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Abstract

Mg-air batteries, with their intrinsic advantages such as high theoretical volumetric energy density, low cost, and
environmental friendliness, have attracted tremendous attention for electrical energy storage systems. However,
they are still in an early stage of development and suffer from large voltage polarization and poor cycling
performance. At present, Mg-air batteries with high rechargeability remain difficult to achieve, mainly because the
discharge products [Mg(OH),, MgO and MgO,] are thermodynamically and kinetically difficult to decompose at
moderate voltage ranges. Therefore, it is crucial to optimize the reaction paths and kinetics from the electrodes to
the batteries via the combination of materials design and first-principles calculations. In this review, remarkable
progress is highlighted regarding the currently used materials for Mg-air batteries, including anodes, electrolytes,
and cathodes. In addition, the corresponding reaction mechanisms are comprehensively surveyed. Finally, future
perspectives for rechargeable Mg-air batteries with decreased voltage polarization and improved cycling
performance are also described for further practical applications.
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INTRODUCTION

In the context of the vigorous development of electric vehicles and stationary energy storage, the
requirements of high theoretical volumetric energy density, low cost, and sustainable electrical energy
storage systems have become significant issues”. Among the various electrical energy storage technologies,
rechargeable metal-air batteries, whose cathode material is oxygen (O,) directly derived from the
atmosphere, have attracted significant interest from researchers due to their high theoretical energy
densities from the reaction of metal with O,. Research into Li-air batteries, which can provide a theoretical
specific energy density of 3458 Wh-kg” (based on Li,O,) and a theoretical working voltage of 2.96 V, has
resulted in remarkable achievements in the last few decades'*. However, the development of Li-air batteries
faces the challenges of safety issues and the high price of Li anodes. On this basis, the study of other metal-
air batteries has also gradually developed, including more secure multivalent metallic anodes, such as zinc,
aluminum, and magnesium®”’. Table 1 presents a comparison of the electrochemical properties of different
metal-air batteries. Among the various rechargeable multivalent metal-air batteries, Mg-air batteries are
considered to be “green” power sources of next-generation battery technologies for electric automobiles and
large-scale energy storage due to their high theoretical energy densities (14 kWh-L" and 3.9 kWh-kg", based
on MgO)". Importantly, Mg has a relatively low redox potential [-2.37 V vs. standard hydrogen electrode
(SHE)], low cost ($0.26 g")!", sustainability (2.08% in the Earth’s crust)”, a less reactive nature and
resistance to dendrite formation""..

Primary Mg-air batteries are based on metal magnesium as the anode active material and oxygen in the air
as the cathode active material in an aqueous electrolyte, as shown in Figure 1A. On the anode side, the Mg
metal is oxidized to magnesium ions [Equation 1] and the magnesium ions further combine with hydroxide
ions to form magnesium hydroxide [Equation 2] in the aqueous electrolyte:

Mg — Mg* + 2¢ (1)
Mg* + 20H — Mg(OH), (2)

On the cathode side, the products of aqueous and aprotic electrolytes are different. For aqueous Mg-air
batteries, oxygen molecules from the atmosphere, combining electrons and water molecules, are reduced to
hydroxide ions, which further unite Mg** from the anode to form Mg(OH), [Equation 3]. In contrast, the
discharge products are considered to be MgO and/or MgO, in aprotic electrolytes [Equations 4 and 5]"*"?),
as shown in Figure 1B.

2Mg* + O,+ 2H,0 + 4e — 2Mg(OH), (3.09 V vs. Mg**") (3)
Mg+ O, + 2 — MgO, (2.91 V vs. Mg*") (4)
2Mg2++ 02+ 4e — ZMgO (2.95 V Vs. Mg2+/0) (5)

The current issues facing primary Mg-air batteries are reducing the anode corrosion rate mainly caused by
the hydrogen evolution reaction (HER) and increasing the discharge voltage. In comparison to the wide
studies of Li-air batteries, there have only been a few reports on rechargeable Mg-air batteries"”"*. The
reasons for limiting the reversibility of Mg-air batteries are twofold. First, the self-discharge of Mg anodes in
aqueous electrolytes results in the formation of insulating Mg(OH), products, which impede further anode
reactions. Second, in organic electrolytes, the discharge products MgO (AG? = -568.9 k] mol-mol") and
MgO, (AG;” = -567.8 kJ-mol") are difficult to decompose due to their stable thermodynamics and poor
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Table 1. Comparison of various rechargeable metal-air batteries

