C air cathode showed an Eocv and Pmax of 1.49 V and 250 mW cm−2, respectively.
These values illustrated the better ORR performance of the Te/Fe-N-C compared to the
Pt/C air cathode in the ZAB. Additionally, the discharge stability of Te/Fe-N-C and Pt/C
was examined at 5 and 20 mA cm−2, and discharge voltages of 1.30 and 1.22 V were
obtained for Te/Fe-N-C and values of 1.28 and 1.19 V for Pt/C, respectively. Long-term
discharge durability tests with Te/Fe-N-C and Pt/C were carried out on the ZAB at 5 and
20 mA cm−2 for 50,000 s. This test of the ZAB showed a low voltage change (∆E) of 22 mV
for the Te/Fe-N-C electrode. The discharge-specific capacity of Te/Fe-N-C was calculated
to be 770 mAh g−1

Zn at 20 mA cm−2
. Finally, the discharge voltages (1.325, 1.300, 1.275,

1.240, and 1.327 V) for Te/Fe-N-C at all current densities (2, 5, 10, 20, and 5 mA cm−2) were
higher than for Pt/C. The content of Fe on the surface of the Te/Fe-N-C catalyst was 0.38%,
and the Fe with both +2 and +3 valences was bonded with N. Then, Te would bond with
the Fe-Nx out of the plane, resulting in the improvement of the N content on the material
surface and increasing the ORR activity of the Te/Fe-N-C catalyst [29].

Cerium oxides (CeOx) were added into the two-dimensional co-doped carbon (Fe-N-
C) catalyst (FeNC-Ce-950) [43]. ZAB tests were carried out with FeNC-Ce-950 as an air
cathode catalyst, a zinc plate as an anode, and 6 M KOH as an electrolyte. The Eocv of
the ZAB with FeNC-Ce-950 was observed to be 1.480 V (Figure 1b). Figure 1c shows the
2 V light-emitting diode connected to two Zn–air batteries with FeNC-Ce-950 in series.
Pmax and specific capacity values of 175 mW cm−2 and 757 mAh g−1

Zn, respectively, were
obtained for the FeNC-Ce-950-assembled battery (Figure 1d,e), and the specific capacity
was determined by normalising the consumed Zn (m = 1.9 g) at a discharge current density
of 10 mA cm−2. The ZAB’s charge/discharge voltages with FeNC-Ce-950 were high for
about 11 h (Figure 1f) [43]. The FeNC-Ce-950 catalyst consisted of a vital Ce4+/Ce3+ redox
system with a high number of oxygen vacancies correlated to highly efficient O2 adsorption
and a higher number of carbon matrix defects than the Ce-free Fe-N-C catalysts [43].

Co-N4 sites on N-doped carbon nanofibre aerogel (Co SAs/NCNA) were constructed by
the direct and green pyrolysis of a metal-chelated cellulose nanofibre (TOCNFs-Cd2+/Co2+)
hydrogel precursor [44]. An Eocv of 1.49 V was obtained for the ZAB with a Co SAs/NCNA
air cathode. Also, the performance of this battery with Co SAs/NCNA in terms of specific
capacity and Pmax was found to be 769 mAh g−1 and 206 mW cm−2, respectively. The Co
SAs/NCNA consisting of 3D hierarchically porous carbon aerogels showed excellent ORR
kinetics in alkaline media [44].

A. Yu et al. [45] synthesised Fe/N/F-tri-doped (FeNFCs) carbon nanotubes (CNTs)
by annealing the post-synthesised trifluoroacetic anhydride-modified Fe-MIL-88B-NH2
nanocrystals with melamine in an N2 atmosphere at high temperature (Scheme 3). The au-
thors prepared a homemade ZAB with an FeNFC800 catalyst (loading mass = 1 mg cm−2),
Zn plate, and 6 M KOH solution as the air cathode, the anode, and the electrolyte, respec-
tively. This battery with the FeNFC800 catalyst gave an Eocv of 1.56 V, showing a higher cell
voltage than the value of 1.47 V obtained for the ZAB with a 20% Pt/C air cathode. Potential
practical applications of the FeNFC800 air cathode were examined by the galvanostatic
discharge curve at 10 mA cm−2 for 20,000 s. A Pmax of 196 mW cm−2 was obtained for the
FeNFC800 air cathode, which was higher than the value of 56 mW cm−2 for commercial
Pt/C. It was confirmed that FeNFC800 has a unique structure with a dominant CNT con-
tent, which provides a high pyridinic/graphitic nitrogen content, a large specific surface
area, ionic/semi-ionic C-F bonds, etc. These structural facts could have led to the high ORR
activity of the FeNFC800 catalyst [45].

