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Aluminum-air (Al-air) batteries are considered promising candidates for 
electrochemical energy storage due to their theoretical energy density 
(~8,100 Wh kg-1), specific capacity (~3000 mAh·g-1), low cost and the natural 
abundance of aluminum. However, several hurdles must be overcome before 
their widespread application. Notably, the aluminum anode is prone to passivation 
and corrosion, which reduces the effective utilization of the metal. In addition, the 
sluggish oxygen reduction reaction (ORR) affects the air cathode and significantly 
decreases the electrochemical performance of the system. These problems are 
mitigated with different strategies: the aluminum anode is usually coated with 
other metal elements to improve the battery performance. On the other hand, 
different materials have emerged to improve the oxygen reduction reaction 
activity in the air cathode, such as metal-organic frameworks (MOFs). In this 
mini-review, the challenges and recent advances in aluminum-air technology are 
examined, highlighting the use of metal-organic frameworks as catalysts for the 
air cathode and the application of different coating strategies to improve the 
stability and performance of the aluminum anode.
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1 Introduction

The transition toward renewable energy systems has highlighted the need for efficient ways 
to store energy. Electrochemical energy storage systems have emerged as a link between energy 
demand and supply (Liu et al., 2010). Currently, lithium-ion batteries (LIBs) dominate the 
market due to their energy density (150–250 Wh kg-1); however, a lifespan of 1000–1500 cycles 
remains a limitation (Wang et al., 2022). Nevertheless, concerns regarding lithium availability 
and environmental impact have driven the search for alternatives (Kim et al., 2019). In this 
context, systems based on sodium (Na) (Yabuuchi et al., 2014), potassium (K) (He et al., 2024), 
magnesium (Mg) (Aurbach et al., 2000) and aluminum (Al) (Elia et al., 2016; Elia et al., 2017) 
are considered next-generation energy storage systems. Among these, aluminum (Al)-based 
batteries have attracted interest owing to their benefits, including low cost and long cycle life 
(hundreds to over 10, 000 cycles) (Das et al., 2017).

Aluminum-battery technology is divided into: (i) aluminum–air (Al-air) batteries, (ii) 
aluminum-ion (Al-ion) batteries, and (iii) aluminum–sulfur (Al-S) batteries. Of these, 
aluminum–air batteries are particularly notable for their theoretical energy density 
(~8,100 Wh kg-1), and specific capacity (~3000 mAh·g-1) (Nandi and Pumera, 2025).

As illustrated in Figure 1a, an Al-air battery (AAB) comprises an aluminum anode (Al- 
anode), a porous air cathode, an alkaline electrolyte, and a separator. The air cathode is 
typically a composite structure that includes a gas diffusion layer (GDL) to manage gas 
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transport while preventing electrolyte leakage, alongside a current 
collector to ensure electron transfer to the external circuit. The 
electrolyte, typically alkaline, acts as ionic conductor (Nandi and 
Pumera, 2025). The separator physically isolates the electrodes, while 
still permitting the passage of ions (Shah, 2021; Liu et al., 2020).

At the cathode side (Figure 1b), atmospheric oxygen diffuses 
into the porous cathode, reaching the triple-phase boundary (TPB) 
(Elia et al., 2016; Li and Dai, 2014; Han et al., 2023). The efficiency of 
the battery is dictated by the ORR pathway. The ideal route is the 
direct four-electron pathway (Equation 1) (Han et al., 2023): 

O2 + 2H2O + 4e− → 4OH− (1)

Alternatively, a kinetically sluggish two-electron pathway may 
take place, leading to the formation of peroxide intermediates 
(Equation 2): 

O2 + 2H2O + 2e− → HO2
− + OH− (2)

Simultaneously, during discharge, hydroxide ions migrate 
through the electrolyte toward the anode, where Al is oxidized 
and forms aluminum hydroxide, Al (OH)3 (Nandi and Pumera, 
2025; Du et al., 2024), releasing electrons to the external circuit 
(Equation 3) (Du et al., 2024; Liu et al., 2024): 

Al + 3OH− → Al OH( )3 s( ) + 3e− (3)

Nevertheless, the accumulation of Al(OH)3(s) in the anode 
surface becomes a detrimental physical barrier, how is shown in 
Figure 1c. Passivation layer hinders the continuous diffusion of 
hydroxide ions to the active aluminum surface and blocks further 
electron transfer, ultimately impeding the electrochemical reaction 
and degrading battery performance.