Selected batteries Theoretical open cell voltage (V vs. SHE)  Theoretical energy density (Wh-kg™)  Reaction

Li-air 296 3458 2Li+0,o Li,0,
Mg-air 295 3905 2Mg + 0, <> 2MgO
291 2751 Mg + O, <> MgO,
Zn-air 165 1090 27Zn + 0, 2Zn0
Al-air 273 4304 4A1+30, < 2A1,0,

The theoretical energy density is based on the total mass of the metal anode and O,cathode, ¢, = -nFE/XM, where F is the Faraday constant, E is
the electrochemical reaction potential, and M is the molecular weight of the reactants. SHE: Standard hydrogen electrode.
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Figure 1. Schematic configurations and working principle of (A) aqueous Mg-air batteries and (B) nonaqueous Mg-air batteries.

kinetic properties, resulting in large polarization and poor cycling performance. Current research on
rechargeable Mg-air batteries is focused on nonaqueous systems, which are mainly hindered by effective
catalysts that are active for the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) and
efficient electrolytes that can provide reversible Mg plating/stripping under an O, atmosphere. In recent
years, significant progress has been made by the team of Shiga, who first reported rechargeable Mg-air
batteries in 2013"”. Other outstanding work by Siegel's group included analyzing of the discharge products
and reaction pathways for rechargeable Mg-air batteries through a combination of theoretical calculations

and experimental observations">'*'".

Several review articles on Mg-air batteries have been published recently from different perspectives”**.
Here, we review the progress made regarding electrode design and electrolyte optimization, as summarized
in Scheme 1. There have only been a few reports regarding the separators applied in Mg-air batteries, so
they are not discussed here. Furthermore, we discuss the application of Mg-air batteries and further predict
the future research directions for rechargeable Mg-air batteries.

ANODES

The theoretical standard electrode potential of the Mg metal reduction reaction [Equation 1] is -2.37 V vs.
SHE. However, owing to the existence of an insulating film [MgO and Mg(OH),] on the surface of the Mg
anode originating from the side reaction of metallic Mg with O, and H,O in the atmosphere, there is always
a high level of polarization during the electrochemical Mg plating and striping process. Therefore, the
strategies that can reduce the formation of the passivation layers and improve the properties of Mg itself are
crucial to Mg-air batteries.
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Scheme 1. Schematic of key materials (anode, cathode and electrolyte) for Mg-air batteries. TMPP:tetramethoxyphenyl-porphyrin;
WSG: water-soluble graphene; NTA: nitrilotriacetic acid; DG: decyl glucoside; ILs: ionic liquids.

Mg metal

During the discharge process of the Mg anode in an aqueous electrolyte, a passivation film of Mg(OH), that
inhibits further electrode reactions adheres on the Mg surface. Currently, the materials used for the anode of
primary Mg-air batteries are mainly modified Mg metal and Mg alloys, as summarized in Table 2. In order
to alleviate the formation of the Mg(OH), passivation film, researchers have adopted nanostructured Mg
with a high specific surface area as an effective anode material. In 2006, Li et al. prepared Mg spheres, plates,
nanorods, and sea-urchin-like nanostructures [Figure 2A] and tested their electrochemical performance™.
In their work, they prepared various Mg structures with a simple vapor-transport approach and controlled
their shape by changing the evaporation temperatures and flow rates of Ar gas. The results indicated that
the battery made from Mg sea-urchin-like nanostructures exhibited a higher energy density (565 Wh-kg™")
and a better high-rate discharge capability compared with the battery made from Mg powder, which was
attributed to the porous network structure.

