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Owing to their attractive energy density of about 8.1 kW h kg−1 and specific capacity of about 2.9 A h g−1,

aluminum–air (Al–air) batteries have become the focus of research. Al–air batteries offer significant

advantages in terms of high energy and power density, which can be applied in electric vehicles;

however, there are limitations in their design and aluminum corrosion is a main bottleneck. Herein, we

aim to provide a detailed overview of Al–air batteries and their reaction mechanism and electrochemical

characteristics. This review emphasizes each component/sub-component including the anode,

electrolyte, and air cathode together with strategies to modify the electrolyte, air-cathode, and even

anode for enhanced performance. The latest advancements focusing on the specific design of Al–air

batteries and their rechargeability characteristics are discussed. Finally, the constraints and prospects of

their use in mobility applications are also covered in depth. Thus, the present review may pave the way

for researchers and developers working in energy storage solutions to look beyond lithium/sodium ion-

based storage solutions.
1. Introduction

The ever-growing energy demand, which is inherently coupled
with the pressing need to address climate change, has propelled
the world towards clean and green energy sources. However,
although these renewable energy sources such as solar and
wind are abundant and environmentally friendly, their
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intermittent nature poses a challenge in integrating them
seamlessly into the existing energy grid.1–4 In this scenario,
electrochemical energy storage devices have emerged as the
crucial missing link in the energy demand and supply chain.
These devices may bridge the gap between generation and
consumption, storing excess energy from renewable sources
and releasing it when needed to ensure grid stability and
reliability.5–9 These electrochemical energy storage systems
include various devices such as supercapacitors and recharge-
able batteries.10–13 Rechargeable lithium-ion (Li-ion) batteries
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View Article Online
have shown their potential and dominate the energy storage
market, especially portable electronics and hybrid/electric
vehicles, due to their high energy density and relatively low-
weight characteristics.14–16 However, their reliance on lithium,
a limited resource, has spurred interest in multivalent metal-
ion batteries, which use ions such as iron, magnesium,
calcium, and aluminum, offering a higher charge density and
potentially lower cost.17–19 Nevertheless, both technologies are
associated with many challenges, as follows: Li-ion batteries
face safety concerns related to dendrite formation and thermal
runaway, while multivalent metal-ion batteries grapple with
electrode material limitations, electrolyte compatibility issues,
and lower electrical conductivity.20–22 Overcoming these hurdles
will require innovative approaches in materials science,
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electrolyte design, and manufacturing processes to unlock the
full potential of both Li-ion and multivalent metal-ion
rechargeable batteries for future energy storage
applications.20–25

More interestingly, due to the high theoretical capacity and
energy density of metal–air batteries, they have shown potential
as alternatives to the currently dominating Li-ion batteries.
Furthermore, the weight of metal–air batteries is also one of the
exciting factors given that oxygen from air acts as the cathode
material. Thus, in principle, this reduces the need for a cathode
in these energy storage systems.26–28 Generally, these batteries
are equipped with metal as the anode and an air-penetrating
current collector to complete the circuit.29,30 The battery is
vitalized with a suitable electrolyte between the metal and
current collector to provide a medium for efficient ionic
conduction. Presently, various metal–air batteries are the
subject of research, aiming to nd better alternatives to the
existing Li-ion energy storage solutions.31–33 Firstly, lithium has
the highest theoretical energy density compared to conven-
tional batteries, i.e. the lithium–air (Li–air) battery has an
energy density of 13000 W h kg−1 but suffers from numerous
challenges despite being rechargeable, unlike other air
batteries. Furthermore, the operation of Li–air batteries is not
convenient in a humid environment, which makes them
unstable. Another challenge is the blockage of their porous
current collector from residue. Moreover, there is still a lack of
understanding of how catalysts work in the rechargeability of
Li–air batteries. The penetration of CO2 leads to the formation
of alkali carbonate residues, which is another complex issue
that needs to be addressed with these energy storage
systems.34–37 However, Li–air batteries have a signicantly
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higher energy density than their lithium-ion counterparts,
translating to a longer range for electric vehicles and extended
runtime for electronics. Nevertheless, the associated challenges
remain the same, thus limiting their commercial use to date.
These batteries utilize reactive lithium metal anodes and
require open designs for air intake, raising safety concerns.
Additionally, issues related to the electrolyte stability, cathode
clogging, and overall cycle life hinder their practical use. In this
scenario, switching from Li–air batteries is crucial for sustain-
able future energy technology.29,38–41

Another metal–air battery that has emerged as an attractive
alternative is the zinc–air battery due to its non-toxic nature and
ease-of-fabrication under normal conditions. However, it is also
associated with some challenges, such as dendrite formation in
the zinc anode during multiple charge–discharge cycles, non-
uniform dissolution due to precipitation of zinc residue,
limited solubility of oxygen, and high overpotential.42–47 Simi-
larly, Fe–air batteries have also been explored due to their many
advantages, including the abundance of iron and low cost,
making them potentially cost-effective for large-scale energy
storage applications. However, Fe–air batteries face certain
challenges such as limited rechargeability, low efficiency due to
the sluggish oxygen reduction kinetics, and issues related to
iron anode degradation and electrolyte management.48–50

Recently, Al–air batteries have been widely explored due to
the enormous advantage of the aluminum metal anode. Firstly,
Fig. 1 A comparison of the gravimetric and volumetric capacity, Earth-c

17630 | RSC Adv., 2024, 14, 17628–17663
aluminum is one of the most abundant elements in the Earth's
crust, making it an attractive and sustainable choice for large-
scale energy storage applications.51–54 Secondly, aluminum has
a higher energy density than zinc and iron, potentially
surpassing existing metal–air batteries in specic energy and
power (comparison of different metal anodes and metal–air
batteries shown in Fig. 1 and Table 1, respectively). These
attractive features make Al–air batteries promising for applica-
tion in electric vehicles, grid-scale energy storage, and other
critical areas due to their high energy density, potential for
longer battery life, and environmental advantages over existing
technologies. Thus, due to their potential as an alternative to
existing battery technologies, Al–air batteries are the primary
focus of this review.55,56 Additionally, Al–air batteries have the
potential to be more environmentally friendly, given that
aluminum is readily recyclable and poses fewer environmental
concerns compared to other metals.57,58

Aluminum-based batteries have undergone signicant
development since their inception, with notable milestones
including the introduction of Al–MnO2 batteries around the
1960s and subsequent efforts to improve their efficiency and
applicability. Initially, Al was employed as an anode in the Buff
cell in conjunction with a carbon cathode around 1857, then
went on a long journey to the current form of Al-based energy
storage systems, further explored based on Al–MnO2 batteries,
and later extended by Zaromb et al. to Al–O2 batteries.66 The
rust abundance and cost of metal-anodes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Various metal–air battery systems and corresponding redox reaction with electrochemical parameters including O2 intake

S. N.
Battery
system Redox reaction Battery type

Theoretical
OCP (V)

Practical
OCP (V)

Theoretical specic
energy (W h kg−1) Ref.

1 Li–air 2Li + O2 4 Li2O2 Secondary 2.96 2.4–2.8 3500 59
2 Na–air Na + O2 4 NaO2 Secondary 2.27 2.2–2.3 1108 60
3 Al–air 4Al + 3O2 + 6H2O / 4Al(OH)3 Primary 2.71 1.2–1.6 2784 61 and 62
4 Mg–air 2Mg + O2 + H2O / 2Mg(OH)2 Primary 2.77 1.2–1.4 2848 61 and 63
5 Zn–air 2Zn + O2 4 2ZnO Secondary 1.65 1–1.2 1086 63 and 64
6 Fe–air 3Fe + 4O2 4 Fe3O4 Secondary 1.28 0.6–1.0 764 65
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development over time is schematically summarized in
Fig. 2(a).67 To date, continuous efforts have been devoted to
processing Al–O2 batteries under ambient conditions, where
ambient O2 can be utilized as an efficient cathode in these
systems. Recently, Al–air batteries have attracted attention for
their use in strategic elds, i.e., marine and military applica-
tions, because of their high energy density. Given that their
working mechanism is somewhat comparable to that of fuel
cells, researchers have also started looking into that direction as
well.68,69 Nowadays, companies such as Phinergy and Alcoa are
devoting their efforts to employing Al–air batteries for e-vehi-
cles.70,71 However, despite the reported advances, there are
various constraints associated with these batteries, which
should be addressed to make Al–air batteries fully-efficient for
large-scale systems and mobility applications.72–74

The Al–air battery has been the subject of intense research
for the past few decades, as has been observed from previous
discussions related to its journey and timeline. Fig. 2(b) illus-
trates the publication trend and timeline of aluminum-based
batteries sourced from the Web of Science database.75 However,
its associated issues such as corrosion, non-reversible reactions,
stability, and self-discharge in a non-use state still prevent its
successful transition from the laboratory to end-use. Aluminum
corrosion in aqueous electrolytes is the biggest barrier in the
application of the Al–air battery, which needs to be managed
effectively for its potential use. The Al–air battery tends to form
a passive oxide layer as a result of corrosion in the aqueous
electrolyte, which is the main reason for its limited effective use
even aer various attempts have been made since Zaromb's
research (i.e. from the early 60's) to date.66,76–80 Therefore,
various methodologies have been introduced in the literature to
minimize its corrosion such as alloying of Al, surface coatings,
introducing an additive in the electrolyte, and using water-in-
salt and non-aqueous, such as different electrolyte media.
Thus, this review provides a comprehensive analysis, including
the underlying functioning mechanism and electrochemical
interactions, to mitigate some of these issues. A thorough and
detailed review is presented, emphasizing the current status of
each constituent of the Al–air battery, including its anode,
electrolyte, and catalyst. In addition, the potential recharge-
ability of Al–air batteries is also highlighted together with their
geometrical structures/designs for efficient performances. The
focus is the current prevailing obstacles and future prospects
for Al–air batteries.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2. Aluminum: from material to vital
component in batteries

Unlike lithium, aluminum, a non-noblemetal, is not classied as
critical in the reserves-to-production ratio. It is primarily extrac-
ted from bauxite, with concentrations in rawmaterials exceeding
that of lithium by more than double, leading to signicant
volumes of soil being transported for mining.73,81 The physical
parameters for Al are listed in Table 2. The abundance of Al
makes the effective use of Al anodes in different energy storage
systems desirable. Al is commonly used as an efficient current
collector in electrical energy storage systems, including lithium-
ion batteries and supercapacitors. Although its mining process
requires a large amount of energy, early implementation of
a recycling infrastructure was undertaken to effectively reduce
the energy consumption associated with aluminum production.
The bond dissociation energy of the Al–O bond is ∼512 ±

4 kJ mol−1, while that for the Al–Al bond is ∼186 kJ mol−1.82–84

Therefore, it is possible to achieve a 95% reduction in energy
usage for the entire aluminum production process using
aluminum scrap. Currently, recycled-secondary aluminum
accounts for 35% of the total aluminum demand.85,86

Aluminum forms a crystal in the Fm�3m space group, with the
lattice parameter of a = 4.04 at ambient temperature and
pressure.73 The inherent structural integrity of Al and its
extensive crystal structures make it an attractive candidate as
the negative electrode in batteries. Additionally, its ability
to form intermetallic phases with a wide range of crystal
structures further enhances its potential for battery
applications.66,68,69,72–74,87–89

One of the primary obstacles associated with the use of
aluminum as amaterial for active batteries pertains to its strong
affinity to oxygen, resulting in the oxidation of the newly formed
aluminum surface when exposed to oxygen, water, or other
oxidizing agents. Under standard conditions, the enthalpy of
solid oxide formation is around 1675 kJ mol−1, exceeding the
enthalpy of the oxidation reaction of iron (Fe) to Fe3O4, which is
around 1121 kJ mol−1, and to Fe2O3 of ∼822.2 kJ mol−1.96,97

However, aluminum can rapidly generate a thin, uniform, and
continuous amorphous Al2O3 surface layer of a few nanometers,
i.e., ∼2 to 10 nm thickness.87 According to Yang and team, the
dielectric and amphoteric oxide layer exhibits liquid-like
behavior when subjected to stress, hence demonstrating self-
healing capabilities. The oxide layer exhibits compression
RSC Adv., 2024, 14, 17628–17663 | 17631
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Fig. 2 (a) Timeline of aluminum-based batteries explaining the development of Al–air batteries with time. (b) Publication trend with the year for
Al–air battery (source: https://www.webofscience.com/).75
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relative to the underlying aluminum, which can withstand
deformation without experiencing fracture.98 This is why it
provides several advantages when used as a current collector in
lithium and other batteries. The formed oxide layer does not
behave as a complete dielectric, but still provides electric
conduction due to the tunneling effect even aer adding up the
contact resistance of the order of kU. Conversely, it creates an
obstacle for the solvation of aluminum, which presents a diffi-
culty in utilizing aluminum metal as a negative electrode.80

Therefore, this inherent oxide impacts the electrochemical
characteristics, specically the overpotential of aluminum as an
anode.99 Typically, a secondary layer is created on the oxide layer
17632 | RSC Adv., 2024, 14, 17628–17663
by reacting with the surrounding gases and liquids. The
continuous oxide layer closest to the metal surface transforms
into a hydroxylated lm at the interface between the solid and
gas. This becomes a barrier if the aluminum battery is intended
to be electrically rechargeable.100 Ultimately, the abundance,
structural integrity, and ability to form intermetallic phases of
aluminum make it a compelling candidate for battery applica-
tions despite challenges such as oxidation and oxide layer
formation. Accordingly, addressing these challenges is crucial
for realizing the full potential of aluminum-based batteries in
industrial-scale energy storage solutions including both Al-ion
and Al–air batteries.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The physical/chemical characteristics of aluminum metal

Al-characteristics (parameters) Value Reference

Abundance (wt%) 8.1 90
Melting point (°C) 660.4 91
Atomic radius (Å) 1.431 48
Ionic radius (Å) 0.53 92
Covalent radius (Å) 1.25 93
E° vs. SHE (V) −1.66 91
HER onset potential vs. SHE (V) −0.47 91
Bond dissociation energy Al–O (kJ mol−1) 512 82
Bond dissociation energy Al–Al (kJ mol−1) 186 82
Al–H bond energy (kJ mol−1) 285 91
Theoretical energy density (W h kg−1) 8100 94
Theoretical specic capacity (mA h g−1) 2980 95
Cost (US$ per kg) 1.9 92

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

5 
06

.1
9.