Therefore, the development of efficient electrocatalysts and 
protective strategies for the aluminum anode is essential. This 
mini-review summarizes recent advances in Al–air batteries 
(AABs), focusing on MOFs for air cathodes and coating 
strategies for anodes to improve performance and stability.

2 Background

This section focuses on strategies for solving both problems: (i) 
MOFs as catalysts for ORR activity at cathode (Figure 2a), and (ii) 
protective coatings to mitigate aluminum corrosion (Figure 2b) and 
self-passivation.

2.1 Metal-organic frameworks (MOFs) as 
cathode catalysts

MOFs have emerged as promising ORR catalysts in the air 
cathode due to their high surface area, and hierarchical porosity, 
which optimize the TPB, facilitating oxygen diffusion and electrolyte 
ion transport (Lu and Su, 2025). Also, MOFs-derived materials 
modulate the Gibbs free energy (Δ G) of oxygenated intermediates 
(Dhanabalan et al., 2023) optimizing adsorption/desorption steps 
and favoring the four-electron pathway (Lu and Su, 2025; Yang et al., 
2022). MOFs typically exhibit half-wave potentials (E1/2) of 
~0.80–0.90 V vs. RHE (Reversible Hydrogen Electrode) and 
electron transfer numbers (n ≈ 4.0, where n is the number of 

electrons transferred per O2 molecule), indicating efficient ORR 
kinetics comparable to Pt/C (Platinum supported on conductive 
carbon) catalysts. Recent studies focus on MOF-derived materials, 
including carbon materials (Li et al., 2020), single doped-carbon 
materials (Chen et al., 2019) and bimetallic doped-carbon materials 
(Xiao et al., 2020), which exhibit improved electrical conductivity 
and catalytic performance (Lu and Su, 2025).

2.1.1 MOF-derived carbon materials

MOFs are synthesized through hydrothermal methods, where 
metal ions (e.g., Fe) are coordinated with organic ligands to form 
porous crystalline structures. Despite MOFs having a high density of 
active sites (Li et al., 2020), their intrinsically low electrical 
conductivity limits direct application in electrocatalysis. This 
limitation is overcome by using pyrolysis to transform the organic 
ligands into a conductive graphitic carbon while preserving the 
topological features and dispersing metal or metal-compound 
nanoparticles. Li et al (2020) fabricated a uniform FeS/Fe3C 
nanoparticles embedded in a porous N, S-dual doped carbon 
honeycomb-like composite by pyrolysis of a single-crystal Fe- 
MOF. The catalyst exhibited a four-electron dominant ORR 
pathway, indicating efficient oxygen reduction kinetics. In 
addition, its durability (≥6 h stability in alkaline media) suggests 
that the N, S-doped carbon matrix stabilizes the active sites and 
suppresses metal aggregation. Compared to commercial catalysts Pt/ 
C catalyst, this behavior indicates comparable catalytic activity with 
enhanced long-term stability, which is critical for practical Al–air 
battery operation.

2.1.2 Single-metal doped carbon catalysts

Single-metal doped carbon catalysts have surfaced as promising 
non-precious electrocatalyst materials for ORR (Chen et al., 2019), 
specifically those with Fe sites embedded in N-doped carbon matrices. 
These catalysts combine a high density of isolated Fe–Nx active centers 
with hierarchical porosity obtained from MOFs, thereby improving 
mass transport and increasing the available active surface area. Chen 
et al. (2019) developed a melamine-assisted co-calcination of Fe-ZIF-8, 
producing Fe@NMC-1 with Fe–Nx active sites, 3D hierarchical 
porosity, and high surface area. This structure exhibit performance 
comparable or superior to commercial Pt/C, typically showing half- 
wave potentials (E1/2) close to ~0.85 V vs. RHE and electron transfer 
numbers approaching 4.0. This behavior is attributed to the 
concentration of Fe–Nx active sites, which enhance the adsorption 
energy of oxygen intermediates and facilitates the four-electron 
reduction pathway.