A novel nanocapsule with a cobalt core and nitrogen-doped carbon shells (Co@NC)
supported on a metal-organic framework (MOF)-derived hierarchical porous carbon frame-
work (0.4Co@NC-900) was examined as an air cathode in a liquid ZAB [46]. Specifically,
the primary ZAB was constructed with a Zn plate anode, 0.4Co@NC-900 air electrode, and
6 M KOH + 0.2 M zinc acetate solution. This ZAB gave an Eocv of 1.50 V and a Pmax of
203 mW cm−2. These excellent battery performance metrics could have resulted from the
unique pore structures of the 0.4Co@NC-900 electrocatalyst. The battery performance of
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the 0.4Co@NC-900-based and Pt/C-based batteries was investigated at different current
densities (2, 5, 10, 20, 10, and 5 mA cm−2). The 0.4Co@NC-900-based battery showed a
higher discharge voltage at all current densities than the Pt/C-based ZAB. Precisely, the dis-
charge voltage of the 0.4Co@NC-900-based battery decreased by only 5.7% with the current
density increasing from 2 to 20 mA cm−2. Specific capacity values of 792 and 611 mAh g−1

were obtained for the 0.4Co@NC-900-based and Pt/C-based ZABs, respectively. Most
importantly, the 0.4Co@NC-900-based battery showed excellent stability after long-term
charge–discharge cycling tests over 130 h with deviations in the charge-discharge voltage of
0.2 V. The excellent ORR activity and stability of the 0.4Co@NC-900 catalyst were obtained
due to its mesoporous structure, with the optimised micro-/mesoporous ratio of carbon
structures decreasing the chemical corrosion of the Co nanoparticles [46].
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Figure 1. Scheme of Zn–air batteries (a), Eocv of an FeNC-Ce-950-assembled ZAB measured by
a multimeter (b), light-emitting diode lit with two FeNC-Ce-950-assembled ZABs in series (c),
polarisation and power density plots of ZAB with FeNC-Ce-950 and Pt/C (d), long-term discharge
test for ZABs with FeNC-Ce-950 and Pt/C (e), constant current charge/discharge test controlling
current densities for ZABs assembled from FeNC-Ce-950 and Pt/C (f) [43]. Copyright 2023, Journal of
Colloid and Interface Science.

A hybrid heterostructure N-G/CNTs-900 catalyst with a hierarchically porous archi-
tecture was prepared by the hydrothermal reduction self-assembly method using graphene
oxide (GO), carbon nanotubes (CNTs), and CNTs combined with urea as the precursor,
nitrogen source, and foam-introducing agent, respectively [47]. A liquid rechargeable ZAB
was constructed of zinc with a thickness of 0.5 mm as an anode, N-G/CNTs-900 as an
air cathode, and 6.0 M KOH + 0.2 M zinc acetate as an electrolyte. The ZAB with the
N-G/CNTs-900 air electrode gave an Eocv of 1.45 V and a Pmax of 133.6 mW cm−2. This
battery showed a specific capacity of 707 mAh g−1 at 10 mA cm−2. The authors presented
the high activity and stability of N-G/CNTs-900 as an air cathode by connecting two N-
G/CNTs-900-based ZABs in series with an electronic light display screen for more than
24 h [47].
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An Fe/N/P-tri-doped prolonged carbon nanotube (P-Fe-N-CNT) electrocatalyst with a
large specific surface area and abundant porous structure was prepared according to a facile
one-step calcination procedure and tested for the ORR in a ZAB [48]. Ni foam containing a P-
Fe-N-CNT catalyst with a catalyst load of 1 mg cm−2 and a polished Zn sheet were set as the
cathode and anode in the ZAB (Figure 2a), respectively, while 6 M KOH + 0.2 M Zn (Ac)2
was used as the electrolyte. The assembled ZAB with the P-Fe-N-CNT air cathode gave an
Eocv of 1.498 V (Figure 2b). A Pmax of 145 mW cm−2 and a discharge specific capacity of
885 mAh g−1 at 10 mA cm−2 was obtained for this P-Fe-N-CNT-based ZAB (Figure 2c,f).
The P-Fe-N-CNT catalyst provided an excellent rate performance for the ZAB (Figure 2d)
at different current densities (1, 2, 5, 10, 15, 20, 25, and 10 mA cm−2). The assembled ZAB
with the P-Fe-N-CNT air cathode provided satisfactory durability and a voltage retention
rate of 95.1% after 144 h at 10 mA cm−2 (Figure 2e). In all cases, the battery performance of
the P-Fe-N-CNT air cathode was found to be better than that of a Pt/C air cathode. The
authors performed an electrochemical impedance spectroscopy (EIS) investigation of the
P-Fe-N-CNT- and Pt/C-based ZABs. The P-Fe-N-CNT-based ZAB gave a lower charge
transfer resistance than the Pt/C catalyst, showing improved conductivity. This remarkable
ORR activity of the P-Fe-N-CNT catalyst was due to the synergistic effect of Fe-Nx/Px and
N- and P-co-doped carbon, which provided a unique structure with a large specific surface
area, promoting a high rate of charge and mass transfer [48].