A 100 nm porous Mg thin film was reported for an alkaline primary Mg-air battery by Xin et al. in 2013,
The morphologies of the Mg films were controlled by adjusting the deposition temperatures [Figure 2B]
and the performance of Mg-air batteries based on Mg film anodes was tested. The Mg films deposited at
150 °C exhibited a high open-circuit voltage (OCV) of 1.41 V and a large discharge capacity of 821 mAh-g7,
as illustrated in Figure 2C. It is noteworthy that the porous network of these nanostructures not only
reduces the anodic polarization of Mg electrode but also increases the activity of Mg itself, thus increasing
the utilization efficiency of the Mg electrode. Nonetheless, these works only alleviate the formation of the
passivation film but cannot fundamentally solve the passivation problem of Mg anodes in aqueous
electrolytes. Although the passivation film is also observed in conventional organic electrolytes, reversible
Mg plating and striping can be accomplished in specific organic electrolytes (i.e., ethers as the solvents) that
are suitable for rechargeable Mg-air batteries.

Another strategy to improve the performance of the Mg anode is to modify its surface, which is in contact
with the electrolyte. In a study by Zhao et al. in 2021, a bismuth (Bi)-based artificial protective layer, which
is electrically insulative but ionically conductive, on the Mg metal anode was explored in a magnesium
bis(trifluoromethanesulfonyl)imide (Mg(TFSI),)/diglyme (G2) organic electrolyte®. It was found that the
modified Mg anode had better cycling stability than the pristine Mg anode due to the inhibition of the
harmful parasitic reaction between the Mg metal and Mg(TFSI),-based electrolyte. Furthermore, the
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Table 2. Important recent studies of various anodes for primary Mg-air batteries

Materials Morphology Synthesizing method Discharge performance Year
Mg metal Mg nanoparticles[m Spheres, plates, Vapor-transport approach Sea-urchin-like Mg nanoparticles achieved a high 2006
nanorods and sea- open-circuit voltage of 1.42 V and a high energy
urchin-like™ density of 565 Wh-kg'1 at a current density of 5
mA-cm’
Mg thin film2! Porous Mg thin film  Using magnetron sputtering Mg thin film prepared at 150 ‘C achieved a high 2013
with a thickness of ~ (at different substrate open-circuit voltage of 1.41V and a large specific
100 nm temperatures) discharge capacity of 821 mAh-g” at 0.1 mA-cm™
Mg-alloy Mg—Ca[B] Cylinder Melting at 750 ‘C under Mg-0.1Ca achieved a high open-circuit voltage of 2018
protection gas 2.032V, astable cell voltage of 1.6 V at 0.5

mA-cm” and a specific energy density of 1429
Whkg™ at a current density of 10 mA-cm™

Mg—14Li—AI—O.1Ce[33] Sheet (with a Commercial purchase Mg-Li-Al-Ce anode achieved an operating 20M
thickness of 1.5 mm) voltage of 1.272 V, a specific discharge capacity
of 2076 mAh g’1 and an anodic utilization
efficiency of 85.2% at 2.5 mA-cm™

Mg—AI—Pb—InBA] Sheet Melting at 730 ‘C under Mg-Al-Pb-In anode achieved an open-circuit 2014
protection gas voltage of 1.88 V and a peak power density of
94.5 mW-cm’”
Mg-Al-Sn-MnP® Cylinder Melting at 740 ‘C under The optimal combination Mg-6Al-15n-0.4Mn 2018

protection gas and refining achieved a discharge potential of -1.602 V
agent hexachloroethane

tolerance to water was improved, which was of positive significance for the application of Mg-air batteries
in real environments with non-pure oxygen [Figure 2D-F]. This modified Mg anode shows significant
potential for rechargeable Mg-air batteries.