2.1.3 Bimetallic-doped carbon catalysts

Bimetallic-doped carbon catalysts have garnered interest as ORR 
electrocatalysts due to the synergistic effect between different metal 
centers. The addition of two metals alters the electronic 
configuration of active sites, improving catalytic activity and 
catalyst stability (Macedo et al., 2021). Xiao et al. (2020)
synthetized a bimetallic ZnCo-ZIF@graphene oxide (ZnCo-ZIF@ 
GO) hybrid electrocatalyst prepared through the in-situ growth of 
ZnCo-ZIF (zeolitic imidazolate frameworks) on graphene oxide 
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nanosheets. The ZnCo-ZIF@GO hybrid demonstrated enhanced 
ORR electrocatalytic activity, an improved electrical conductivity 
compared to pristine ZnCo-ZIF.

2.1.4 Limitations

While carbon materials derived from MOFs address the inherent 
limitations of pristine MOFs (Lu and Su, 2025), however, they 
encounter obstacles in their application within Al-air cathodes. 
Firstly, the high-temperature pyrolysis process required for their 
synthesis is energy-intensive and challenging to scale for industrial 
production (Zeggai et al., 2025). Moreover, the instability of active sites 
during extended alkaline operation can result in performance decline 
(Chen et al., 2019; Xiao et al., 2020). Additionally, although single- 
metal catalysts offer clearly defined active centers, their effectiveness is 
frequently constrained by suboptimal adsorption energies of oxygen 
intermediates. In contrast, bimetallic systems improve catalytic activity 
through electronic modulation but may suffer from structural 
complexity and reduced long-term stability. Additionally, in an 

alkaline electrolyte, the corrosive environment produced by the 
aluminum anode and the precipitation of solid byproducts, 
Al(OH)3(s), obstruct the hierarchical porosity of the MOF-derived 
cathode (Li et al., 2025). This blockage impedes oxygen diffusion and 
mass transport at the TPB. Nevertheless, these drawbacks highlight the 
need for strategies such as flow-cell designs with circulating electrolytes 
to remove Al(OH)3(s) precipitates (Teabnamang et al., 2020), along 
with hierarchical porous architectures that preserve efficient mass 
transport and catalytic performance (Zhang et al., 2025).

2.2 Coating strategies for aluminum anodes

Surface coating mitigates corrosion and self-passivation of 
aluminum anode (Al-anode). The protective coating serves as a 
physical barrier between the anode and the electrolyte that increases 
polarization resistance, suppressing parasitic reactions while 
maintaining the ionic transport (Li et al., 2025). These coatings 
are usually composed of different materials, such as polymers (Gu 
et al., 2025), carbon-based compounds (Shah, 2021), and metal- 

FIGURE 2 
(a) Schematic structure of a MOF applied as catalyst for ORR activity. (b) Cross-sectional illustration of a coated Al-anode.

FIGURE 1 
(a) Schematic of an Al–air battery showing the Al anode, electrolyte, separator, air cathode, gas diffusion layer and current collector (b) ORR possible 
pathways in cathode. (c) Passivation layer formation in aluminum anode.
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oxides (Sinha et al., 2023), which improve the stability and lifespan 
of the AAB. Surface modification can control the composition of the 
surface layer of the Al-anode, thus improving the electrochemical 
performance.

2.2.1 Coatings based on polymers

Polymer coatings have been widely investigated as protective 
layers due to their chemical stability and ability to form uniform 
hydrophobic films. Arumugam et al. (2024) demonstrated that Poly 
(tetrafluoroethylene) (PTFE) coatings in alkaline electrolyte reduced 
corrosion current density, extending the anode’s discharge duration 
to over 30 h at 1 mA/cm2 compared to approximately 5 h for bare 
aluminum. Despite these benefits, polymer coatings present 
inherent drawbacks. Hydrophilic variants, such as poly (vinyl 
alcohol) (PVA), tend to absorb water, swell, and eventually 
detach due to the accumulation of discharge products 
underneath. Conversely, while hydrophobic polymers like PTFE 
or poly (vinylidene fluoride) (PVDF) provide superior corrosion 
protection, their electrically insulating nature can impede essential 
ionic transport at high current densities, thereby increasing Ohmic 
losses. Furthermore, certain polymers like PVDF remain susceptible 
to long-term chemical degradation, such as defluorination, in strong 
alkaline environments.