The highly dispersed Co nanoparticles on a hierarchically porous N-doped carbon
fibre (Co@N-HPCF) catalyst were also explored for use in MABs [49]. The liquid ZAB
was assembled using a zinc plate as the anode, a Co@N-HPCF-800 catalyst as the air
cathode (catalyst loading of 1 mg cm−2), and 6 M KOH + 0.2 M zinc acetate solution as the
electrolyte. The Co@N-HPCF-800-based ZAB showed a higher discharge voltage than the
20 wt% Pt/C-based battery at the same current density and a substantially higher voltage
at a high current density. Specifically, the Co@N-HPCF-800-based battery gave a Pmax of
136.2 mW cm−2 and a specific capacity of 723 mAh g−1 at 5 mA cm−2. Interestingly, the
Co@N-HPCF-800-based battery gave a 1.43-times higher Pmax than the 20 wt% Pt/C-based
battery. The relatively stable charge–discharge platform of the ZAB with the Co@N-
HPCF-800 cathode was demonstrated during a long-term test over 600 cycles (200 h) at
2 mA cm−2. The charge–discharge efficiency decreased from the initial 64.5 to 57.1%, which
presented the excellent electrochemical stability of the Co@N-HPCF-800-based ZAB. The
outstanding electrocatalytic ORR performance of the Co@N-HPCF electrocatalyst was
explained by its unique structure and appropriating synergistic effects. Improved mass
transport for ORR species was noticed by the rapid diffusion of a substance through its
hollow porous nanostructured structures. The enhanced electron structure was achieved
by its 1D structure [49].
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Q. Zhao et al. [50] presented a metal-free and novel coating strategy to produce
adjacent N, P, and S-co-doped hierarchical porous carbon nanoshells (NPS-HPCNs) that
were highly active for the ORR. Additionally, NPS-HPCNs served as the air cathode, a
polished zinc plate as the anode, and 6 M KOH containing 0.2 M Zn(OAc)2 solution as the
electrolyte in a primary ZAB. An Eocv of 1.479 V and a Pmax of 206 mW cm−2 were obtained
for the NPS-HPCN-based ZAB. It was noticed that the galvanostatic discharge voltages
of the NPS-HPCN-based battery decreased with an increased current density from 1 to
15 mA cm−2. The galvanostatic discharge voltage plateaus of the NPS-HPCN-based battery
appeared at 1.37, 1.34, 1.33, 1.32. 1.31, and 1.29 V, corresponding to the discharge current
densities of 1, 3, 5, 7, 10, and 15 mA cm−2, respectively. A 200 h long-term cycling test of the
NPS-HPCN-based battery at a current density of 10 mA cm−2 showed reinforced charge
and discharge potentials. The porous hollow structure of the NPS-HPCN electrocatalyst
could improve the mass and electron transfer during the ORR. N, P, and S atoms could
reduce the energy barriers for the ORR and enhance the adsorption of O2 [50].