14
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
3. Components of Al–air battery and
reaction mechanism

The Al–air battery, as an energy storage system, consists of three
major components, that is, anode, cathode, and electrolyte. In
a battery, both electrodes aremade up of solidmaterials, whereas
in a fuel cell, the electrodes are gases. Alternatively, metal–air
batteries such as Al–air batteries are a combination of both
battery and fuel cell components. In these batteries, the anode
consists of a solid metal electrode (Al), while the cathode utilizes
the oxygen present in the air. Additionally, a current collector is
required to complete the circuit from the cathode end, which is
typically made of a porous mesh-like conductor. A catalytic layer
is introduced on the surface of the current collector to accelerate
the reaction mechanism.101–104 Given that CO2 from the ambient
air reacts with alkaline electrolyte to form carbonate, which is
detrimental to enhancing the potential, that's why a gas diffusion
layer (GDL) is necessary to minimize this issue.105 This layer
prevents CO2 while allowing O2 to pass through to take part in the
reaction. In contrast to the limitations associated with ambient
air, purging with pure oxygen serves as a superior cathode. In this
case, the battery is referred to as an Al–O2 battery. This prevents
carbonate formation and the entry of other impurities into the
battery.106–108 Besides, the electrolytes employed in these batteries
are generally in liquid or semi-solid from, which can be ionic,
aqueous, or polymer-gel.109–111 The detailed description studies
related to these components are discussed in the later sections/
sub-sections. Here, in the following sub-sections, the electro-
chemical behavior and related reactions are explained to under-
stand the mechanism of the Al–air battery.
3.1 Al anode corrosion and electrochemical reactions

The working mechanism of an Al–air battery is schematically
explained in Fig. 3, with the associated chemical reactions at the
respective electrodes and overall chemical reaction. Al–air batteries
are metal–air batteries that utilize aluminum as the anode and
ambient oxygen as the cathode. The anodic and cathodic half–cell
reactions are summarized in eqn (1) and (2), respectively, together
with the corresponding overall reaction in eqn (3). The corre-
sponding electrochemical potential with respect to the standard
© 2024 The Author(s). Published by the Royal Society of Chemistry
hydrogen electrode (SHE) potential is alsomentioned next to these
equations and seems feasible. However, several signicant chal-
lenges are associated with the use of aluminum as the anode. The
primary concern with aluminum as an anode is its tendency to
undergo corrosion in an aqueous electrolyte. This corrosion
process during the battery operation is essential given that it
liberates electrons during the electrochemical reaction. However,
excessive corrosion may lead to the fast degradation of the anode
material, reducing the efficiency and lifespan of the Al–air battery.
Further, a passivation layer of aluminum oxide (Al2O3) is formed
on the surface of the anode during the corrosion process.76

Although this passivation layer can protect the underlying
aluminum from further corrosion, it also acts as a barrier to
electron transfer, somewhat hindering the performance of the
battery.112 Additionally, the formation of a thick and non-
conductive passivation layer can limit the accessibility of the
electrolyte to the active aluminum surface, further reducing the
efficiency of the battery. Aluminum hydroxide (Al(OH)3) is
a byproduct during the corrosion reaction between the aluminum
anode and the hydroxide ions present in the alkali electrolyte
media (eqn (1)). The hydroxides of aluminum will dissolve in the
electrolyte in the presence of excess OH− and may form aluminate
gel. The dissolution of aluminum hydroxide can lead to the loss of
the active anodematerial, resulting in capacity fading and reduced
battery performance over time. Thus, controlling the dissolution of
aluminumhydroxide and preventing the loss of the activematerial
are crucial for maintaining the stability and longevity of Al–air
batteries. The complete cell reaction in an Al–air battery undergoes
the following reactions (1)–(3):62

Anodic half-cell reaction:

Al + 3OH− / Al(OH)3 + 3e− (−2.31 V vs. SHE) (1)

Cathodic half-cell reaction:

O2 + 2H2O + 4e− / 4OH− (0.40 V vs. SHE) (2)

Overall reaction:

4Al + 3O2 + 6H2O / 4Al(OH)3 (2.71 V vs. SHE) (3)

An aqueous alkaline electrolyte medium increases the like-
lihood of the hydrogen evolution reaction (HER), leading to the
rapid depletion of the Al anode due to undesirable features.79

HER causes Coulombic loss during discharge by the evolution
of hydrogen gas from the anode surface, as mentioned in eqn
(4) and (5). Usually, the aluminum anode in alkali solutions
faces two signicant problems, besides HER. The initial stage
involves the formation of a passive oxide layer, which causes
a reduction in the operational cell voltage, and later increases
both the mass and charge transfer resistance, decreasing the
open circuit potential (OCP).111 Consequently, the realistic
energy density and cell voltage are restricted. Another problem
related to aluminum anodes is the rapid corrosion rate caused
by removing the oxide layer. The theoretical OCP of 2.74 V has
been observed practically in the range of 1.2 to 1.6 V due to
corrosion and the formation of a passivating layer.74 During an
RSC Adv., 2024, 14, 17628–17663 | 17633
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Fig. 3 Schematic representation of the working mechanism of a complete Al–air battery with the respective electrodes and overall reaction.
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open circuit, the reduction of water and the occurrence of self-
corrosion can be understood with eqn (4) and (5), as follows:113

Water reduction reaction:

2H2O + 2e− / 2OH− + H2 (−0.83 V vs. SHE) (4)

Self-corrosion reaction:

2Al + 2H2O + 2OH− / 2Al(OH)4
− + 3H2 (1.48 V vs. SHE) (5)

The corrosion problem was initially addressed using two
approaches, as follows: (i) modication of the aluminum anode
and (ii) selection of a compatible electrolyte. Anode modica-
tion was performed using either an aluminum alloy or applying
a protective layer, modifying anode grain size and crystal
orientation. Also, alkali electrolytes are widely explored with
numerous modications, such as adding additives, changing
the medium from aqueous to ionic, forming a gel/solid elec-
trolyte, dual electrolyte systems, and oil displacement. Each
type of electrolyte has advantages and disadvantages.111,114 More
details about the different types of electrolytes are discussed in
the following section, as well as their impact on the overall
performance and efficiency of Al–air batteries.

3.2 Reactions on the cathode

The cathode serves as the interface where oxygen molecules
from ambient air are transformed and activate the reaction. The
17634 | RSC Adv., 2024, 14, 17628–17663
electrochemical mechanisms drive the energy conversion and
storage capacity of Al–air batteries. The oxygen evolution reac-
tion (OER) and oxygen reduction reaction (ORR) occur simul-
taneously at the cathode, despite their different kinetics and
mechanisms. The OER process involves the oxidation of water
molecules, which results in the release of oxygen, protons, and
electrons. Alternatively, ORR promotes the reduction of oxygen
molecules by removing electrons and protons, which leads to
the production of water. The air cathode is a combination of
catalyst, current collector, and GDL, where the electrolyte and
ambient oxygen govern the reaction kinetics of the battery. The
overall battery performance can be enhanced by understanding
the cathode reaction mechanism and optimizing the catalyst
design, electrolyte composition, and operating conditions. In
the subsequent subsections, the underlying reaction mecha-
nisms of ORR, OER, and other associated processes are
explained to understand the complete electrochemical process
of Al–air batteries.

3.2.1 Oxygen reduction reaction (ORR). ORR is the process
of reducing oxygen molecules (usually from O2 in the air) to
produce water in an electrochemical system. Oxygen molecules
in the atmosphere undergo reduction by accepting electrons
and protons. This process typically occurs either through 4-e−

transfer or 2-e− transfer. The process of e− transfer and inter-
mixed reactions can be inuenced by both the pH of the elec-
trolyte and the structure of the catalyst. In essence, O2 coming
© 2024 The Author(s). Published by the Royal Society of Chemistry
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from the surrounding atmosphere traverses the GDL to engage
in the reaction subsequent to its interaction with the catalyst.
The presence of an active catalyst is essential for the functioning
of both OER and ORR in the battery. Thus, the catalyst plays
a crucial role in ensuring the durability, stability, and optimal
efficiency of the battery.

However, the sluggish ORR in the Al–air battery limits the
potential of this battery and complicates the process.115 The
intermediate steps, together with the activation of oxygen,
removal of oxides, and bonding of oxygen atoms should
considered to understand the complete mechanism.116

The ORR mechanism is different in acidic (eqn (6)–(8)) and
alkaline media (eqn (9)–(13)), which are mentioned in the
following reactions:57,102

ORR in acidic medium:

O2 + 4H+ + 4e− / 2H2O {4-electron transfer} (6)

O2 + 2H+ + 2e− / H2O2 {2-electron transfer} (7)

H2O2 + 2H+ + 2e− / 2H2O (8)

ORR in alkali medium (9)–(12):117

X + O2 + H2O + e− / XOOH + OH− (9)

XOOH + e− / XO + OH− (10)

XO + H2O + e− / XOH + OH− (11)

XOH + e− / X + OH− (12)

Overall reaction:

O2 + 2H2O + 4e− / 4OH− (13)

There is one more possibility of oxygen and the catalyst
interacting for the ORR process, which occurs perpendicular to
the surface. In this situation, two-electron transfer occurs
during the process and hydroperoxides are evolved during the
intermediate steps, as shown in the following reactions
(14)–(16):57,102,117

O2 + H2O + e− / HO2,ads + OH− (14)

HO2,ads + e− / HO2
− (15)

Overall reaction:

O2 + H2O + 2e− / HO2
− + OH− (16)

Aer undergoing the previously indicated two-electron
reaction, hydroperoxide has the potential to undergo either
a further two-electron reduction or chemical disproportion-
ation, as depicted in the following equation:74

HO2
− + H2O + 2e− / 3OH− (17)

2HO2
− / 2OH− + O2 (18)
© 2024 The Author(s). Published by the Royal Society of Chemistry
Eqn (17) indicates the process of hydroperoxide reduction,
and eqn (18) shows hydroperoxide disproportionation during
the 2-e− transfer mechanism. The orientation of the catalyst is
crucial for enhancing the efficiency of ORR, given that it is
a kinetically sluggish process under normal conditions and can
undergo either a 2- or 4-e− transfer process.

Although Al–air batteries rely on ORR at the cathode, the
kinetics of this reaction have to be a 4-e− transfer process to
work effectively, particularly in alkaline electrolyte. The 2-e−

transfer process in ORR will make the battery less efficient given
that it will undergo the formation of peroxide ions (according to
eqn (14) and (15)). Considering this, when testing ORR, the
number of electrons involved in the mechanism should be close
to 4. Thus, improving the efficiency and kinetics of ORR is
crucial for maximizing the overall performance and energy
density of Al–air batteries.118 Noble metal catalysts including
platinum-based materials and their alloys are generally
considered active catalysts to promote ORR. However, the high
cost of these noble metals limits their use in Al–air batteries and
large-scale application.119 Thus, alternatives to noble metals
have been explored recently, and their further discussion will be
presented in Section 6.

3.2.2 Oxygen evolution reaction (OER). OER is the process
of liberating oxygen gas from water or another oxygen-
containing material by applying an external electrical poten-
tial. In this context, the oxidation process results in the gener-
ation of O2, H

+, and e−. OER and ORR demonstrate contrasting
orientations. The efficiency of the OER process relies on the pH
level of the electrolyte. The electrocatalytic OER process is
widely acknowledged as a heterogeneous reaction, wherein
other proposed methods exhibit comparable intermediates
such as XOH and XO, as outlined in eqn (19)–(28). This process
involves a series of sequential stages, where intermediate enti-
ties such as hydroxyl radicals (OH*) and other oxygen-
containing intermediates are generated prior to the ultimate
liberation of O2. The OER mechanisms can explained in both
alkali and acidic mediums using the following reactions:120

In acidic medium:

X + H2O / H+ + XOH + e− (19)

XOH + OH− / H2O + XO + e− (20)

2XO / O2 + 2XO (21)

XO + H2O / H+ + XOOH + e− (22)

XOOH + H2O / H+ + O2 + X + e− (23)

In alkali medium:

X + OH− / XOH + e− (24)

XOH + OH− / H2O + XO + e− (25)

2XO / 2XO + O2 (26)

XO + OH− / XOOH + e− (27)
RSC Adv., 2024, 14, 17628–17663 | 17635

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02219j


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

5 
06

.1
9.

14
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
XOOH + OH− / O2 + H2O + X + e− (28)

To improve the efficiency of OER, a catalyst is employed to
decrease the overpotential, which is crucial in the determina-
tion of the overall efficiency and OER performance of Al–air
batteries. This is because it directly impacts the discharge
characteristics, energy density, and battery stability. Efficient
OER kinetics provide increased oxygen availability at the air
electrode, which helps to enhance the power output of the
battery at higher discharge currents. The maintenance of an
alkaline environment within the battery is critical to facilitate
appropriate electrochemical processes and prevent passivation
of the Al anode. Efficient OER can contribute to this objective,
which also enhances the probability of the activation of
reversibility of the Al–air battery. Thus, the selection of OER
catalysts that exhibit high activity and stability is important to
optimize the overall performance and feasibility of Al–air
batteries.

3.2.3 Electrocatalytic behaviour analysis. The electro-
chemical test in a three-electrode system, which consists of
a reference, counter, and working electrode, is used to evaluate
the employed material as a catalyst. Cyclic voltammetry (CV) is
commonly employed to assess the electrocatalytic performance
of OER to determine the precise position and size of the reduc-
tion peak current. Linear sweep voltammetry (LSV) is employed
to determine the kinetic current for a catalyst, disregarding the
mass transfer effect and number of electrons using a rotating
disc electrode (RDE). RDE is an extensively used hydrodynamic
electrode because of its well-dened characteristics. In this
electrode, both diffusive and convective transports are treated as
one-dimensional processes. It assists in understanding the
diffusion kinetics of the electrocatalyst. However, to avoid any
false prediction, the area of the applied electrocatalyst must be
considered equal to the geometric surface area of the elec-
trode.121,122 The responding total ux of the electroactive species,
j, is directly proportional to the rotation speed of the electrode (u)
in reactions governed by both diffusion and kinetics at the
rotating disc electrodes. This relationship is dened by eqn (29),
which is also called the Koutecky–Levich equation.103,123

1

J
¼ 1

Jk
þ 1

JL
¼ 1

Jk
þ 1

Bu1=2
(29)

B = 0.62nFACO2
DO2

2/3v−1/6 (30)

where Jk represents the kinetic current density, JL is the
diffusion-limited current density, which can be calculated using
u (angular velocity), and B−1 refers to the slope of the Koutecky–
Levich plot that is in between J−1 vs. u−1/2. JL also depends on F,
which is the Faraday constant, CO2

and DO2
are the dissolved

oxygen concentration and diffusion coefficient, respectively, n is
the kinetic viscosity coefficient of the solution and A is the area
of the electrode.103

The ORR properties can further be investigated with the help
of a rotating-ring disc electrode (RRDE). The following two eqn
(31) and (32) are used to obtain the e− transfer number during
the process and H2O2 yield curves.124,125
17636 | RSC Adv., 2024, 14, 17628–17663
n ¼ 4� Id

Id þ Ir

N

(31)

H2O2% ¼ 200�
Ir

N

Id þ Ir

N

(32)

where the variable Id represents the disc current, N represents
the collection efficiency (ranging from 0.24 to 0.5), and Ir
represents the ring current. These equations can also be utilized
to ascertain the efficiency of collection (N) and the proportion of
oxygen transformed into hydrogen peroxide. A lower H2O2 yield
(close to zero) signies the better catalytic activity.126

Tafel analysis can also be employed to investigate the ORR
polarisation, which examines the relationship between Jk and
overpotential (h). This relationship can be mathematically
expressed as the following eqn (33).127,128

h = a + b log(Jk) (33)

where h is the reaction overpotential. The Tafel slope and Tafel
constant are expressed as ‘b’ (V dec−1) and ‘a’, which are related
to the exchange current density (J0). The reaction overpotential
h can be expressed as eqn (34) using the Butler–Volmer
equation.57

h ¼ RT

anF
� lnðJ0Þ þ RT

anF
� lnðJÞ (34)

where the symbol R represents the ideal gas constant, T denotes
the temperature, a signies the transfer coefficient, and J
represents the current exchange density. The equation is
expressed concisely as eqn (35).57,129

logðJ0Þ ¼ �a� 2aF

2:31RT
(35)

Thus, the overpotential h can be calculated by subtracting
the reference electrode potential from the observed half-wave
potential (Eobs − Eref).