Mg alloys

In addition to the concerted efforts focused on the particles, morphologies, and surface film of Mg, alloying
Mg with elements with a high hydrogen evolution overpotential is attracting growing attention. The Mg-
alloy prepared by doping pure magnesium with metals or elements (i.e., Al, Zn, Ga, Ca, Pb, Li, Mn, and rare
earth elements) can effectively inhibit the HER and self-corrosion reactions of the anode, thereby facilitating
the self-peeling of the discharge products and thus reducing the polarization of Mg anodes in aqueous
electrolytes®”’. There have been many studies on Mg-Zn", Mg-Ca®, commercial AZ31
(Mg-3%Al-1%Zn), AZ61 (Mg-6%Al-1%Zn)***, and AP65 (Mg-6%Al-5%Pb)"" alloys serving as anodes for
Mg-air batteries and significant effort has also been devoted to some other elements with high corrosion
resistance®*. For example, a Mg-Li alloy (13 wt.% Li) exhibited a more negative standard electrode
potential vs. SHE and higher anodic efficiency. A battery with this Mg-Li alloy offered a higher operating
voltage and capacity than those with the conventional Mg-Al alloy”". The addition of Mn helped to reduce
the corrosion rate via the incorporation of low-soluble metals in the Al-Mn intermetallic phases*.

Furthermore, Ma and colleagues™ successfully fabricated a Mg-14Li-Al-0.1Ce alloy and found that a Mg-
air battery with this alloy exhibited an operating voltage (1.261 V) and specific discharge capacity
(2076 mAh-g") than those of Mg and AZ31. As shown in Figure 3A, the corrosion potential of Mg-Li-Al-Ce
(-1.625 V) was more negative than that of Mg (-1.572 V) and AZ31 (-1.505 V), with Mg-Li-Al-Ce exhibiting
the smallest anodic Tafel slope of all samples, thereby revealing its higher electrochemical activity.
Furthermore, the discharge products loosely adhered to the alloy electrode surface, so the electrolyte was
able to penetrate through to contact the electrode. Wang et al. found that a Mg-Al-Pb-In alloy with a finer
grain structure showed a more negative discharge potential and stronger discharge activity compared with a
Mg-Al-Pb alloy”. Indium played an important role in diminishing the self-discharge rate of the Mg-Al-Pb
alloy and thus improved its utilization efficiency. In addition, weak polarizability was observed for the Mg-
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Figure 2. (A) Scanning electron microscopy (SEM) images of as-prepared nano Mg anode with different morphologies: (i) sphere-like;
(i) plate-like; (iii) rod-like; (iv) sea urchin-like"™.(B) SEM images of Mg thin films prepared at different substrate temperatures: (i) 25
°C; (ii) 80 “C; (iii) 120 °C; (iv) 150 ‘C™%.(C) Discharge profiles of primary Mg-air batteries with Mg thin films prepared at different
substrate temperatures, showing that the Mg thin films prepared at 150 ‘C performed the best””.Charge/discharge profiles of
rechargeable Mg-air batteries at 200 mA-g” using (D) pristine Mg with a Mg(TFSI),/G2 electrolyte under pure O, and (E) Bi-based
protective modified Mg with a Mg(TFSI),/G2 electrolyte under pure Ozm.(F) Schematic diagram of the preparation of a Bi-based
protective layer on a Mg anode ™. Reproduced from Refs."?" with permission from Wiley, the Royal Society of Chemistry, and the
American Chemical Society, respectively. DME: Dimethoxyethane.

Al-Pb-In alloy with the smallest anodic Tafel slope, which contributed to active behavior during Mg
dissolution [Figure 3B]. A Mg-air battery with the Mg-Al-Pb-In alloy anode possessed a high power density
of 94.5 mW-cm™ in aqueous electrolytes.

In addition to the composition of Mg alloys, their microstructure also has an impact on their
electrochemical properties®*. For a Mg-Al-Sn anode, the fine Mg,Sn phases and fully recrystallized
microstructure accelerated the self-peeling of corrosion products, leading to high discharge voltages at high
current densities””. In a study of the precipitate distribution in AZ91 (Mg-9%Al-1%Zn) investigated by
Yuasa et al., it was observed that the formation of densely distributed p-precipitates during the discharge
process suppressed the corrosion rate”. In general, fine grains and uniform grain boundaries were valuable
for producing high activated currents of the magnesium alloy in aqueous electrolytes”*”. Due to the good
corrosion resistance, Mg-alloy anodes are widely used in aqueous Mg-air batteries. However, there have
been few reports of Mg alloys in organic electrolytes for rechargeable Mg-air batteries due to the different
restraining factors in the two systems.
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Figure 3. Potentiodynamic polarization curves for (A) Mg, AZ31, and Mg-Li-Al-Ce™.(B) Mg-Al-Pb, Mg-Al-Pb-In alloys and pure
B measured in a 3.5 wt.% NaCl solution at a scan rate of 1 mV-s".Reproduced from Refs 2334