4.2. ORR Catalysts for Aluminium–air Batteries

Aluminium–air batteries (AABs) have also been explored as future energy genera-
tion storage devices. AABs have a high theoretical voltage (2.7 V), high energy density
(8.1 kWh kg−1), high theoretical specific capacity of 2.98 Ah g−1, low cost, abundant re-
serves, and light weight [51,52]. These batteries are assembled with an aluminium anode,
an air cathode, and an alkaline or neutral electrolyte such as KOH, NaO, or NaCl [51]. The
anode (Equation (19)) and cathode electrochemical reactions (Equation (17)) in an alkaline
solution in AABs are given by the following equations (Equations (17) and (19)) [40]:

Anode:
Al→ Al3+ + 3e− (19)

Overall reaction:

4Al + 3O2 + 6H2O→ 4Al(OH)3 (E0
equilibrium = 2.7 V) (20)
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Herein, we focus on the newest air cathode materials, essential components in AABs.
We report several of the newest catalytic active layers consisting of an electrocatalyst, carbon
material, and binder, which correspond to the ORR.

Cobalt nanoparticles encapsulated with N-doped graphene nanoplatelets (Co@N/GNPs)
were prepared by plasma engineering [53]. This electrocatalyst was set as an air cathode
with a diameter of 0.5 mm and catalyst loading of 2 mg cm−2, an Al 5052 alloy plate was
set as an anode; and a 6 M KOH solution was set as the electrolyte with dissolved 0.01 M
Na2SnO3, 0.0005 M In(OH)3, and 0.0075 M ZnO as the corrosion inhibitor in homemade
AABs. The Eocv and Pmax of the AABs with a Co@N/GNP cathode were founded to be
1.40 V and 143.4 mW cm−2 (Table 3), respectively. The discharge plots at different current
densities (5, 25, 50, 100, and 5 mA cm−2) for 10 min showed that the discharge potential
of the Co@N/GNPs reached 1.04 V at a current density of 100 mA cm−2. The durability
of this Al–air battery was investigated at 25 mA cm−2, where it was noticed that the
Co@N/GNP cathode presented voltage degradation at 29,460 s. The authors compared
the battery performances of AABs with a Co@N/GNP cathode and a graphene nanoplate
(GNP) cathode, and the results showed better battery performance for the Co@N/GNP
cathode due to the incorporation of the cobalt by the n-doped carbon shell [53].

Table 3. The performance of the newest ORR electrocatalysts and the corresponding AABs.

ORR Air Cathode EOCV (V) vs. RHE E1/2 (V) vs. RHE Durability Pmax (mW cm−2) Specific Capacity (mAh g−1) Ref.

Co@N/GNP 1.40 0.98

The durability of this AAB was
investigated at 25 mA cm−2,
and it was noticed that the

Co@N/GNP cathode showed
voltage degradation at 29,460 s.

143.04 at 0.74 V and
191.83 mA cm−2 / [53]

Integrated B–N-G / 0.868 High durability of AAB
construction.

152.4 at ~0.81 V and
~188 mA cm−2 / [52]

Slurry-cast B–N-G / / / 137.1 at ~0.78 V and
~175 mA cm−2 / [52]

Pt/C / 0.854 / 136.2 at ~0.64 V and
~212 mA cm−2 / [52]

FePc@Co-SAs/PCNF 0.87 / 196.36 at ~0.79 V
and ~250 mA cm−2 / [54]

Co-N-C 1.7 0.838 After 20000 s, retained 95% of
the performance.

148 at ~0.99 V and
~150 mA cm−2 1148 at 50 mA cm−2 [55]