Thus, the calculated electrochemical potential can be con-
verted into the scale of reversible hydrogen electrode using
eqn (36).130

ERHE = Eref(obs) + E0
ref + 0.059 × pH (36)

where Eref(obs) is the observed potential while experiment is
performed, the commonly used reference electrodes are Ag/
AgCl, Hg/HgO, Ag/AgNO3 etc., to be chosen according to the pH
of electrolyte. E0ref is potential of reference electrode vs. normal
hydrogen electrode NHE, i.e. 0.198 V is taken for Ag/AgCl (in 3M
KCl) and 0.098 V for Hg/HgO electrodes.131
3.3 Hydrogen evolution and Al–air battery test

Hydrogen evolution is a crucial parameter in determining the
performance of the Al–air battery. A higher evolution of
hydrogen signies the lower efficiency of the battery. The typical
setup employed to test the hydrogen evolution rate is
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02219j


Fig. 4 Schematic demonstration of the setup to determine the
hydrogen evolution rate.115
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demonstrated in Fig. 4, which includes a conical ask and a gas
guide attached to an inverted burette. Generally, the exposed
area of the electrode inside the conical ask that is lled with
electrolyte is considered 1 cm2 for ease of calculation. The
evolved hydrogen is passed from the gas guide and the dis-
placed liquid is measured in the burette drainage, which can be
used to determine the H2 evolution rate in mL cm−2 min−1. The
following eqn (37) and (38) are generally used to evaluate the
hydrogen evolution rate (RH2

) and corrosion current
density (iH2

):132,133

RH2
¼ VH2

A� T
(37)

iH2
¼ 2pVH2

F

RTEAT
(38)

where A denotes the surface area of the aluminum alloy sample
(cm2), T represents the duration of immersion (minutes), VH2

represents the volume of H2 released (mL), p represents the atm
pressure (Pa), F designates the Faraday constant, and R & TE
relate to the gas constant and temperature at which analysis is
performed (Kelvin), respectively.

The battery efficiency of the Al–air cell is tested in a complete
cell composed of an Al anode, a catalyst supported with
a current collector, and electrolyte. The main physical quanti-
ties to test the efficiency of a complete cell are specic capacity,
i.e., capacity per unit mass consumed (Q), Al anode utilization
amount (Ua) in percent, and energy density (W), calculated
according to eqn (39)–(41):134,135

Q ¼ It

3600Dm
(39)

Ua ¼ It

DmF=9
� 100% (40)

W ¼ EIt

3600Dm
(41)
© 2024 The Author(s). Published by the Royal Society of Chemistry
where I indicates the current ow throughout the process, t
denotes the reaction duration, m represents the weight change,
F is the Faraday constant, and E is the nominal discharge
voltage.

Further, to analyse the performance of the battery, i.e.,
parameters such as specic capacity and energy density are
crucial. These physical parameters will assist in understanding
whether the fabricated battery is efficient. The main attributes
such as discharge current, operating voltage, discharge time,
and consumed mass of the anode are used to understand the
battery performance. The specic capacity is calculated in units
of mA h g−1. The discharge current, operating voltage, and
discharge time are measured during the controlled battery
discharge measurement. Further, to measure the consumed
mass, the byproduct from the discharged anode needs to be
etched with proper care, which is essential for the precise
measurement of specic capacity and energy density. There are
various techniques reported in the literature, i.e., etching with
strong bases such as NaOH and KOH, chromium oxide, and
silver nitrate.111,136,137 Linjee and Ren et al. used 2 wt%Cr2O3 and
5 wt% H3PO4 with DI water at 80 °C for a few minutes to remove
the corrosive products.138,139 Some reports also followed the
ASTM-G-03 standard, where the consumed anode is rinsed to
separate the corrosive byproducts.140,141 However, the used
etchant can also etch some of the non-consumed aluminum
during the removal of byproducts. Also, the formed byproducts
are usually Al(OH)3 or aluminates, which may stick to the
surface of Al and increase the mass of the anode. These aspects
will tend to provide false interpretations for the measured
specic capacity, and thus the measured energy density may not
reect the correct energy density. Thus, it becomes necessary to
innovate a particular method for the complete removal of
byproducts from the discharged anode to accurately determine
the anode utilization, specic capacity, energy density, and
other related parameters.

4. Alloying of aluminum anode

Electrochemical measurements have shown that alloying
metals with aluminummay provide several advantages, such as
reduced corrosion and enhanced stability in alkaline or acidic
electrolyte. When pure aluminum is alloyed/surface modied
with various metals through a bulk mixing, coating or doping
process, its corrosion resistance characteristics are enhanced.
The commercially available aluminum alloys, such as Al 1200,
Al 8011, Al 6061, Al 7XXX (i.e., alloys of Al 7000 series with major
alloying of zinc), and Al 2XXX (major alloying of copper), have
been examined for their use as the anode in Al–air
batteries.142–144 According to the literature, the use of aluminum
alloy effectively reduces the corrosion rate and enhances the
anodic potential, as evidenced by several reports. Additionally,
using various elements such as Ti, Zn, Mg, Bi, and Pb in the
alloy may also improve the electrochemical
performance.33,99,143–146 Various electrochemical tests have been
performed on these Al alloys, including hydrogen evolution
rate, self-corrosion, anodic dissolution, polarization, and other
tests. Discharging electrochemical test analysis showed that
RSC Adv., 2024, 14, 17628–17663 | 17637
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alloying alters the surface characteristics compared to the pure
Al anode. These results suggest that alloying improves the
electrochemical performance by signicantly altering the
corrosion resistance. The commercial grade alloys have various
ratios of Mn, Cu, In, Mg, Si, In, Zn, Ti, Cr, and Fe. The dis-
charging at lower and higher current rates is greatly inuenced
by alloying. When pure Al is used as the anode, the surface is
initially oxidized, forming Al2O3, which is converted into an
Al(OH)3 layer in the presence of the electrolyte. During this
process, electron charge transfer occurs as three e− are liber-
ated, and simultaneously Al3+ species are formed and Al(OH)4−

and Al(OH)3 are automatically formed as corrosion products.
The anode releases an e− and dissolves, resulting in the
formation of the above-mentioned compound as a byproduct.
The parasitic corrosion reaction also occurs during this proce-
dure. The primary problem is the development of passive oxide
lms, which function as a barrier to aluminum breakdown.98,147

Reboul et al. proposed a dissolution–redeposition method,
aiming to address the issue of passive oxide lm formation by
utilizing aluminum alloying. This method involves the simulta-
neous dissolution and oxidation of individual elements in the Al
matrix, producing cations in the electrolyte, which are subse-
quently deposited back on the Al surface through electro-
chemical reactions, which help break the compact oxide layer
and activate the Al surface, as presented in Fig. 5(a). It has been
suggested that elements with low-temperature eutectic should be
selected to fully realize and comprehend multi-element alloying.
The separated oxide coating produced by the eutectic develop-
ment on the Al surface acts as an active site for the breakdown of
the alloy. When complexes with cations are formed, the
production of eutectic increases the adsorption of anions, which
results in pitting corrosion. The amount of amalgam and other
eutectic formed on the surface of the Al matrix is of the utmost
importance for activation (see Fig. 5(b)). The surface structure of
Al alloys during alloying exhibits nonuniformity due to
Fig. 5 (a) Schematic diagram explaining the dissolution–redeposition
mechanism in Al-alloys proposed by Reboul et al. (b) Schematic
diagram showing the eutectic mechanism.77,148

17638 | RSC Adv., 2024, 14, 17628–17663
unpredictable processes such as eutectic development,
shrinkage, segregation, and imperfections. This non-uniformity
may lead to uneven corrosion reactions on the Al surface.77,148

As a result, the surface of Al may experience an uneven corrosion
reaction. In addition to other phenomena that may negatively
impact the electrochemical performance of the battery, the local
corrosion will worsen. Thus, to prevent this, numerous
researchers are currently reintegrating the structure of
aluminum alloy using an additional element distribution state,
and some recent studies are tabulated in Table 3.

Pino et al. investigated commercially available Al-alloys, Al
2024, Al 7475, and Al 1085, as anode for Al–air batteries in both
clad and unclad states. The abbreviation used for clad and
unclad Al 7475 is Al7C and unclad Al7U, respectively. Similarly,
the terms Al2C and Al2U are used in Fig. 6(a) and (b) for the clad
Al 2024 and unclad Al 2024 samples, respectively. Fig. 6(a) and
(b) illustrate the galvanostatic discharge curves and electro-
chemical performance in realizing the effect of using alloys in
the clad and unclad states as an Al anode, respectively.144 The
clad alloys exhibited a superior current discharge at lower
current rates. Al 7474 is a commercial alloy, mainly doped with
Zn and Mg, which showed improved ability to dissipate current,
even at higher discharge currents. The underlying mechanism
for this phenomenon is the galvanic coupling between Al and
metallic alloying, which inuences its surface reactivity with the
electrolyte. The alloying of gallium shows acceleration in the
active dissolution of the Al anode with Mg and Sn, as described
by Wu et al.154 Furthermore, adding indium causes discharge
products (such as In and In(OH)3) to emerge, preventing the
self-corrosion reaction. Thus, Al–Mg–Sn–Ga–In alloy-based
anodes are promising at higher discharge rates for Al–air
batteries in brine electrolytes. The polarization curve is shown
in Fig. 6(c) for the Al–Mg–Sn–Ga–In alloy in 2MNaCl electrolyte.
Alloys 1, 2, 3, and 4 mentioned in Fig. 6(c) are the combination
of Al–0.5Mg–0.1Sn, Al–0.5Mg–0.1Sn–0.05In, Al–0.5Mg–0.1Sn–
0.05Ga, Al–0.5Mg–0.1Sn–0.05Ga–0.05In, respectively.154 Ren
et al. investigated three different Al–Sn, Al–Mg, and Al–Mg–Sn
alloys and compared them with pure Al. The results of the self-
corrosion test, i.e., potentiodynamic polarization and galvano-
static discharge curves, suggest that alloying resulted in a better
battery performance than pure Al. The self-corrosion was
maximum for pure Al, followed by Al–Sn, Al–Mg–Sn, and Al–Mg
alloys, showing lower self-corrosion with minimal self-
corrosion for the Al–Mg alloy. The capacities were
2563 mA h g−1 for pure Al 4N6, 2569.5 mA h g−1 for Al–Sn,
2723.7 mA h g−1 for Al–Mg, and 2661.1 mA h g−1 for the Al–Mg–
Sn alloy anodes.155 Further, doping with manganese (Mn)
increased the specic capacity to 1500 mA h g−1 by reducing the
self-corrosion, resulting in an improved working potential and
energy density for ∼50% anode consumption. The corre-
sponding polarization curve is shown in Fig. 6(d). The alloying
process involves bonding two distinct metals, modifying their
structural integrity and enhancing their electrochemical
performance.146,155 This is achieved by carefully selecting the
doped metal composition in a proportional ratio based on the
desired objective of either preventing self-corrosion or
achieving simultaneous current discharging performance.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Some recent studies on alloys and comparison of the corresponding hydrogen evolution rate, corrosion potential (Ecorr), corrosion
current density (jcorr), and Al–air battery-specific capacity with anodic efficiency

S. N. Alloy
H2 evolution rate
(mL min−1 cm−2) Ecorr (V)

jcorr
(A cm−2)

Performance
(mA h g−1)

At current density
(mA cm−2)

Anodic
efficiency (%) Ref.