magnesium with permission from
Elsevier.
ELECTROLYTES

The electrolyte plays a prominent role in battery electrochemistry, so a suitable electrolyte is essential for a
battery system. In this section, according to the water content, the electrolytes for Mg-air batteries are
classified into aqueous and nonaqueous electrolytes.

Aqueous electrolytes

In aqueous electrolytes, the Mg anode undergoes a self-corrosion process, which leads to the formation of
magnesium hydroxide on the surface of magnesium and hinders further anodic reactions. Aqueous Mg-air
batteries are only regarded as primary batteries since the potential necessary for decomposing magnesium
hydroxide results in massive corrosion and H, evolution on Mg. Current research on aqueous electrolytes is
focused on reducing the anode corrosion and lowering the anodizing overpotentials at the current densities
required for practical applications. Here, we summarize the mechanism of Mg corrosion and the
corresponding electrolytes.

Causes of anode corrosion and corresponding electrolytes

For aqueous Mg-air batteries, the Mg electrode is extremely susceptible to corrosion, and thus a high level
of polarization is displayed. Through the study of the corrosion behavior of magnesium metal in aqueous
solutions™*, it can be seen that the causes of magnesium anode corrosion are the HER, negative difference
effect (NDE), and the presence of impurities.

The HER process can be described as:
Mg + 2H,0 — Mg(OH), + H, (6)

This reaction causes the self-discharge of the Mg electrode and thus decreases the Faradaic efficiency in
anodic discharge. Moreover, as the potential of the anode increases during the discharge process of the
battery, the rate of H, evolution increases, and correspondingly, the corrosion rate of magnesium increases.
This phenomenon is known as the NDE. Furthermore, the impurities in the Mg plate are also a factor in
accelerating Mg corrosion. Microcells are constructed when impurity phases contact Mg, resulting in low
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Mg utilization. Reducing the corrosion of magnesium is essential to improving the Faradaic efficiency of the
batteries. On this basis, researchers have made significant efforts to determine the effect of anions in
electrolytes on Mg corrosion and search for corrosion inhibitors.

The anions in the solutions affect the corrosion and anodic polarization of Mg anodes. The Mg passivation
in aqueous electrolytes with NaCl, NaNO,, Na,HPO,, and a NaCl/Na,PO, mixture was compared via
differential electrochemical mass spectrometry and H, pressure rise measurements. It was indicated that the
Mg anode in the NaCl solution exhibited the highest H, evolution rate as a result of Cl attacking the Mg
surface. In contrast, Na,HPO, and NaNO, electrolytes reduced the H, evolution corrosion reaction, as
illustrated in Figure 4A. Table 3"**** summarizes the OCV of pure Mg in various aqueous electrolytes. The
pure Na,HPO, electrolyte increased the Mg* Faradaic efficiency compared to the NaCl electrolyte but
introduced extraordinarily large overpotentials during discharge, probably by introducing a resistive layer.
The NaNO, electrolyte could inhibit Mg corrosion while simultaneously allowing Mg** dissolution during
battery discharge. However, a low OCV was exhibited resulting from a NO,” to NO, reaction"*. MgCl,,
MgBr,, KHCO,, NH,NO,, NaNO,, Na,SO,, and Mg(NO,),-NaNO, solutions were also studied in previous
research™. NO,, NO,, and HPO,” had higher Faradaic efficiency than Cl" and ClO,. The cell based on a
Mg(NO,),-NaNO, electrolyte exhibited a 90% Faradaic efficiency for the Mg anode with no serious
passivation behavior at a discharge current density of 20 mA-cm?, so the Mg(NO,),-NaNO,-based
electrolyte was considered as a good choice for primary Mg-air batteries.