Boronate-amino (B–N) coordinated active sites deposited on a graphene aerogel (de-
noted as B–N-G) were investigated for the ORR in alkaline media [52]. Then, an Al–air
homemade battery was constructed with B–N-G on a Ni foam current collector as an
integrated air cathode with a thickness of ~0.5 mm and an Al 1.0 wt%–Mg 0.1 wt%–Sn
(Al–Mg–Sn) alloy as an anode. In the Al–air homemade battery, 4 M NaOH or 3.5% NaCl
solution was used as an electrolyte. Explicitly, the performance of the Al–air homemade
batteries constructed with an integrated B–N-G air cathode was compared with slurry-cast
B–N-G and Pt/C air cathodes. The authors noted that the Eocv of the integrated B–N-G-
based battery was higher than that of the slurry-cast B–N-G- and Pt/C-based batteries.
A Pmax of 152.4 mW cm−2 was obtained for the integrated B–N-G-based battery, while
Pmax values of 137.1 and 136.2 mW cm−2 were founded for the slurry-cast B–N-G-based
(Table 3) and Pt/C-based batteries, respectively. The AAB with the integrated B–N-G
air cathode gave larger discharge voltage plateaus at different current densities ranging
from 5 to 100 mA cm−2 than the other two examined batteries. The integrated B–N-G–air
cathode-based battery demonstrated that the voltage recovered to 1.71 V when the current
density changed to 5 mA cm−2 again. The long-term discharge curve of the integrated
B–N-G–air cathode-based battery was obtained at 20 mA cm−2 by mechanical charging
every 4 h. This battery showed no voltage loss with a constant voltage plateau at ~1.58 V.
After that, the Al–air battery with the B–N-G–air cathode was tested in contact with a
KOH electrolyte and aluminium species after off-loading storage for 5 days in the KOH
electrolyte. It was noticed that the discharge voltage remained at 1.55 V, presenting the
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good durability of this construction. The intensive ORR activity of the B–N-G catalyst
originated from the high activity of the B–N coordinated active sites [52].

Iron phthalocyanine (FePc) anchored on the cobalt-nitrogen sites on N-doped porous
carbon nanofibres (FePc@Co-SAs/PCNF) was synthesised and investigated for the ORR [54].
Then, FePc@Co-SAs/PCNF was used as a cathode in a homemade AAB to investigate its
practical application in a battery setup. This AAB was assembled with an Al-Mg-Sn alloy
plate as the anode and 3.5 wt% NaCl solution as the electrolyte. Stable discharge voltages
of 1.58 and 1.28 V were found at 20 and 100 mA cm−2. This battery was examined with pe-
riodically recharging Al alloy anodes, and no voltage loss during continuous discharge was
seen. A Pmax of 196.36 mW cm−2 was obtained for the FePc@Co-SAs/PCNF-based AAB,
while the commercial Pt/C-based battery showed a lower value of 131.26 mW cm−2. The
intensive ORR catalysis by the FePc@Co-SAs/PCNF could have result from coupling the
FePc with Co-N3 and their strong electronic interaction, leading to the enhanced adsorption
of O2 [54].

An impregnation method was used for preparing a nitrogen-doped carbon catalyst
by heat treatment, and Co anchored on a N-doped carbon catalyst (Co-N-C) with a size of
10–30 nm was prepared [55]. The homemade AAB consisted of an Al–Mg–Sn–In alloy plate
as the anode, the Co-N-C catalyst as the air cathode, and 6 M of KOH with 0.5% sodium
stannate as the electrolyte. An Eocv of 1.7 V and a Pmax of 148 mW cm−2 were obtained for
the Co-N-C-based AAB. This battery performance was somewhat better than that obtained
for a 20wt% Pt/C-based battery. The specific capacity of the AABs was examined at
50 mA cm−2 and found to be 1148 mAh·g−1 for the Co-N-C-based AAB and 681 mAh g−1

for the 20% Pt/C-based AAB. Both air cathodes in the AABs showed good performance
at different discharge currents (10, 20, 30, 40, 50, 20, and 10 mA cm−2). The durability of
the Co-N-C-based AAB was retained at 95% after 20,000 s. The authors [55] presented
two Co-N-C-based aluminimum–air battery cells in series with a catalyst cathode load of
1 mg cm−2 and showed that these batteries could charge a mobile phone and light a series
of lights simultaneously (Figure 3).
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Figure 3. Two AABs in series showing an Eocv of 3.41 V (a), two AABs in series driving a
fixed load (b), charging a mobile phone and illuminating the lights (c), charging a mobile phone
simultaneously (d) [55]. Copyright 2023, Applied Catalysis A: General.
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5. Bifunctional ORR/OER Catalysts

The development of new bifunctional electrocatalysts for MABs is still challenging due
to the slow kinetics of both the OER and ORR in the charge/discharge process. Moreover,
the high price and low abundance of noble metals have hindered their use in electrocatal-
ysis. Consequently, low-price and effective bifunctional catalysts are vital to accelerate
electrochemical reactions and raise the recharge rate and the voltage of rechargeable MABs.