1 Al–Ga 0.061 −2.023 2.45 2584.1 5 61.5 149
2 Al–In 0.006 −1.980 0.263 3343.2 5 73.1
3 Al–Sn 0.001 −1.857 0.37 3267.6 5 86.3
4 Al–1Zn–0.1In–0.1Sn–0.5Mg–0.1Mn 0.128 −1.776 0.0032 1481 20 49.75 146
5 Al–1Zn–0.1In–0.1Sn–0.5Mg–0.2Mn 0.227 −1.707 0.0010 1347 20 45.23
6 Al–1Zn–0.1In–0.1Sn–0.5Mg–0.3Mn 0.313 −1.653 0.015 1212 20 40.70
7 Al 6061 — −1.386 0.126 624.77 2.6 — 142
8 Al 8011 — −1.386 0.141 628.41 2.6 —
9 Al 1200 — −1.420 0.073 1096.84 2.6 —
10 Al–0.1Sn–0.08Ca 0.142 −1.832 0.0036 2495.75 40 83.75 150
11 Al–Mn–Sb — −1.736 0.00137 2797 120 93.8 151
12 Al–Mg–Sn–In — −1.57 0.0026 — — 42.7 152
13 Al 6061 0.3928 −1.380 0.168 — — — 153
14 Al 8011 0.2771 −1.450 0.144 — — —

Fig. 6 (a) Galvanostatic discharge at 1.6 mA cm−2 and (b) galvanostatic discharge at 3.2 mA cm−2 of the Al 2024 and Al 7475 alloys in the clad and
unclad states, respectively.144 (c) Polarization curves of alloys in 2 M NaCl electrolytic solution of alloy 1–4 at 0.167 mV s−1 for 30 min.154 (d)
Potentiodynamic polarization curves of the Mn-doped alloy (Al–1Zn–0.1In–0.1Sn–0.5Mg–xMn) anodes in 4 M NaOH solution at 1 mV s−1 for
60 min.146
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Thus, a suitable alloying composition is essential to achieve the
optimal performance of Al–air batteries. Thus, alloying of
aluminum anodes offers promising advancements for Al–air
batteries, and the ongoing research efforts are aimed at opti-
mizing the alloy compositions and structures for improved
electrochemical performances.
© 2024 The Author(s). Published by the Royal Society of Chemistry
5. Electrolyte

The electrolyte is an essential component of the Al–air battery to
facilitate the reactions at the anode (aluminum) and cathode
(air). The electrolyte also aids in regulating the pH balance in
the battery. Al–air batteries require an alkaline environment
RSC Adv., 2024, 14, 17628–17663 | 17639
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with a high pH to facilitate specic electrochemical reactions
and minimize the creation of byproducts, which are undesir-
able and may harm the battery components. The composition
and concentration of the electrolyte can inuence the electro-
chemical reaction rate on both sides of the electrodes.92,110 The
composition of the electrolyte affects the formation and
passivation layers on the aluminum anode surface. Thus, an
appropriate electrolyte formulation and its optimization for
a given solvent can help prevent excessive passivation, ensuring
continuous electrochemical activity throughout the operation
together with an optimal battery capacity and energy density.
5.1 Aqueous electrolyte

The behavior of aluminum in aqueous medium can be under-
stood by the Pourbaix (EH-pH) diagram, as shown in Fig. 7, which
is calculated using the Nernst equation.156 Aluminum is likely
prone to corrosion, as already discussed in the previous section/
sub-section(s), which is similar to the rusting of iron, due to the
potential driving force that hinders the formation of a protective
(passive) oxide layer. Regions (I), acidic medium, and (III), alka-
line medium, in Fig. 7, i.e., both acidic and alkaline conditions,
favor the consumption of aluminum, showing an amphoteric
nature, and likely the evolution of hydrogen gas (eqn (4)).
However, in the intermediate pH (in region (II)), where H2O
remains in the stable phase, the passivation works effectively,
and aluminum oxide (Al2O3) is formed, which is resistant to
corrosion and exhibits an extremely low potential.91 This illus-
trates negligible or no aluminum corrosion in pure water. In
certain circumstances, aluminum exhibits immunity to corro-
sion due to the zero or presence of an opposing (i.e., negative)
voltage force. The corrosion of aluminum can occur due to the
presence of a potential driving force, which hampers the devel-
opment of a durable oxide layer on its exposed area, indicated as
region (IV) in Fig. 7. One possible explanation for the absence of
corrosion in aluminum is the phenomenon known as ‘passiv-
ation’, which occurs when an oxide layer is formed on the
Fig. 7 Pourbaix diagram for aluminum, which is used to understand its
possible corrosion, passivation, and immune regions in water
medium.73

17640 | RSC Adv., 2024, 14, 17628–17663
exposed area, despite the presence of a potential driving force.157

The effectiveness of this layer as a corrosion barrier remains
uncertain. This phenomenon has also been proven to be bene-
cial for aluminum, which is employed as a potential current
collector in batteries and supercapacitors. However, it cannot be
ignored that a rechargeable Al-ion battery using aluminummetal
as the anode in an aqueous system is not feasible due to the
inability to plate aluminum at both low and high pH levels. It is
also not solvable at medium pH. Hence, it is only possible to
implement primary battery systems with aqueous electrolytes.

The various types of electrolytes are explored in the aqueous
medium of different pH for Al–air batteries. The most common
electrolytes are alkaline-based aqueous medium to promote
ORR, as discussed in Sub-section 3.2.158 Efforts are devoted to
changing the pH with additives, which will mitigate the limi-
tations associated with alkaline-electrolytes. These alkaline
aqueous electrolytes in Al–air batteries are widespread due to
their superior ionic conductivity. The stability of a metal is
mostly constrained in acidic environments, which is why either
alkaline or neutral electrolyte is preferred in the metal–air
batteries. Both alkaline and neutral media have been suggested
given that they have similar reaction pathways for oxygen redox
activities (as discussed in Sections 3.2 & 3.3). However, it has
been observed that the kinetics of these processes are relatively
slower in neutral electrolyte, which poses a considerable
constraint on the performance of Al–air batteries. The most
well-known electrolytes for Al–air batteries are KOH and NaOH
in alkaline electrolyte.159,160 KOH is also preferred over NaOH
due to its faster kinetics, better conductivity, and higher diffu-
sion coefficient. However, NaOH is mainly used because KOH
solution hinders recycling via the Hall–Héroult process.161

KOH and NaOH electrolytes exhibit a reduced voltage and
current output with time compared to NaCl electrolyte. The
initial OCP for the alkaline medium is relatively higher;
however, it degrades very quickly. As the number of OH− ions in
the electrolyte increases, the anode will generate more metal
oxide. Consequently, electrolyte with a higher OH− concentra-
tion will experience rapid depletion compared to that with
a lower concentration of OH− ions.162,163 Thus, saline water is
considered relatively safer due to its neutrality. However, this is
also prone to higher polarization, which causes severe corro-
sion. The presence of chloride will eventually help in reducing
the polarization potential by the absorption of Cl− ions on the
anode side.164 However, this will not sustain for a longer dura-
tion, and that is why other salts can be employed as an additive,
such as sodium hydrogen carbonate and sodium sulphate.
These additives will precipitate the gel of aluminum hydrate,
which is the main culprit in reducing ionic conduction inside
the electrolyte. In the case of crewless underwater vehicles, the
choice of electrolyte is seawater itself, given that it is economi-
cally viable and requires lowmaintenance. However, in addition
to the aluminum anode, other sub-components of the battery,
such as the current collector and housing materials, may be
susceptible to corrosion in seawater, which contains Cl− ions,
forming acidic byproducts.165 Some of the recent studies related
to the electrolytes and additives in aqueous and hydrogel media
are tabulated in Table 4.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The common problem faced by electrolyte in aqueous
medium is that they tend to dissolve CO2, resulting in the
formation of carbonate, which hinders the efficiency of the
battery.101 These limitations must be mitigated to achieve the
maximum anode efficiency. The Al anode naturally tends to
form a protective oxide layer when exposed to oxygen and
moisture in aqueous medium, which suppresses the overall
performance of the battery. Thus, to overcome this, other media
such as ionic and gel electrolytes are also explored for use in Al–
air batteries.
5.2 Non-aqueous/ionic electrolyte

In an Al-ion battery, the popular non-aqueous electrolyte is
AlCl3 in 1-ethyl-3-methylimidazolium chloride (EMImCl).179Due
to the reversible nature of the AlCl3 electrolyte based on Lewis
acid–base chemistry in the ionic medium, this battery exhibits
potential rechargeability. Electrolytes with chloroaluminate salt
were among the initial options examined for aluminum-based
batteries. The feasibility of electrodepositing aluminum from
chloroaluminate ions was established decades ago.180 The
aluminum valence electron shell is completed through the
dimerization of two AlCl3 molecules. This leads to the forma-
tion of a molecular liquid when the Al2Cl6 molecule melts,
wherein the chlorine from eachmolecule forms a covalent bond
with aluminum through one of its lone pairs of electrons. This
liquid exhibits low ionic conductivity but demonstrates signif-
icant Lewis acid properties.181 Consequently, it undergoes
reactions with various halogen compounds, forming ionic
liquids known as chloroaluminates. Revel et al. fabricated an
Al–air cell using AlCl3/EMImCl (1.5 : 1) electrolyte. This cell was
evaluated at a low current, i.e., 0.1 mA cm−2, exhibiting
a capacity of 71 mA h g−1 at an operating voltage of 0.6 V.
However, the Al–air cell suffered from stability issues, given that
its overpotential is higher than the potential at which the
electrolyte remains stable, and thus rechargeability is not
feasible for this battery.179 Choi et al. used the same electrolyte
to soak the aluminum anode and expose it for 24 h. Since then,
a lm of Al2O3 was developed, which resulted in an enhanced
battery performance. Here, the ionic liquid solution worked as
a Lewis acid and galvanic corrosion occurred. The exposed
oxide layer facilitated the easy intercalation/deintercalation of
Al3+ ions.182

Gelman and group used 1-ethyl-3-methylimidazolium oligo-
uoro-hydrogenate (EMIm (HF)2.3F) and tested its use in
a primary Al–air battery. This material was chosen due to its
proven potential in silicon–air battery applications. The elec-
trochemical potential range is the disparity between the limits
of the cathodic and anodic peaks, representing the potential
values at which oxidation and reduction appear. Finally, the
number of electrons (n) was taken 2.3 due to the demonstrated
hygroscopicity at n < 2.3. In addition to its stability in moisture
and water, this ionic liquid possesses additional benecial
characteristics, such as electrical conductivity of approximately
100 mS cm−1 and low viscosity. Unlike other organic solvent
electrolytes, EMIm (HF)2.3F electrolyte can activate aluminum
by disrupting its passive oxide layer through a specic species.
17642 | RSC Adv., 2024, 14, 17628–17663
Ferrocene/ferrocenium (Fc/Fc+) was employed as the reference
electrode, which is compatible with the ionic liquid electro-
chemistry. The experimental ndings (−1.1 V for aluminum
anode and 1 V vs. Fc/Fc+ for cathode) demonstrated a cell
potential of 2.1 V for the Al–air battery. Linear polarisation tests
were performed to evaluate the corrosion current density in
EMIm (HF)2.3F. The current density of ∼25 mA cm−2 is insig-
nicant compared to the corrosion current density recorded in
aqueous alkaline electrolyte. The results of the discharge
studies conducted at current densities in the range of 0.1–1.5
mA cm−2 indicated that the aluminum foil anode exhibited
a max charge capacity of 160 mA h, which is lower than the
calculated capacity of 227 mA h. The morphology of the anode
surface showed that the diameter of the pores formed due to
aluminum dissolution increased with an increase in the
discharge current density. Specically, the diameter ranged
from 20 to 50 nm at a current density of 0.1 mA cm−2 compared
to a diameter of 200 to 400 nm at a current density of 1.5 mA
cm−2. The ionic liquid electrolyte-based Al–air battery demon-
strated 70% of the predicted discharge capacity and a remark-
ably low corrosion current density.183
5.3 Polymer gel/solid electrolyte

An ethanol-based alkaline gel electrolyte was proposed by Wang
et al., employing polyethylene oxide (PEO) as an agent for gel
formation and a KOH–ethanol mixture as the solvent. The gel
was optimized at different thicknesses between 0.5 and 2 mm.
With an increase in thickness, both the ohmic and polarization
resistance increased. The 0.5 mm-thick gel showed a shorter
discharge time than the comparatively thick gels and had the
lowest capacity. In contrast, the 2mm gel showed themaximum
discharge time and the maximum capacity, reaching
2546 mA h g−1 at 1 mA cm−2, which is 85.4% of the theoretical
capacity.184 Liu et al. proposed a polymer gel electrolyte using
a mixture of polyvinyl alcohol (PVA) and PEO together with N,N0-
methylene bisacrylamide (MBA). Different mass ratios in the
range of 0.1–1.0 were tested, and among the compositions,
PPM-0.3 showed the best performance. An optical image of the
gel and its retained structure with a 100 g weight is shown in
Fig. 8(a). The addition of PEO to PVA improved its physical
bonding and exibility due to the formation of hydrogen bonds.
It also tended to crystallize quickly, which caused a reduction in
its ionic conductivity. This was compensated by the addition of
MBA, which resulted in the formation of many C–O bonds as
active sites for protons. The proposed mechanism of gel
formation is shown in Fig. 8(b), which eventually results in the
formation of an amorphous and porous structure. Its conduc-
tivity reached 2.1 × 10−1 S cm−1 and its power density and
specic capacity reached 44.5 mW cm−2 and 1099 mA h g−1,
respectively. The exibility of the developed battery was evalu-
ated under different bending conditions with different
discharge current rates, as shown in Fig. 8(c). The insignicant
change in the battery performance showed the robustness of the
cell with exibility.185

Ryohei Mori demonstrated a solid-state rechargeable-type
Al–air battery. He mixed AlCl3, urea, CMC, and glycerin in
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02219j


Fig. 8 (a) Optical photograph of PPM-0.3 with a weight resistance of up to 100 g. (b) Mechanical illustration of the process for the synthesis of
PPM gel. (c) Electrochemical analysis with the power density and discharge curve to test the change in bent state vs. normal state of gel PPM-
0.3.185
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a 3 : 2 : 1 : 1 molar ratio as the electrolyte and soaked it in
commercial gauze during the process of charging/discharging
the solid-state Al–air battery. The applied current rate was 0.1
mA cm−2, with a cutoff potential in the range of 0.2–1.5 V. The
initial capacity of the cell was 35.8 mA h g−1, which retained
∼35.0 mA h g−1 aer 50 charge–discharge cycles, exhibiting
97.8% capacity retention. Here, the air cathode used TiN,
a suitable catalyst for promoting ORR. It is worth noting that
neither Al2O3 nor Al(OH)3 was formed as a byproduct. The other
byproducts formed did not cause any hindrance in the reaction
kinetics.186 Xu and group directly demonstrated a ber-
embedded Al–air battery in a wristwatch. This demonstration
showed exibility and proposes a way to maintain it during
application. The solid-state polymer electrolyte was comprised
of PVA and PEO mixed in KOH aqueous solution together with
ZnO and Na2SnO3 additives. Here, a spring-shaped anode was
considered with the electrolyte, which cross-linked the anode
spring via the freeze-thawed method. The air cathode was
conjugated with Ag nanoparticles coated with CNT and covered
on a Teon plate. The exible solid-state battery exhibited
a practical energy density of about 1.17 kW h kg−1 and a specic
capacity of 12 A h g−1. However, the rechargeability was not
demonstrated for this cell.187
5.4 Hybrid electrolyte

One of the strategies for corrosion inhibition is mixing elec-
trolytes to balance the synergy. Using only an ionic electrolyte
will not be effective in terms of cost, handling, and sustain-
ability. If 4 M KOH is mixed with some ethanol content, the
corrosion is reduced signicantly, but adding more ethanol
(more than 50 : 50) negatively impacts the performance. Zhang
et al. attempted to use imidazole-based ionic liquid 1-(2-
hydroxyethyl)-3-methylimidazolium chloride (HMIC) as an
additive in the traditional 4 M NaOH aqueous electrolyte. It
reduced the corrosion by more than 58%. Different
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentrations of HMIC in the range of 1–7 mM was examined,
and a reduction in hydrogen evolution rate was observed at
0.414 mL cm−2 min−1 for 7 mM HMIC compared to 0.791 mL
cm−2 min−1 without HMIC. Consequently, when the HMIC
inhibitor was tested in a complete cell of the Al–air battery, the
mass loss in the Al anode (here, Al 5052 alloy anode) was
controlled by more than half of the initial value, which resulted
in an enhanced specic capacity and energy density of
2469 mA h g−1 and 3313 W h kg−1, respectively.188 Huang et al.
also showed a signicant improvement in electrochemical
parameters using organic additive in 4 M NaOH. They used
0.03–0.09M L-tryptophan as the corrosion inhibitor. An increase
in inhibitor concentration positively impacted the performance
by minimizing the corrosion of the Al-5052 anode. The calcu-
lated rate of hydrogen evolution for the anode in 4 M NaOH
electrolyte was 0.823 mL cm−2 min−1. The rate was reduced to
0.411 mL cm−2 min−1 for the electrolyte modied with 0.09 M
concentration of L-tryptophan inhibitor. Consequently, the
mass loss was less in the presence of the inhibitor, and
discharge potential increased from 1.33 to 1.51 V. At 20 mA
cm−2 current density, the recorded specic capacity was
2702 mA h g−1, which was ∼990 mA h g−1 without any inhib-
itor.115 These studies suggest that organic inhibitors can endow
the anode with better stability by reducing its corrosion in
aqueous electrolyte. However, the long-term stability of modi-
ed electrolytes must be established to understand the corro-
sion reduction characteristics of inhibitors.