2.2.2 Metal-oxides

Metal-oxides coatings have been also proposed as an anti- 
corrosion strategy to separate the aggressive electrolyte and 
protect the Al- anode. These oxide layers can form stable 
interfacial barriers that regulate aluminum dissolution while still 
allowing ionic transport across the interface. Metal oxides improve 
the chemical stability of the anode surface by preventing the rapid 
formation of insulating aluminum hydroxide layers during discharge 
(Du et al., 2025). In the study made by Du et al. (2025) demonstrated 
that applying transition metal oxides (such as V-, Mn-, and Fe-based) 
significantly reduces the corrosion rate. Specifically, Fe-based 
coatings showed exceptional 5 V high-voltage stability by forming 
robust interfacial compounds (Fe–F and Al–N bonds) that lower the 
corrosion rate by nearly three orders of magnitude. However, a 
drawback of this strategy is the varying chemical stability of different 
metal oxides. Under high-voltage polarization, oxides can dissolve 
and trigger corrosion, or increase interfacial Ohmic impedance, 
ultimately hindering battery performance (Du et al., 2025).

2.2.3 Coatings based on carbon-based materials

Carbon-based coatings function by creating a conductive porous 
interfacial layer that inhibits the formation of oxides and minimizes 
the adherence of Al(OH)3(s), allowing sedimentation, this 
mechanism ensures the continuous diffusion of essential OH− 

ions to the aluminum surface (Hassan et al., 2023; Pino et al., 
2016). Pino et al. (2016). demonstrated that carbon black coatings on 
commercial aluminum alloys extended the anode’s discharge 
duration threefold and achieved specific capacities up to 
1210 mAh/g by keeping the surface electrochemically active, 
improving electron transfer and the decrease in charge transfer 
resistance (Rct), which enhances reaction kinetics and overall 

aluminum utilization. However, despite these kinetic advantages, 
carbon coatings have drawbacks, such as highly porous types, such 
as pyrolytic graphite, can entrap discharge products within their 
pores, ultimately obstructing electrolyte access.

2.2.4 Limitations

Single-component coatings have limitations linked to their 
working mechanisms. Polymer coatings serve as physical barriers 
that suppress corrosion, but their low electrical conductivity and 
vulnerability to alkaline swelling restrict ionic transport and long- 
term stability (Arumugam et al., 2024). Metal-oxide coatings 
regulate interfacial reactions and improve chemical stability; 
however, their performance depends on oxide durability, as some 
dissolve or increase interfacial Ohmic resistance under high 
polarization (Du et al., 2025). In contrast, carbon-based coatings 
enhance charge transfer through conductive and porous structures, 
but they are prone to pore blockage by discharge products and 
exhibit weak adhesion to aluminum (Pino et al., 2016). These 
limitations suggest that no single coating can provide protection, 
transport, and stability simultaneously. Future research should focus 
on developing multifunctional composite coatings, such as polymer/ 
oxide or carbon/oxide hybrids, to synergistically balance corrosion 
resistance, conductivity, and durability.

3 Conclusion and future perspectives

The effectiveness and extensive application of aluminum-air 
batteries are limited by the sluggish ORR and the corrosion/ 
passivation of the Al-anode. While MOF-derived catalysts 
enhance cathode activity and protective surface coatings 
mitigate anode corrosion, analysis reveals that their 
development is insufficient due to research gaps. Firstly, 
degradation byproducts from anode coatings, such as dissolved 
metal oxides or defluorinated polymers, may migrate and 
deactivate sensitive ORR catalytic sites at the cathode. 
Secondly, the challenge of scaling the energy-intensive 
pyrolysis of MOFs without causing structural variations 
between batches remains a major industrial obstacle. Future 
research should focus on full-cell integration, as a highly active 
cathode cannot compensate for rapid electrolyte depletion, and a 
well-protected anode cannot mitigate cathode deactivation.
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