Recently, transition metal (TM) (Mn, Co, Ni, and Fe)-based materials have shown
considerable catalytic activity for the OER/ORR. TM oxides present several crystal struc-
tures and active defect sites, benefiting from the existence of different valence states in a
TM. Thus, transition metals combined with nitrogen-doped carbons (M/N-C) with excel-
lent ORR/OER performance have been reported as good substitutes for precious metal
catalysts [56].

Many studies have been performed on carbon materials (carbon nanotubes, graphite,
mesoporous carbon, and graphene, among others), and many strategies for the enhance-
ment of their performance, such as heteroatom-doping, have been introduced. Carbon
materials have been extensively explored for the ORR/OER because of their interesting
properties, such as their low price, good electronic conductivity, large specific surface area,
and high stability. Nevertheless, the electrocatalytic efficiency of pure carbon materials is
not expected. Conversely, the synergic effects between carbon materials and other elements
can lead to bifunctional behaviour. It has recently been reported that doping carbon mate-
rials with, for instance, N, P, S, F, or B, can polarise the carbon atoms due to the size and
electronegativity differences between the dopants and carbon. Co-doping carbon materials
with heteroatoms of different electronegativities will raise the asymmetry of electrons at
the doping position, introducing more active sites for ORR/OER catalysts and promoting
the adsorption/desorption of oxygen. An example is the hybrid electrocatalysts composed
of transition metal compounds and heteroatom-doped carbon materials cited to increase
ORR/OER activity [57,58].

Metal-free N-doped graphdiyne (GDY) was developed as an ORR/OER material [53],
and pyridinic N was demonstrated to contribute to enhanced catalytic activity for the ORR
and OER. Other studies involving B-, N-, and F-tri-doped lignin-derived carbon nanofibre
(BNF-LCF) catalysts showed high catalytic performance for the ORR/OER. Specifically,
a lower difference between the potential at 10 mA cm−2 in OER mode and the E1/2 in
ORR mode of 0.728 V was determined for BNF-LCFs compared to the value of 0.760 V
in the case of commercial Pt/C + RuO2. The BNF-LCF-based liquid ZABs presented a
high OCV of 1.536 V and a high specific capacity of 791.5 mAh g− 1 with considerable
charge–discharge cycle efficiency (Figure 4) [59]. One of the most interesting materials is
single-atom carbon with M-Nx-C species. Li and coworkers designed an electrocatalyst
involving ferric oxide (Fe3O4) and cobaltous oxide (CoO) in a carbon nanoflower. The
Zn–air battery using this electrocatalyst showed an OCV of 1.457 V, a stable discharge of
98 h, a high specific capacity of 740 mAh g−1, a large power density of 137 mW cm−2,
and excellent charge/discharge cycling performance [60]. Electrocatalysts supported on
helically coiled nitrogen-doped carbon nanotubes (HNCNTs), such as Co@H-NCNTs, were
studied for the ORR and OER and were demonstrated to be comparable with Pt/C and
IrO2 (Figure 5). DFT calculations showed that the active sites in Co@H-NCNTs had low
overpotentials for the ORR/OER, leading to remarkable catalytic activity. A Zn–air battery
with Co@H-NCNTs exhibited a high power density (207.0 mW cm−2) and good stability
after 300 cycles. Thus, Co@H-NCNTs could be a favourable bifunctional ORR/OER catalyst
for effective electrocatalysis in Zn–air batteries [61].

Transition metal materials (oxides (spinel oxide and perovskite oxide, double-layered
hydroxides); sulfides; phosphides; and nitrides) have demonstrated efficiency as precious-
metal-free bifunctional electrocatalysts. However, their performance could be influenced
by their intrinsic poor conductivity, decelerating the reaction kinetics [62]. Still, recently,
nanostructured transition metal phosphides and their hybrids have demonstrated excellent
activity and durability for the OER/ORR [56].
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Figure 4. Scheme of a ZAB (a), Eocv of BNF-LCF-based ZAB (b), LEDs powered by three ZABs
assembled with BNF-LCFs (c), discharge polarisation curves and power density curves of ZABs
assembled with BNF-LCFs or Pt/C + RuO2 (d), discharge curves of ZABs assembled with BNF-
LCFs or Pt/C + RuO2 (e), specific capacities of ZABs assembled with BNF-LCFs or Pt/C + RuO2

standardised to the quality of the Zn plate consumed (f), discharge–charge cycle properties of ZABs
assembled with BNF-LCFs or Pt/C + RuO2 (g–i) [59]. Copyright 2022, Applied Surface Science.