ZnO has been researched as an additive in alkaline electro-
lyte.169 Thus, it is worth checking the performance of ZnO with
other inhibitors to enhance the potential of Al–air cells. Wang
et al. developed a non-ionic surfactant branched alkyl glycoside
(BAG) and ZnO-based hybrid inhibitor, and the respective
inhibition mechanism is illustrated in Fig. 9(a). ZnO has a mild
inhibitory effect on aluminum corrosion because of its
corrosion-resistant characteristics. Further, in the case of the
BAG/ZnO hybrid inhibitor, the BAG molecules attach to the Al
RSC Adv., 2024, 14, 17628–17663 | 17643
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Fig. 9 (a) Schematic illustration of inhibition mechanism ZnO/BAG. (b) Polarization curves of Al in 4 M NaOH electrolytic solution with and
without inhibitor. (c) Discharge curves at 20mA cm−2 for 12 h. (d) Discharge curves at 20 mA cm−2 for 2 h using hybrid electrolytes. (e) Discharge
curves at 10–25 mA cm−2 with the hybrid of 0.2 M ZnO and 20 g per L BAG.189

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

5 
06

.1
9.

14
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
surface and organize themselves into structured molecular
arrays, as explained schematically in Fig. 9(a). The oxygen
functional groups primarily occupy the active sites for hydrogen
evolution, while the hydrocarbon chains protect the Al base
from the surrounding solution. The Zn2+ ions form a molecular
network by interacting with the –OH groups on the glucoside.
Simultaneously, a few Zn2+ ions move across the network, lling
the positions between molecules. The glucoside–Zn coordina-
tion complex functions as a structural foundation for the
deposition of Zn, thereby accounting for the consistent distri-
bution of Zn nanoparticles. In addition, the presence of gluco-
side–Al bond anchors inside the network enhances the stability
of the protective layer. This is also visible in the electrochemical
performance in Fig. 9(b)–(e). According to Fig. 9(b), it can be
observed that the initial passivation potentials of the hybrids
exhibit a negative shi compared to the passivation potential of
ZnO alone of −1.196 V. Moreover, the density shoulders
observed in the hybrids exhibit a notable decrease compared to
that observed in ZnO only. This indicates that BAG can expedite
the deposition of Zn and enhance the density of the protective
layer. The discharge curve of a complete Al–air battery for 12 h at
a current density of 20 mA cm−2 is shown in Fig. 9(c) to test the
impact of the electrolyte on the discharge performance. The
voltage at which ZnO and the hybrid electrolytes operated
seemed to decrease as the depth of discharge increased. The
observed phenomenon can be attributed to the buildup of
byproducts on the anode. The battery containing ZnO demon-
strated uctuations in battery voltage, which was attributed to
17644 | RSC Adv., 2024, 14, 17628–17663
the ongoing process of Zn layer deposition and stripping. The
addition of BAG with ZnO in the electrolyte solution resulted in
a signicant reduction in these uctuations. Upon addition of
the hybrid of 0.2 M ZnO and 20 g per L BAG, the specic capacity
reached 2396 mA h g−1, which was ∼1253 mA h g−1 without any
additive at the same current (Fig. 9(d)). Furthermore, a series of
discharge experiments was conducted at various current
densities in the range of 5–25 mA cm−2 to assess the viability, as
presented in Fig. 9(e). This nding demonstrates that the
incorporation of BAG can signicantly augment the stability of
the protective layer.189
6. Electrocatalyst

The composition of the air-cathode of the Al–air battery
includes a GDL and catalytic layer anchored on the current
collector. The GDL consists of a carbon substance and a hydro-
phobic binder, allowing only air to pass through and preventing
the penetration of water. Typically, the current collectors
consist of a mesh composed of nickel metal or carbon cloth,
which can be connected to an external circuit to enhance the
electron transfer processes.

The active layer of the catalyst is composed of the active
material, acetylene black, and binder dissolved in N-methyl-2-
pyrrolidone (NMP). The catalytic ink is usually applied on the
current collector on the air cathode side. It serves as the site for
ORR to trigger the reaction. The electrocatalyst present in the air
electrode is crucial in dening the performance of the electrode
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and maximizing the energy density. The effectiveness of the Al–
air battery is determined by the efficiency and rate of electro-
chemical ORR at the cathode. These properties can be
enhanced by customizing the cathode catalysts via nano-
engineering. The limited practical application of the Al–air
battery is primarily due to the sluggish ORR at the cathode. In
this case, despite their high cost and limited availability, plat-
inum and its alloys are widely recognized as the most effective
electrocatalysts for ORR in alkaline aqueous solutions. Never-
theless, the successful execution of commercial applications
necessitates an economically feasible and environmentally
sustainable catalyst. Also, the particle shape and exposed
surface are critical in determining the catalyst performance.57 A
positive correlation exists between the response rate and the
extent of exposure to the catalyst surface. For the feasibility of
an Al–air battery, the air cathode must incorporate an appro-
priate electrocatalyst to modify its ORR activity. The different
types of catalysts used for Al–air batteries are discussed in the
following sub-sections.
6.1 Metal-based catalysts

Catalysts composed of noble metals are widely recognized and
extensively explored for oxygen electrochemistry, including
water splitting, biosensors, and fuel cells. The ORR activity of Pt,
Pd, Au, and its alloys is high due to their vacant d-orbitals,
which enable them to absorb reactant molecules quickly,
whereas they show modest OER activity. In contrast, RuO2 and
IrO2 exhibit elevated OER activity, although they demonstrate
sub-par ORR efficacy. Pt has been the subject of intense
research in recent decades as a noble metal catalyst due to its
exceptional catalytic activity.190 This is why a Pt/C slurry as the
catalyst ink is considered the reference for metal–air batteries
and fuel cells due to its superior ORR performance. The half-
wave potential of the noble catalyst (Pt/C) generally used is
∼0.86 V vs. RHE in 0.1 M KOH solution.78,191 The catalytic
activity of Pt catalysts can be further enhanced by modifying
their electronic states, given that the surface atomic arrange-
ment and electron level state signicantly inuence activity.
Researchers have examined the impact of the particle size and
crystallographic facets of Pt on its catalytic activity. It has been
found that the strength of the binding between Pt atoms and
reactant species can determine the catalytic activity of ORR on
different crystallographic facets, with Pt {100} showing the
maximum activity followed by {110} and {111}.192,193

Despite the numerous hurdles associated with Pt catalysts,
such as the need to regulate their facet distribution andmanage
their particle size, the primary issue stems from the high cost
and limited availability of Pt as a nite natural resource. Hence,
it is crucial to develop Pt-based catalysts that exhibit high effi-
ciency while minimizing the Pt loading. In this case, one viable
approach involves the loading of Pt on catalytic substrates with
substantial surface areas. Wang et al. described that the cata-
lytic efficiency of Pt alloys can surpass that of pure Pt. That
occurs due to the phenomenon involving a reduction in the size
of the Pt lattices and modication of its d-orbital states by the
incorporation of transition metal atoms.194 This enables the
© 2024 The Author(s). Published by the Royal Society of Chemistry
attainment of higher catalytic activities compared to pure Pt.
The catalytic activity of Pt metal catalysts is also inuenced by
various factors such as their particle size, structure, chemical
composition, and electronic structure when combined or doped
with other metals. Pt was also integrated with different transi-
tion metals to examine their impact on Pt alloys. For example,
a 9 nm octahedral Pt–Ni catalyst exhibited favorable catalytic
performances.195 Also, octahedral Pt–Ni nanoparticles displayed
enhanced ORR activities compared to cubic-structured Pt–Ni
nanoparticles.196 This implies that the catalytic activity is
signicantly inuenced by the size and crystalline structure of
Pt. However, despite the excellent performance, it is important
to note that the catalytic activities may degrade over extended
periods due to the limited durability of mixed transition metals.
Thus, to mitigate this, some researchers have suggested the use
of core–shell-structured catalysts, limiting the amount of Pt
employed on the surface and protecting the transition metals
on the catalytic surfaces.197–201 Luo et al. synthesized a catalyst
with Au nanoparticles with Pt loaded on MWCNT using a one-
pot synthesis method. Among the different ratios of Au and
Pt, the optimized slurry was a 10.2 wt% slurry of Au : Pt in the
ratio of 0.67 : 1, exhibiting excellent ORR activity and durability
with 20 wt% Pt/C. Further, with an increment in the amount of
Au : Pt (1.68 : 1), the specic capacity and power density
increased to 921 mA h g−1 and 1486.8 mW cm−2, respectively.103

A nanoporous gold nanoparticle catalyst was prepared
through the dealloying of gold–silver leaves by M. Wang and
coworkers. They claimed that this catalyst is 55 times cheaper
than Pt/C. This promising catalyst could minimize the over-
potential to 56 mV dec−1, which was 78 mV dec−1 in the case of
Pt. Its stability was also comparable to that of Pt/C. However, the
difference can be seen in the sample preparation using chem-
ical and electrical dealloying together with and without
surfactants. The difference in the orientation of the facets was
suggested to be responsible for the change in ORR behavior.
Theoretically, (100) facets are likely to be more electrochemi-
cally favorable for ORR.104

Among the metals, Ag also seems to be a good option for
utilization as a catalyst due to its impressive conductivity and
low cost compared to Pt and gold. However, Ag powder suffers
from weaker oxygen adsorption, creating hindering its catalytic
behavior. Hong et al. developed a silver catalyst on carbon ber
paper without using a binder, which was deposited via in situ
electrodeposition. The calculated Tafel slope was around 98 mV
dec−1. At a current density 30 mA cm−2, the silver catalyst
demonstrated a very high specic capacity of more than
2780 mA h g−1 and an energy density of 4342.3 W h kg−1. The
demonstrated capacity is quite close to the theoretical capacity
of the Al-anode.202 Wang et al. prepared Ag–Cu alloy nano-
particles using hot-arc plasma technology.203 The synthesis
procedure is illustrated in Fig. 10, where the N-doped porous
nanocarbon was mixed via wet grinding to enhance its
conductivity. Ag and Cu both are known for their catalytic
properties. Thus, alloying of both particles is expected have
a synergistic effect. Further, the addition of N-doped nano-
carbon tends to provide more active sites for ORR. The rapid
heating and cooling process caused it to form a eutectic mixture
RSC Adv., 2024, 14, 17628–17663 | 17645
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Fig. 10 Schematic illustration of the synthesis of Ag–Cu nanoparticles.203
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of Ag–Cu, which changed its inert electronic structure. The
prepared structure was a 3-D porous structure with a surface
area of ∼400 m2 g−1 and an average pore size of 2.77 nm.

Different compositions of Ag–Cu were evaluated electro-
chemically, as shown in Fig. 11(a)–(e). Among the prepared
catalysts, the Ag–Cu25/NPC catalyst exhibited the maximum
ORR peak voltage of 0.80 V, which was ∼50 mV lower than the
Pt/C peak potential of 0.84 V, as can be seen in Fig. 11(a). The
peak potential of the ORR for Cu/NPC was 0.78 V, which is
greater than that observed for Ag/NPC of, but the peak potential
of AgCu25/NPC was 0.77 V, falling between them. According to
the LSV curve in Fig. 11(b), AgCu25/NPC showed a half-wave
potential, the second highest aer Pt/C. Also, the number of
electrons was 3.9, which is comparable with that of Pt/C (3.89),
and H2O2 was suppressed by up to 7.93% (Fig. 11(c)). Similarly,
Fig. 11 Electrochemical performance of different compositions of cata
voltammetry curves, (b) linear sweep voltammetry curves, (c) electron tra
current density as a function of scan rate at 0.4 V vs. RHE.203

17646 | RSC Adv., 2024, 14, 17628–17663
it can be inferred from the Tafel slope and plot of current
density as a function of scan rate, as shown in Fig. 11(d) and (e),
respectively, the AgCu25/NPC composition is the most favorable.
Subsequently, utilizing the AgCu25/NPC catalyst, the fabricated
Al–air battery demonstrated remarkable electrochemical capa-
bilities. It achieved a power density of around 191 mW cm−2,
maintained a good current output, and sustained a stable high
voltage for 120 h. These results highlight the signicant
potential of this battery to serve as a viable alternative to
conventional Pt/C catalyst-based batteries.203

6.2 Transition metal–oxide based catalysts

Transition metal oxides can easily be synthesized and are cost
effective, exhibiting considerable potential as non-noble cata-
lysts. The conventional function of metal oxide in ORR catalysis
lysts in 0.1 M KOH O2/N2-saturated electrolyte using RDE. (a) Cyclic-
nsfer number, n, and hydrogen peroxide yield, (d) Tafel slopes, and (e)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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is to facilitate the decomposition of H2O2 into H2O and O2.
Recently, Ipadeola et al. showed the potential of porous tran-
sition metal oxides as the catalytic layer on the side of the
cathode, resulting in an improved battery efficiency by
enhancing the ORR and OER performances.204 The advantages
of using transition metal oxides are mainly a reduction in cost
by replacing noble metal catalysts, abundantly available inex-
pensive precursors, and simple synthesis techniques. These
materials can be tailored to achieve the desired morphology,
particle size, and rich active sites, which provide high charge
mobility and large surface area to improve the reaction kinetics.
Li et al. prepared a Co/MnOMott Schottky heterostructure using
a one-pot pyrolysis method and applied it as a catalyst. The
performance of these catalysts is also comparable with noble
metals. Here, the number of electrons involved in the ORR
mechanism is ∼3.72. The Al–air battery using Co/MnO nano-
particles encapsulated in N-doped carbon achieved a power
density of 139.8 mW cm−2, which is comparable to the power
density of the Pt/C-based Al–air battery of 136.2 mW cm−2 at
a current density of 100 mA cm−2.205
6.3 Perovskite-based catalysts

Vasudevan et al. prepared a sol–gel-derived LaCoO3 (LCO)
perovskite as a catalyst in an Al–air battery. This catalyst was
rst tested in a 3-electrode system and compared with bare GCE
and Pt/C on GCE to complete the battery discharge prole. The
Fig. 12 (a) SEM micrograph of carbon aerogel showing its porous net
surface area. Comparison of the electrochemical activity with carbon ae
curve and (d) discharge performance at 1.275 mA cm−2.210

© 2024 The Author(s). Published by the Royal Society of Chemistry
LCO/GCEmaterial exhibited a cathodic reduction peak at 0.76 V
(compared to the RHE) in O2-saturated 0.1 M KOH electrolyte at
a current density of −6.02 mA cm−2. The GCE exhibited
a decrease in potential of 0.8 V (compared to RHE) when sub-
jected to a current density of 0.7 mA cm−2, which was 0.72 V (vs.
RHE) at −0.79 mA cm−2 for 20 wt% Pt/C. In the case of the
whole battery, in which PVA–KOH gel electrolyte was employed,
the OCV was obtained at 1.37 V, and the discharge character-
istics of LCO were recorded at different current densities, i.e.,
0.5, 1, and 3 mA cm−2, with specic capacity 309, 677 and
1770 mA h g−1, respectively.206 Shui et al. compared four
perovskite-based 3-D ordered microporous structures (3DOM).
The synthesis of perovskite oxides, specically 3DOM
LaxSr1−xMndCo1−dO3, involves the inclusion of LaMnO3 (3DOM
LMO), La0.75Sr0.25MnO3 (3DOM LSMO), La0.75Sr0.25CoO3 (3DOM
LSCO), and La0.75Sr0.25Co0.5Mn0.5O3 (3DOM LSCMO). Among
them, the 3DOM LSMO exhibited the most favorable catalytic
activity for ORR and demonstrated the highest durability.
Additionally, it possessed a signicant specic surface area of
43.1 m2 g−1. The value of n was around 3.8, and the purity of
H2O2 was as low as 10%. Furthermore, the use of 3DOM LSMO
as the air electrode in the Al–air battery resulted in exceptional
electrochemical properties. The specic capacity of the battery
reached around 1084 mA h gAl

−1, while the energy density
reached 1493.3 mW h gAl

−1. These ndings substantiate that
the 3DOM LSMO holds great potential as an ORR catalyst for
exible metal–air batteries.207
work of microspheres. (b) Nitrogen-adsorption isotherm to evaluate
rogel and without carbon aerogel using (c) linear sweep voltammetry

RSC Adv., 2024, 14, 17628–17663 | 17647
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6.4 Carbon composite catalysts

Carbon materials such as CNT and carbon black are used most
in batteries as a conductive agent added in the slurry. The
carbon composites provide more active sites for oxygen and
promote the efficiency of the battery. A lightweight carbon
material, e.g., carbon aerogel, is well known for its porous
network sites.208,209 The A-MAD research group used a carbon
aerogel in catalytic ink for an Al–air battery. The carbon aerogel
was prepared via the sol–gel polymerization of resorcinol-
formaldehyde precursors, followed by carbonization aer the
acetonic exchange of the gel. Fig. 12(a) shows the SEM image of
the aerogel, which possessed a porous network of microspheres.
The BET results, as shown in Fig. 12(b), exhibited its surface
area of∼472m2 g−1 and pore volume of 0.17 cc g−1. As shown by
the electrochemical performance in Fig. 12(c) and (d), it was
predicted that implementing the carbon aerogel enhanced the
reaction kinetics and performance of the whole assembled
battery by around twice that of the blank one.210 Another work
by Luo et al. proposed a core–shell structure of iron phthalo-
cyanine (FePc) induced by securing it on heteroatom-doped
carbon spheres (HNSC) through P–P stacking. The optimal
kinetics of FePc@HNSC in the ORR process was conrmed by
its lower Tafel slope of 77 mV dec−1 compared to that of Pt/C,
i.e., 79 mV dec−1, whereas FePc showed a value of 133 mV
dec−1 and HNSC showed 108 mV dec−1. Furthermore,
FePc@HNSC demonstrated an exceptional E1/2 and displayed
a signicantly greater kinetic current (Jk = 54.9 mA cm−2 at 0.8
V) than Pt/C and the reference catalysts. The estimated specic
capacity of the battery anchored with FePc@HNSC was
1320 mA h g−1 at a current rate of 100 mA cm−2, considering the
mass of aluminum consumed during the galvanostatic
discharge process. This value surpasses that of the Pt/C battery,
which has a specic capacity of 1252 mA h g−1.211 Meng et al.
prepared Fe3C nanoparticles via pyrolysis to promote the active
sites to Fe–Nx–C. Ultimately, the precursors were subjected to
pyrolysis, resulting in the formation of carbon nanobers with
a single dimension. The nanobers contained a signicant
number of Fe–NxC sites and Fe3C nanoparticles, which
enhanced the catalytic activity of the Fe–Nx–C sites. During the
pyrolysis process, the graphene oxide undergoes reduction to
become graphene, resulting in enhanced graphitization and
increased electrical conductivity in the catalyst. The power
density of the Al–air battery with an Fe–Nx@NC/rGO air cathode
was observed to be around 97.66 mW cm−2 at the current
density of 150 mA cm−2. This value is notably greater than the
power density of the battery with a Pt/C air cathode, which was
approximately 62 mW cm−2 at a current density of 78 mA
cm−2.212 Hu presented a mesoporous carbon framework of MnS
particles. Firstly, Mn2O3 was prepared via the hydrothermal
technique. The Mn2O3 substrate was subjected to sulfurization
to MnS with the application of 2-aminothiophenol vapor during
pyrolysis. This resulted in the formation of N,S-co-doped
carbon-covered MnS particles, referred to as NS-C@MnS. This
carbon framework exhibited a discharge time of around 35 h at
a constant voltage plateau of 1.28 V and current rate of 1 mA
cm−2 in an Al–air battery. At a voltage of 0.69 V and current
© 2024 The Author(s). Published by the Royal Society of Chemistry
density of 192.3 mA cm−2, the peak power density was
measured to be 134.6 mW cm−2. Given that the fabricated
battery was exible in nature, it was tested at various angles at
which its performance was not altered.213

Liu et al. added graphene oxide in an Mn-based catalyst to
improve the catalyst response and compared the Mn-catalyst
with the composite of graphene oxide-added manganese cata-
lyst (Mn-based @GO) and commercial 20% Pt/C. The discharge
voltage of the Al–air battery utilizing the Mn-based catalyst as
the catalyst initially dropped rapidly and reached a stable level
aer 1.5 h, reaching approximately 0.85 V. The Al–air battery,
when using the Mn-based@GO catalyst as the air-cathode
rapidly reached a stable discharge voltage of approximately
1.26 V. This value closely matched the voltage of the commercial
20% Pt/C cathode, which was 1.28 V. When comparing the Mn-
based catalyst to the Mn-based@GO catalyst, the latter
enhanced the discharge voltage of the Al–air battery by 0.41 V at
a current density of 30 mA cm−2. Additionally, the stability of
the Mn-based@GO catalyst was superior. The distinctive form
of the Mn-based@GO, which was synthesized using a hydro-
thermal method using 20% GO, can be attributed to the
combined inuence of a-MnO2, MnO(OH), and GO. The incor-
poration of GO resulted in the generation of MnO(OH) nano-
rods, leading to the synthesis of a new nanocomposite
consisting of MnO2/MnO(OH)@GO. The addition of GO in Mn
successfully reduced the consumption of aluminum, and the
mass-energy density increased from 1485 to 2119 W h kgAl

−1.
Furthermore, the incorporation of GO signicantly enhanced
the surface defects in the nanocomposite material, hence
facilitating the enhancement of its electrochemical character-
istics. In addition, the electrochemical test demonstrated that
the incorporation of GO substantially improved the perfor-
mance of the manganese-based catalyst.214 It has been perceived
that adding a graphene oxide-like carbon material may also be
useful for other metal and metal oxide-based catalysts. Simi-
larly, Qin et al. added 20% graphene oxide to Mn-doped SrCoO3

(G-SrCo0.5Mn0.5O3), exhibiting better electrochemical activity
and discharge performance. The discharge power density for
SrCoO3 was recorded at 13.26 mW h cm−2, which decreased
aer adding manganese (SrCo0.5Mn0.5O3) to 12.75 mW h cm−2

and increased aer loading graphene to 13.85 mW h cm−2, at
a current rate of 10 mA cm−2.215

Directing the catalytic activity of any material depends on it
electrochemical selectivity. Some recent works and their results
are summarized in Table 5, highlighting electrochemical
parameters, including Eonset, E1/2, Tafel slope, OCP, and
performance.

7. Design issues with Al–air cell

The design of a battery plays a crucial role its efficiency. In this
case, the air battery design is more critical given that it has to be
selective and breathable to support the air cathode. Many
researchers have devoted their efforts to efficiently designing
Al–air batteries from aqueous to gel-based, coin cell to cassettes,
and wearable to miniature ones. Furthermore, constant efforts
are being devoted to overcoming the associated difficulties.
RSC Adv., 2024, 14, 17628–17663 | 17649
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Table 6 Advantages and disadvantages of different types of electrolytes with the corresponding proposed Al–air cell design

Type of electrolyte Advantages Disadvantages Suitable design

Aqueous
electrolyte

� High ionic conductivity � Limited voltage stability � System with circulatory pump
� High discharge performance � Water management/leakage issues � Separator soaked with electrolyte
� High water content reduces the cost � Disposal of corrosive products

Ionic
electrolyte

� Wide electrochemical stability window � Limited conductivity � Separator soaked with electrolyte
� Minimizing side reactions � High viscosity � Polymer-based assembly
� Low volatility � Heavy weight

Solid/gel
electrolyte

� Enhanced safety due to no leakage � Limited ionic conductivity � Flexible assembly
� Wide temperature range �Processing complexity � Thin batteries as

3-D printed/paper-based
�High durability and light in weight �Instability due to shrinkage

over time
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Here, we also discuss some of the designs in the literature to
draw attention to the importance of the battery design in
achieving efficiency. The central role in creating a suitable
design depends on the type of electrolyte. Here, some of the
advantages and disadvantages are tabulated in Table 6 for
different electrolytes and the corresponding proposed Al–air
cell designs, which may help in creating an efficient practical
design for bigger battery packs for large-scale applications.

The coin-cell-based assembly is the conventional cell used to
check initial results on the lab scale and is suitable for all types
of electrolytes. The A-MAD research group used the traditional
2032 coin-cell assembly by puncturing its upper case to make
holes for the passage of air.142 A schematic of the assembly is
shown in Fig. 13(a). Atencio et al. comprehensively studied
aqueous-to-gel electrolytes, additives, and alloys using the
design of a polymer-based 3-D printed pattern composed of ABS
polymer.110,235 Some researchers use acrylic sheets, as shown by
the A-MAD research group, in a similar type of assembly made
up of acrylic polymers given that they are not affected by alka-
line medium and will run for a longer duration.55 There are
some structural differences between the aqueous and gel elec-
trolyte, showing that the assembly in series can withstand
a higher voltage load. However, these batteries are oen over-
looked due to the heavy weight of metals and polymers, which
limits their practical applications. Thus, to address the chal-
lenges associated with weight, researchers have explored the
use of 3-D-printed batteries with ultrathin dimensions to ach-
ieve a more compact design.236–239 Wang et al. demonstrated
exceptional exibility in their Al–air battery design, allowing for
various use cases and physical bending without performance
degradation. They developed a cellulose-paper-based Al–air
battery. An Al foil anode was used inside the cellulose substrate,
while the air-cathode was applied on its surface using catalyst
ink to realize the complete Al–air cell. A detailed schematic is
presented in Fig. 13(b). With its uncomplicated design and
affordability, the Al–air battery exhibited a commendable power
density of 19 mW cm−2 in alkaline electrolyte, but its opera-
tional time was just 48 min. Furthermore, a test was conducted
with saline electrolyte, showing an operational longevity of up
to 58 h at 1 mA cm−2, and only 25 mg of aluminum could be
recovered. The specic capacity of aluminum is reported to be
2338 mA h g−1. This battery demonstrated exceptional exibility
17650 | RSC Adv., 2024, 14, 17628–17663
when subjected to various bending angles and repeated
bending cycles exceeding 1000 cycles.237 Another study utilizing
the jet printing technique to reduce the thickness involved the
preparation of an ultrathin electrolyte using aerosol printing.
PVA was utilized as the gelling agent, while 1.8 M NaCl was
employed as the salt supply. A exible Al–air battery was con-
structed using an ultrathin electrolyte, with carbon cloth as the
air cathode and aluminum foil as the anode. The cell pack
weighed approximately 115 g and was less than 1.3 mm thick. A
schematic of the battery is presented in Fig. 13(c), which could
be fastened to the skin or clothing surface based on specic
requirements. The cell pack employed in this study utilized
a exible ultrathin-neutral electrolyte, mitigating the chances of
electrolyte leakage. The cellular arrangement was affixed to
a muscle sticker, and the aluminum anode was not in imme-
diate proximity to the skin, ensuring safety concerns. The
discharge performance was tested at different electrolyte
thicknesses with a combination of varying current densities
from 0.1 to 1 mA cm−2. The best discharge capacity of about
2011 mA h g−1 was observed at 1 mA cm−2 with a thickness of
74.5 mm.When checking the discharge performance at intervals
of 30 min, the specic capacity was ∼1506 mA h g−1 at 0.5 mA
cm−2 for the electrolyte thickness of 37.8 mm. These studies
show the perfect use of these thin and exible batteries in
various portable, wearable, and point-of-care applications.
However, the removal of the Al2O3 oxide layer on the surface of
the Al anode is challenging when using neutral electrolyte. The
concentration of Cl− ions is restricted in a thinner electrolyte.
During the electrochemical reaction, the Al anode will dislodge
the Al2O3 shell, which will accumulate at the interface between
the electrode and the electrolyte. This accumulation will
increase the internal resistance of the battery and hamper the
movement of ions. Furthermore, the presence of Cl− ions in the
denser electrolyte is adequate for their penetration in the
surface of the Al anode, enabling their active involvement in the
electrochemical reaction.240