Porous materials doped with transition metals have been studied as ORR/OER
catalysts [63]. However, metal particle agglomeration and leaching after long-term us-
age are still a problem to be tackled. In contrast to metal-loaded catalysts, metal-free carbon
materials do not suffer from particle agglomeration or leaching and, consequently, may
display better stability through long-term usage.

Quian and coworkers demonstrated that MOFs can be applied as precursors to syn-
thesise noble-metal-free ORR/OER cathodic electrocatalysts with excellent performance in
rechargeable Zn–air batteries [58]. MOF-based materials, particularly bimetallic MOFs, are
known as promising electrocatalysts because of their tunable porosity, high surface area,
and flexible structure/composition. Nevertheless, MOF-based materials typically have
poor electrical conductivity and reduced functionality. Using MOF structures as precursors
is a well-recognised method to synthesise high-performance electrocatalysts. For exam-
ple, an MOF-derived Co9S8/Co–Nx/CoNi/Ni3S2@CNS-4 catalyst was described to have
good ORR/OER performance. A peak power density of 206.9 mW cm−2 suggested good
Zn–air battery performance [64]. NiFe-MOF/NiFe2O4 hollow spheres exhibited excellent
ORR and OER performance, explained by the synergetic effect involving NiFe-MOF and
NiFe2O4 [62].
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Figure 5. Scheme of ZAB (a), Eocv and LED lit by the Co@H-NCNT-loaded ZAB (b), power density
and discharge curves (c), galvanostatic discharge curves versus specific capacity (d), discharge and
charge curves (e), and galvanostatic cycling response of catalyst-loaded ZABs (f) [61]. Copyright
2023, Applied Catalysis B: Environmental.

Electrocatalysts doped with two or more metals are also recognised to have higher
catalytic activity compared to their single-metal counterparts. For instance, one-step
high-temperature pyrolysis resulted in a trimetallic electrocatalyst (FeZrRu/C) with no-
table ORR/OER catalytic activity. A ZAB with FeZrRu/C reached a power density of ca.
221 mW cm−2 [65].

Zhang and coworkers constructed a Co-N-C and NiFe layered double hydroxide as a
composite for OER/ORR catalysis. Mn3O4-based and FeCo-based spinel oxide nanocom-
posites were produced by Qiu et al. for the ORR and OER, respectively. In studies by
Chen et al., Fe, Co-based oxide, and their composite with N-doped graphene were prepared
to reach higher ORR/OER performances. Nanoporous high-entropy spinel has recently
been demonstrated to be a bifunctional ORR/OER electrocatalyst due to its tunable surface
electronic structure [57]. Other types of electrocatalysts such as perovskite-type metal oxide
mixed with carbon materials have been demonstrated as promising materials for MABs
because of their adequate ORR/OER behaviour [66].

Several groups of exceptional ORR/OER electrocatalysts have been identified, includ-
ing carbon-based electrocatalysts, transition metal nitrides, oxides, MOFs, and covalent
organic frameworks. Table 4 summarises the evaluated electrocatalysts and the correspond-
ing batteries’ performance. Still, one should keep in mind that the cost of an electrocatalyst
determines its potential use, along with the summarised parameters. The price of noble-
metal-based electrocatalysts can be several orders of magnitude higher than that of, for
instance, transition-metal-based ones.
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Table 4. The performance of the bifunctional ORR/OER electrocatalysts and the corresponding aqueous metal–air batteries.

Bifunctional Air Cathode EOCV (V) vs. RHE E1/2 (V) vs. RHE η10 (V) vs. RHE Charge and Discharge
Voltage (V) Durability Pmax (mW cm−2) Specific Capacity

(mAh g−1) Ref.