Pan et al. created a cotton-based Al–air battery using a low-
cost industrial-grade Al plate as the anode. The selection of
cotton as the substrate was based on its superior electrolyte
storage capacity and reduced resistance to ion diffusion.
Furthermore, a precise quantity of solid alkaline was pre-
applied within the cotton material to regulate the ability of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Coin-cell 2032-based assembly with battery components of Al–air battery.142 (b) Process for the fabrication of 3-D printed paper-
based Al–air battery.237 (c) Schematic illustration of 4 cell pack ultrathin Al–air battery made up of solid-electrolyte using aerosol jet printer.240 (d)
Schematic image of the dual-electrolyte system consisting of liquid anolyte and gel catholyte.242 (e) Schematic illustration of AGE-based flexible
wearable Al–air battery.243
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the battery to release energy and improve user safety. Besides,
a passive water reservoir was utilized to maintain the required
level of wettability. A ‘passive water reservoir’ is a reservoir that
maintains the required level of wettability without active
pumping. Additionally, pre-storing solid alkaline electrolytes in
cotton enables secure operation and precise regulation of the
discharge capacity. Consequently, this results in the develop-
ment of a very practical power source suitable for applications
that do not require much power. Furthermore, self-corrosion is
effectively suppressed due to the impediment of OH− disper-
sion within cotton. The cotton-based Al–air battery system
demonstrated a signicantly elevated peak power density of 73
mW cm−2. In addition, a notable specic capacity of
940 mA h g−1 and substantial specic energy of 930 mW h g−1

were achieved at a current density of 10 mA cm−2. Its voltage
output may be effectively enhanced by developing a multi-cell
battery pack. The affordability and sustainability of this
battery technology make it particularly well-suited for recharg-
ing a range of mini-electronic devices in outdoor settings, where
access to the electrical grid is limited and energy density is
a critical factor.241

Phusittananan et al. demonstrated a dual electrolyte system-
based Al–air battery, as illustrated in Fig. 13(d). In the case of
dual electrolytes, it is necessary to store one a separate system.
The substances used as anolytes in this study consisted of
ethylene glycol/ethanol solutions (0, 5%, 10%, 20%, and 30% v/
v), which were combined with 3 M potassium hydroxide (KOH).
The catholyte utilized in this study is a polymer gel electrolyte
known as Carbopol® 940. Given that one electrolyte is aqueous
and the other is a gel, a circulatory pump is attached to the
aqueous anolyte to minimize Al corrosion, triggered by HER.
These ndings indicate that utilizing the dual-electrolyte Al–air
© 2024 The Author(s). Published by the Royal Society of Chemistry
ow battery can effectively mitigate anodic corrosion and
passivation, contributing to an improved battery performance
and longevity. However, the sluggish reaction kinetics could not
be completely resolved.242

The management and utilization of liquid alkaline electro-
lytes pose signicant challenges in the context of wearable
power supplies. Al–air batteries with a semi-open layout can
cause battery degradation and severe burns to the human skin
due to the leakage of the electrolytes and alkali escape. Thus,
the outdoor use of these battery assemblies is contingent on the
resolution of this complex matter. To show the battery appli-
cation in wearable and portable devices, Sun et al. developed
a exible battery. A high-strength agarose gel electrolyte (AGE)
was developed to create a wearable battery with excellent energy
density, safety, and signicantly reduced self-corrosion. This
AGE has a combination of outstanding strength and remarkable
capacity to withstand alkaline solutions. The high-toughness
AGE exhibited exceptional resistance to deformation under
high pressure, preventing any electrolyte leakage (Fig. 13(e)). It
ensured a stable interface between Al and AGE, facilitating the
attachment of the passive layer to the Al anode surface and
effectively preventing self-corrosion. The use of AGE reduced
the self-corrosion rate of Al by up to 402% compared to solution-
based alternatives. Signicantly, the so-package Al–air battery
with a surface area of 10 cm2 exhibited a discharge endurance of
20.1 h and a remarkable specic capacity of 2148.5 mA h g−1. A
wearable Al–air battery pack with practical utility was addi-
tionally equipped to power an LED array and a smartphone for
practical applications.243

The aqueous electrolyte is mandatory for a higher operating
voltage in Al–air batteries. However, it is restricted given that the
anode continues to corrode when the battery is not in use
RSC Adv., 2024, 14, 17628–17663 | 17651
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Fig. 14 (a) Schematic of conventional electrolyte with circulatory pump. (b) Oil displacement method during on/off state connected with
circulatory pump.244
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because of the continuous contact of the anode with the elec-
trolyte. A schematic of the conventional aqueous electrolyte
with a circulatory pump is shown in Fig. 14(a). Considering this
issue, especially with aqueous electrolytes, Hopkins et al.
provided a solution.244 The mitigation of open-circuit corrosion
was achieved by replacing the electrolyte on the electrode
surface with a nonconducting oil during the off-battery phase.
Oil displacement with electrolyte facilitated the battery
discharge, resulting in an enhanced power and energy density.
The ability of the proposed cell surfaces to exhibit underwater-
oleophobic wetting characteristics enabled the reversible
displacement of oil (see Fig. 14(b)). For this purpose, they
measured the advancing and receding underwater contact
angles of silicone oil and PFPE oil on the Celgard separator and
the Al electrode. When exposed to water on the Al electrode,
both silicone and PFPE oil exhibited oleophilic properties.
However, the silicone oil caused the Celgard to wet, whereas the
PFPE oil formed beads on the hydrophilic PTFE separator.
During the on–off cycles, the current rate was 150 mA cm−2 for
25 min, with a 1 h interval during the rest state. Following the
injection of silicone oil, the successive expulsion voltages
exhibited a negative value, showing that the silicone oil caused
fouling in the Celgard separator. The silicone-Celgard combi-
nation resulted in a total energy density of 0.66± 0.08W h gAl

−1.
In contrast, the PFPE–PTFE combination resulted in a total
energy density of 3.55 ± 0.08 W h gAl

−1, similar to that obtained
from charging the battery without any interruptions and
without the addition of oil. Thus, the combination of PFPE–
PTFE may be helpful in practical applications with the succes-
sive mitigation of Al corrosion, achieving high utilization
efficiency.244

8. Rechargeability

The rechargeable nature of an Al–air battery is not possible in
aqueous electrolyte, as inferred from the Pourbaix diagram.
17652 | RSC Adv., 2024, 14, 17628–17663
However, it seems possible in some hybrid systems, as dis-
cussed in Sub-sections 5.2 and 5.3. Ryohei Mori showed the
rechargeability od Al–air batteries with aluminum terephthalate
as a metal–organic framework (MOF) for the air cathode and
ethyl-3-methylimidazolium chloride [EMIM]Cl as an ionic
liquid electrolyte. The open circuit potential of this battery was
0.7 V. However, this capacity seems relatively low, and the
signature cathodic peaks disappeared aer only 25 cycles. The
observed disappearance may likely be attributed to the elec-
trochemical reaction during the initial phase, facilitated by
utilizing the MOF and conductive carbon components. The
carbon materials underwent combustion, and their impact
dissipated over multiple cell cycles. Also, [EMIM]Cl is hydro-
philic and can absorbmoisture from the surroundings. Notably,
an AlCl3–urea-based ionic liquid electrolyte was employed in
conjunction with Co–MnO2/C catalysts as air-cathodes, high-
lighting a novel approach to enhance the battery performance.
By varying the mole ratio of Co in the range of 10–50%, they
achieved the best catalytic activity with ∼40%. The limited
capacity of ∼375 mA h g−1 was observed, and results were
shown for a few cycles. Here, the discharge voltage also gradu-
ally decreased due to the decomposition of the ionic liquid
electrolyte.245

Most of the reported studies on aluminum rechargeable
batteries used non-aqueous electrolytes, which may be eco-toxic
and show unstable cyclability. Also, the energy density of these
cells is very poor. Furthermore, the use of organic electrolytes
poses certain issues related to recycling, sustainability, and
large-scale production. Although the water on anodes in metal–
air batteries can have adverse effects, it is advantageous and
essential for cathodes due to its facilitation of efficient oxygen
cathodic reactions. These reactions occur during both the
release of oxygen and the charging process. Additionally, water
aids in the effective diffusion of ions towards the catalytic sites.
A dual electrolyte system made up of alkaline and acidic elec-
trolytes was also used to demonstrate rechargeability.246
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Concerning all these facts, Gaele et al. demonstrated the
viability of recharging Al–air cells using a dual electrolyte
system based on water–gel electrolytes using polymers PVA and
xanthan-gum without any separator. PVA–HCl was used as the
anolyte, whereas Xa–KCl was used as the catholyte. In the
conguration of dual-electrolyte, the water content was lower
for the anolyte and higher for the catholyte. The electrochemical
characterizations were separately performed in three-electrode
systems for the anode and cathode. The results indicated that
the anodic potential remained constant for the initial four
cycles of charging. Moreover, the variations in anode potentials
during charge–discharge were minimal with a difference of
50 mV. The charging potential exhibited an upward trend
towards negative values, which indicated a diminished effi-
ciency, while the deposition of aluminum. The discharge
potentials stabilized at a constant value and maintained
a steady discharge performance. The cathode discharge poten-
tials exhibited a symmetric pattern for the initial six cycles.
Besides, there was a notable increase in the variability in
charge–discharge potentials of the cathode. The observed trend
of the cathode charge shied the voltage towards the positive
Fig. 15 (a) Schematic setup of the tri-electrolyte system of Al–air battery.
polarization of Al, Na+ membrane, Cl− membrane, and GDE. (d) Power
a current density in the range of 5–15 mA cm−2.247

© 2024 The Author(s). Published by the Royal Society of Chemistry
direction similar to the behavior of the anode potential. This
phenomenon is likely linked to the re-deposition of
aluminum.109 However, although rechargeability was shown in
these systems made up of dual-electrolytes, to achieve better
cyclability and stability, other combinations of catholytes and
anolytes need to be explored.

Similarly, a tri-electrolytic system with the integration of
polymer ion-exchange membranes, organic electrolytes with
alkaline anolyte, and acidic catholyte, reaching an excellent
OCV of 2.2 V was reported by Wang et al. By appropriately
arranging two ion-selective membranes, the occurrence of acid–
base neutralization was effectively prevented, ensuring
a consistent battery performance. A schematic representation of
the complete system and camera image is shown are Fig. 15(a)
and (b), respectively. The anode utilized in this study was
standard kitchen aluminum foil. The three chambers of the cell,
containing the NaOH/CH3OH anolyte, NaCl/H2O as the bridge
electrolyte, and HCl/H2O catholyte, were segregated through the
implementation of a robust alkali Cl− exchange membrane and
a strong acid Na+ exchange membrane. The air-breathing
cathode employed was a GDE with Pt/C catalyst. By utilizing
(b) Camera image of the assembled Al–air cell. (c) Single-cell electrode
density curve of the Al–air cell. (e) Discharge curve of Al–air cell at
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Fig. 16 Fuel energy cycle for Al–air battery applications.248
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organic anolyte in a targeted manner, the parasitic hydrolysis
reaction linked to the oxidation of aluminum was nearly erad-
icated. The substitution of the alkaline catholyte with acidic
catholyte resulted in a 0.83 V increase in the potential for ORR.
As shown in Fig. 15(c), the polarization of each component of
the cell was investigated. Anodic polarization usually causes the
observed difference between OCP and theoretical cell voltage.
Here, it was also veried from the polarization of Al that its
change in voltage is∼0.9 V, which implies that nearly half of the
voltage drop is because of the anode itself. That can be attrib-
uted to the consumption of hydroxide ions in the electrolyte
during the formation and limited mass transport. The cathodic
polarization predicts the GDE drop, which seems to be caused
by sluggish ORR kinetics. It can be expected that the polar-
isation across both membranes exhibits a predominantly linear
pattern. The potential across the Na+ exchange membrane was
in the range of 0.1 to 0.6 V, while the potential across the Cl−

exchange membrane demonstrated a minor variation from 0 to
0.2 V. Therefore, the potential reduction of 0.7 V and 0.2 V was
attributed to the overpotential across both membranes. The
conventional Al–air battery with alkaline electrolyte demon-
strated a linear polarisation curve characterized by a voltage of
1.5 V and a short-circuit current density (JSC) of 340 mA cm−2.
The tri-electrolyte system demonstrated a signicantly greater
VOC of 2.2 V, while exhibiting a lower JSC of 80 mA cm−2.
According to the polarization curve shown in Fig. 15(d),
a maximum power density of 60 mW cm−2 was achieved at
a current rate of 55 mA cm−2. Also, the hydrogen evolution
observed in the conventional aqueous solution was signicantly
mitigated. The use of an acidic catholyte enhanced the battery
voltage to 2.2 V, while resolving the carbonation problems
associated with traditional air cathodes. However, aer
considering the discharge curves in Fig. 15(e), it worked well up
to a current rate of 10 mA cm−2, whereas for 15 mA cm−2, the
battery performance showed a linear decay.247 Thus, by appro-
priately arranging the anion and cation membranes, the
occurrence of acid–base neutralization was prevented, enabling
the achievement of a steady performance, which can be useful
for practical applications.

9. Applications

Al–air batteries are targeted for various practical applications
due to their high energy density, lightweight design, and
potential cost-effectiveness. The reaction between aluminum
and oxygen from the air, as well as water in the electrolyte,
occurs within the battery, generating power for the targeted
application. The outcome of the release process is formed as
a hydrogel, Al(OH)3. The substance is subjected to heat and
undergoes decomposition into Al2O3. Electrolysis is used to
regenerate Al2O3 into aluminum metal. The fuel energy cycle
efficiency for the Al–air cell is shown in Fig. 16. Here, the base of
1 M aluminum is considered, assuming a complete battery
energy depletion of 80%, with a possibility of unused 20%
aluminum.

The fuel cycle energy balance consists of four components.
These factors include the useful energy stored in the aluminum
17654 | RSC Adv., 2024, 14, 17628–17663
anodes, the thermal energy generated during the conversion of
Al(OH)3 to Al2O3 and Al2O3 to Al; and the unused aluminum that
is transformed into the anode plates. The energy density of used
aluminum is calculated to be 564 kJ mol−1, which is 72% of its
theoretical value of 783 kJ mol−1. Therefore, the useable energy
of 0.8 moles of aluminum is 451 kJ.248 Some of the potential
practical applications of Al–air batteries are discussed in the
following sub-sections.
9.1 Electric/hybrid-electric vehicles

The targeted plan for applying Al–air batteries in EVs has been
a point of research since the 1980s.249 The associated challenges
and research gaps discussed above are the main reasons why
these batteries are still constrained to the laboratory. However,
their appealing energy density compels us to devote continuous
efforts to their application. Al–air batteries possesses the
capacity to generate electrical energy to power automobiles and
other modes of transportation. The signicance of these
batteries may be noteworthy in the context of the ongoing global
shi from conventional gasoline-powered vehicles to hydrogen
fuel cell cars. Al–air battery technology can provide sufficient
energy and power to achieve driving ranges and acceleration
comparable to that of conventional gasoline-powered vehicles.
The utilization of aluminum as an anode can yield a cost as low
as US$ 1.9 kg−1, provided that the resulting reaction product is
recycled. The expected energy density is 2000W h kg−1, which is
suitable for mobility applications.248–250

The prototype of an electric car driven by an Al–air battery
was built and successfully demonstrated by the ‘Phinergy’
company in 2013, showcasing the feasibility and potential of
this technology for automotive applications.251 Here, each Al
plate possesses sufficient energy to transport an EV for an
estimated distance of 20 miles. Furthermore, their current
system can accommodate 50 plates simultaneously, resulting in
a cumulative charge capacity of 1000 miles.252 It is worth noting
that this system required water relling aer every 200 miles. In
addition, they also developed an EV that uses a combined pack
of Al–air and Li-ion batteries. The Al–air battery enhanced the
range of the Li-ion batteries by almost six-times. Phinergy also
proposed Al–air batteries for short-range aircra. Thus, Al–air-
based energy-storage systems will be benecial in terms of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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both weight and expense without compromising the mobility
ranges. Recently, Hindalco Industries Limited signed a memo-
randum of understanding (MoU) with Phinergy to develop and
pilot the production of Al batteries.253,254 Here, battery swapping
stations, similar to current petrol pumps, are proposed to
replace the anode and ll electrolytes. Further, the integration
of Al–air batteries into remote sensor networks and surveillance
systems may also be realized for longer durations, especially in
strategic areas.
9.2 Military and underwater applications

The primary constraint in the widespread adoption of portable
gadgets, encompassing various applications in military opera-
tions such as communications, health tracking, chemical-
biological-radiological (CBR) sensors, helmet-mounted
displays of real-time maps and data from other war ghters,
headquarters, UAVs, satellites, and administered hovering
channels, is the limited availability of power sources, i.e., energy
storage systems. The batteries must be lightweight, durable,
rapid, rechargeable in the eld, durable, and safety, which are
critical to achieve successful missions for the army. Also,
Fig. 17 Equipment carried by a soldier on a mission, with types of b
ratings.256,257

© 2024 The Author(s). Published by the Royal Society of Chemistry
military activities have distinct demands that diverge from
those oen associated with automobiles and commercial motor
vehicles. Military land vehicles require batteries with substan-
tial energy capacity to operate silently and the ability to generate
high power for engine initiation and load leveling. In addition,
these systems must possess the ability to endure challenging
military environmental conditions and provide adequate over-
head capacity to support anticipated increases in the electrical
power demands of vehicles. In an average 72 h deployment,
soldiers are expected to carry around twenty pounds of batteries
in addition to their massive combat gear. Furthermore, future
sophisticated equipment will necessitate a substantially greater
amount of energy and power.255–257

Therefore, Al–air batteries appear advantageous due to their
lightweight nature and capacity to function under challenging
conditions without the risk of ammability, unlike traditional
commercial batteries. According to the modern military system,
a soldier carries around 70 batteries weighing 7 kg on a mission,
as shown schematically in Fig. 17.256,257 The saltwater battery is
most suitable for applications with moderate power require-
ments and where multiple uses are desired, necessitating the
atteries used together with their corresponding weight and power

RSC Adv., 2024, 14, 17628–17663 | 17655
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emptying and cleaning of the battery between each use. An
alkaline electrolyte can be utilized to construct a self-contained,
portable battery for satellite communication, offering advantages
such as stable performance and extended operational lifespan.
The operational specications necessitated a rapid cold start-up
at −40 °C within half-hour, a power output ranging from 6 to
400 W, and an energy density of 435 W h kg−1. The process of
battery activation involves the removal of the electrolyte from the
reservoirs located at the uppermost part of the cells.120,258

Al–air batteries are also targeted for propulsion in submarines
and underwater vehicles, providing electrical power for pro-
pulsion motors and onboard systems. The high energy density of
Al–air batteries allows underwater vehicles to operate submerged
for extended periods without frequent recharging or refueling.
The utilization of neutral electrolytes in marine and consumer
applications shows excellent potential. Seawater naturally
possesses inherent capability to serve as a neutral electrolyte due
to its composition of around 3.5 wt% NaCl, conferring a natural
advantage to Al–air batteries in underwater applications. Thus,
Al–air batteries can be utilized offshore as well using simply Al
plates and air cathodes. The electrolyte can be sourced directly
from the ocean, resulting in non-toxic by-products and can be
immediately released into the sea. Thus, the primary benet of
utilizing neutral Al–air batteries in underwater consumption
arises from their exceptional safety features.120

9.3 Portable systems and strategic applications

The demonstrations of various portable systems such as
mobile-phone charging and sensors are shown at the lab-scale,
some of which were already discussed in the previous sections.
For portable purposes, gel-based electrolytes seem to be effi-
cient due to their exibility. This system also shows promise for
applications in power backup and point-of-care (POC) devices,
addressing critical needs in remote regions and disaster relief
efforts. Conventional waste disposal services are frequently
unavailable when medical care is delivered in remote regions or
during disaster relief circumstances. Therefore, POC devices
Fig. 18 Demonstration pictures of commercial LED watch operated by
side.187 (c) Use of aqueous Al–air battery with circulating electrolyte.260 (d
charge a mobile phone.243 (e) Ultrathin paper-based battery for powerin

17656 | RSC Adv., 2024, 14, 17628–17663
must be provided with lightweight and disposable batteries that
do not contribute to the pollution of the local soil and aquatic
environment upon disposal. In the literature, a cable-shaped
Al–air battery was targeted to maintain a low assay cost, while
the disposal of POC devices necessitates inexpensive compo-
nents. Fotouhi et al. introduced a cable-shaped Al–air battery
designed for on-demand activation by utilizing biological uids.
The procedure involved enveloping an Al wire within a nano-
material paper matrix consisting of CNT coupled to cellulose
bers. A silver-plated copper wire was used as a current
collector, wrapping around the Al wire with the nanomaterial
paper matrix. The layered cable-shaped architecture enabled
the activation of biological uids on demand. The functioning
of the battery was assessed by the utilization of electrolytes,
which included possible reagents and samples of biological and
physiological uids. The cable-shaped battery was highly ex-
ible and could be quickly exed and severed for shape-adaptive
applications. Also, it could be seamlessly incorporated into the
circuitry to achieve the desired voltage and current levels.259

An Al–air battery, which was shaped-like bers, could be easily
manipulated into different forms and exed at different angles
without causing any noticeable structural damage. Ensuring
consistent release of uid during bending and stretching is
crucial for practical applications, given that inconsistent release
may lead to operational inefficiencies or discomfort, especially
considering the dynamic motion of the human body. Thus, the
ber-shaped battery is well-suited for integration into fabrics. To
illustrate its application, two Al–air batteries with ber-like
structures were enclosed in a permeable tube and linked in
a series conguration to increase the output voltage and power.
Subsequently, these batteries were integrated into a exible
textile to power a light-emitting-diode (LED) watch worn on
a human wrist, as shown in Fig. 18(a) and (b).187

Aqueous electrolyte-based Al–air batteries are appropriate
options for stationary purposes given that their ionic conduc-
tivity and practical discharge plateau are high. The demon-
stration using an aqueous rechargeable battery with the LED
cabled-Al–air batteries woven into fabric from (a) front and (b) back
) AGE-based flexible wearable Al–air battery showing the potential to
g a fan.237

© 2024 The Author(s). Published by the Royal Society of Chemistry
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showing ‘Al–air’ is shown in Fig. 18(c). 3-D printed ultrathin
batteries can also be useful for portable purposes, as discussed
in Section 7.236–239 The charging of mobile phones and working
of a small fan were also demonstrated using polymer-based
exible batteries (see Fig. 18(d) and (e)).237,243 These applica-
tions demonstrate the versatility and potential of Al–air battery
systems for a wide range of portable and strategic applications,
including exible platforms.
10. Challenges and future prospects

Al–air batteries exhibit signicant promise as energy storage
systems with high energy density. By looking at the available
literature, their practical application is impeded by a range of
scientic and engineering obstacles. Thus, to effectively tackle
these issues, it is imperative to undertake comprehensive
research endeavors that encompass several elds such as
materials science, electrochemistry, design, and sustainability.
The basic challenges associated with Al–air batteries and cor-
responding prospects are summarized in Fig. 19. These chal-
lenges begin with aluminum corrosion and passivation,
necessitating effective strategies to mitigate corrosion and
improve the durability of aluminum anodes. This involves
exploring novel materials, coatings, and surface treatments to
protect the aluminum anodes from corrosion while maintain-
ing electrochemical activity.
Fig. 19 Challenges and prospects related to Al–air battery.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The maintenance of electrolyte stability is crucial for
ensuring the optimal functioning of Al–air batteries. However,
the process of battery discharging can lead to electrolyte
dissolution, evaporation, and side reactions, potentially
impacting the performance and safety. Resolving these
concerns requires advancements in stable formulations and
additives for electrolyte systems. Additionally, understanding
the electrolyte degradation mechanisms and developing elec-
trolytes with enhanced stability, conductivity, and compatibility
with aluminum anodes are essential research areas. For
example, stopping the reaction when required, given that in the
non-operating stage it continues to corrode the anode. Al–air
batteries depend on uninterrupted oxygen provision from the
surrounding atmosphere to maintain their ORR activity.
However, controlling the oxygen diffusion and airow poses
signicant challenges, particularly in sealed systems. The
ingress of CO2 from the atmosphere can deteriorate the battery
activity, leading to the formation of insoluble carbonates in
alkaline electrolyte, hindering the ionic conductivity and
decreasing the power efficiency. Purging of pure oxygen in the
battery can mitigate this issue by integrating the suitable
design; however, it may increase the battery weight and may
require a complicated battery management system. Further,
incorporating neutral pH electrolytic media can be benecial,
reducing the likelihood of carbonate formation. Thus, research
efforts should be aimed at enhancing the oxygen utilization
RSC Adv., 2024, 14, 17628–17663 | 17657
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efficiency and preventing impurities and CO2 dissolution,
which is crucial for optimizing the Al–air battery performance.
This entails the development of novel air-breathing structures
and diffusion layers, and the investigation of sophisticated
ventilation methodologies. Achieving optimal efficiency and
stability in both anode and cathodematerials is essential for the
overall Al–air battery performance. Signicant challenges
persist in developing appropriate catalysts and electrode
designs, particularly in the creation of sophisticated air-cathode
materials with improved electrochemical characteristics and
stability. Research efforts are required to investigate novel
catalyst materials, develop nanostructured electrode structures,
and understand the kinetics involved in electrode reactions.

To better understand the electrochemical reactions,
conventional pre- and post-discharge analysis is performed to
understand the reaction mechanism. However, these measure-
ments only provide indirect information, which will not assist
in the comprehensive understanding of the changes occurring
during the discharge processes. The characteristics of the
catalysts are complex and can vary under real electrochemical
conditions. In this case, in situ measurements can be helpful.
There are some reports in the literature based on lithium– and
zinc–air batteries related to in situ operation such as in situ XRD,
in situ Raman, and XPS, providing a better understanding of the
reaction mechanism and microscopic changes in different
charge/discharge states.261,262 Operando XRD can highlight the
activity of the metal–air battery by monitoring the ORR process
by the detection of the adsorption of oxygen intermediates,
resulting in different Al-crystallographic phases.263 Similarly, in
situ Raman measurements will also be benecial with less
limitations to check the structural changes and provide details
of the interfaces during the discharge/charge process, especially
to check the formation of carbonates and any anode surface
degradation while interacting with the electrolyte.264 The same
strategies of in situ measurements can also be applied to Al–air
batteries to overcome the limitations and to control the reaction
parameters for both primary (non-rechargeable) and secondary
(rechargeable) Al–air batteries.

The goal of sustainability in Al–air batteries necessitates the
resolution of obstacles pertaining to the recycling and ecolog-
ical implications associated with aluminum anodes and elec-
trolyte components. Thus, further investigation is required to
establish effective recycling methodologies for the retrieval of
aluminum and the regeneration of the electrolyte. Furthermore,
it is crucial to evaluate the ecological consequences of Al–air
batteries and devise approaches for their sustainable disposal at
the end of their lifespan, consequently avoiding new environ-
mental problems, while solving the existing ones.

11. Conclusions

The fast depletion of fossil fuels and increasing demand for
energy make it necessary to look for green energy solutions. The
developed solution, in terms of an energy storage system, LIB, is
also not abundant and easily recyclable. In contrast to LIB, the
Al–air battery shows potential among the metal–air batteries
and worth exploring due to its availability, mining, and
17658 | RSC Adv., 2024, 14, 17628–17663
recycling processes. The global market revenue crossed more
than 272 million US$ in 2022.265–267 Continuous efforts are
required to resolve the existing problems, such as aluminum
corrosion. The use of a polymer gel-like electrolyte has the
potential to provide excellent conductivity, which can reach as
high as that of aqueous electrolytes, and simultaneously avoid
leakage issues. The liquid-based electrolyte systems are suitable
for smart grid systems, providing excellent capacity. Different
catalysts are employed to increase the ORR activity, and it is
essential to look for catalysts with a high half-wave potential.
Currently, only MnO2 has shown promising catalytic activity
and the potential to replace noble-metal electrocatalysts.
Further, the active sites can be increased by combining them
with carbonaceous materials. For its proper commercialization,
more understanding of its kinetics is required. Besides, the
structural design of the Al–air cell also requires work because its
performance does not increase linearly with scaling the battery
geometries. An appropriate design is essential to achieve the
maximum performance of the Al–air battery, together with
mitigating the associated challenges. Thus, the work has
different scopes, including materials science, electrochemistry,
and innovative designs. This article provided the current status
of Al–air cells with microscopic details about their probable
electrochemical process for a better understanding and will
pave the way for further developments.
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