BNPC-1100 1 / 0.793 1.38 2.19 and 1.16 V after 100 h of
the test.

The ZAB did not show significant performance loss
at a charge–discharge current density of 2 mA cm−2

for 100 h.
/ / [58]

BNPC-1000 / 0.749 1.41 The discharging voltage was
1.12 V after 100 h of the test. The ZAB deteriorated during the 100 h cycling test. // / [58]

BNF-LCF 2 1.536 / 1.542 2.07 and 1.10 V. The ZAB showed a stable charge–discharge
performance after 600 cycles.

99.4 at ~0.57 V and
~175 mA cm−2 791.5 at 10 mA cm−2 [59]

Pt/C + RuO2 1.507 / / 2.17 and 1.10 V. The ZAB’s charge–discharge performance rapidly
dropped after the 300th cycle.

68.3 at ~0.53 V and
~130 mA cm−2 720 at 10 mA cm−2 [59]

BM_30_350_O2
3 / / 1.60 2.03 and 1.26 V. The ZAB’s efficiency reduced to 55% after 30 h. 34.6 at 0.52 V and

67.1 mA cm−2
764 at 5 mA cm−2;
738 at 10 mA cm−2 [66]

Pt/C / / / / The ZAB’s efficiency reduced to 52% after 30 h of
continuous charge–discharge cycling.

69.4 at 0.52 V and
110.1 mA cm−2

741 at 5 mA cm−2;
737 at 10 mA cm−2 [66]

Co@H-NCNT 4 1.520 / 1.544 / The ZAB showed good cycle stability for 300 cycles
(100 h).

207 at ~0.69 V and
~300 mA cm−2 879.7 [61]

Ni@H-NCNT / / / / / 145.7 at ~0.61 V and
~240 mA cm−2 [61]

Fe@H-NCNT / / / / / 178.8 at ~0.67 V and
~265 mA cm−2 [61]

Pt/C-IrO2 / / / / / 166.1 at ~0.64 V and
~260 mA cm−2 786.8 [61]

Co3S4@Co3O4/NSC-260–8 1.420 0.822 1.512 2.073 and 1.134 V.
The ZAB showed robust stability and no obvious

decrease in the voltage for 200 h of
charge–discharge cycles.

122 at 0.45 V and
272 mA cm−2 885 at 20 mA cm−2 [63]

NiFe-MOF/NiFe2O4 1.397 / 1.502 1.96 and 1.13 V. / 158.4 at 0.64 V and
246.1 mA cm−2 700 at 2 mA cm−2 [62]

Co9S8/Co–Nx/
CoNi/Ni3S2@CNS-4 1.59 0.860 1.580 / / 206.9 at 0.64 V and

325 mA cm−2, 801 at 10 mA cm−2 [64]

FeZrRu/C 1.46 0.912 1.650 / The ZAB showed stable discharge and charge
potential for more than 10 h.

221.34 at ~0.63 V and
~350 mA cm−2 / [65]

Fe3O4/CoO@CF 1.46 0.83 1.600 The ZAB showed long-term stability in
charge/discharge performance.

137 at ~0.68 V and
~200 mA cm−2 740 at 5 mA cm−2 [60]

The overpotential (η10) for the OER was calculated by the following formula: η10 (V) = ERHE − 1.23 V at 10 mA cm−2. BNPC 1—B-N dual-doped highly porous carbon; BNF-LCFs 2—B,
N, and F tri-doped lignin-based carbon porous nanofibres; BM_30_350_O2

3—co-doped LaMnO3 perovskite mixed with a carbon black material; H-NCNT 4—porous N-doped
carbon nanotubes.
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6. Conclusions

This work presented the latest research and observed performances pertaining to ORR
and bifunctional OER/ORR air cathodes in aqueous metal−air batteries. An overview of
the latest research on developing aqueous metal−air batteries is of fundamental importance
for potential practical purposes. In the last few decades, more and more research has been
related to the development of OER or bifunctional OER/ORR electrocatalysts applicable
in rechargeable aqueous metal–air batteries, which could be one of the main solutions
for energy storage. Hence, aqueous metal–air batteries with low costs and favourable
performance indicators, such as a high peak power density, high specific capacity, and good
durability, are future candidates for environmentally friendly energy devices.
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