Several reports have revealed the use of organic compounds as effective corrosion inhibitors in aqueous
electrolytes'”*. Deyab reported that the addition of decyl glucoside (DG) to a 3.5 wt.% NaCl electrolyte
could reduce the Mg corrosion rate with 94% inhibition efficiency'”. As an organic surfactant, the presence
of DG could increase the activation energy of the corrosion reaction. The DG surfactant adsorbed on the
Mg surface and the alkyl groups in the DG structure could shield the surface from attack, thereby improving
the inhibition efficiency. The Mg-air batteries containing the DG surfactant offered higher operating
voltages, discharge capacities, and anodic utilization than in its absence [Figure 4B]. Analogously, the
addition of disodium 4,5-dihydroxy-1,3-benzenedisulfonate (Tiron) and nitrilotriacetic acid (NTA) into an
aqueous Mg-air battery electrolyte improved the battery discharge potentials [Figure 4C] due to the
formation of strong complexes with Mg*". In addition to this, the enhancement could be attributed to the
suppression of the enrichment and redeposition of Fe on the Mg anode and deactivating Fe-rich impurities
that act as cathodic micro-sites, consequently suppressing the NDE phenomenon of the Mg anode!.
Furthermore, the efficiency of Mg-air batteries can be improved by adding water-soluble graphene (WSG)
to the NaCl electrolyte as an inhibitor [Figure 4D]"*. The WSG enhanced the electrical conductivity of the
NaCl electrolyte, prevented the magnesium breakdown during the self-discharge, and decreased the
corrosion rate of the Mg anode. With an in-depth understanding of the corrosion mechanism, it is expected
that research into effective additives will not only decrease the corrosion rate but also improve battery
performance.

Aqueous electrolytes are of particular interest because of their high operation safety, excellent ionic
conductivity, low cost, and environmental friendliness”. Furthermore, in the case that rechargeability is
still difficult to achieve, the study of aqueous electrolytes has significant application value for primary Mg-
air batteries. For primary Mg-air batteries, mainly using aqueous electrolytes, researchers have focused on
promoting the utilization of Mg, reducing the corrosion rate, and elevating the operating voltage. Since the
key is to inhibit the HER process, there are two promising approaches that can achieve great effects. One is
to modify the Mg anodes through methods, including surface modification, doping other metal elements,
and changing electrode morphologies. The other approach is to study the effect of electrolytes and design
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Table 3. OCVs of pure Mg in various aqueous electrolytes

Electrolyte OCV of Mg (V vs. Ag/AgCl) Ref.
0.5 M NaCl -1.61 [44]
0.5 M NaCl/0.05 M Na,HPO, -1.58 [44]
0.5 M Na,HPO, 152 [44]
0.5 M NaNO, -1.40 [44]
0.1 M Na,S0, -1.50 [45]
OCV: Open-circuit voltage.
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Figure 4. (A) H, evolution from a Mg working electrode in 0.5 M NaCl (green), 0.5 M NaCl + 0.05 M NaH,PO, (blue), 0.5 M NaH,PO,
(red) and 0.5 M NaNO; (orange) electrolytes™*. (B) Discharge profiles of Mg-air batteries working with electrolytes with/without DG
additives under different current densities'*”’. (C) Discharge profiles of commercial pure Mg with NTA and Tiron electrolyte additives at
concentrations of 0.001, 0.005, 0.01, 0.05, and 0.1 M. The insets show macrographs of the anode surface after 24 h“8! (D)
Potentiodynamic polarization profiles for Mg anode in a 3.5% NaCl electrolyte with and without WSGH Reproduced from Refs74%]
with permission from Elsevier. NTA: Nitrilotriacetic acid.

electrolytes with proper anions or additives that can inhibit corrosion without retarding Mg** dissolution in
aqueous electrolytes.

Nonaqueous electrolytes
The self-corrosion of Mg anodes severely inhibits the reversibility of Mg-air batteries in aqueous
electrolytes, and therefore, nonaqueous electrolytes have been introduced to the design of rechargeable Mg-
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air batteries. Different from aqueous electrolytes, molecular H,O is not included in the reaction paths and
the discharge products are mainly composed of magnesium oxides or peroxides, as shown in Equations 4
and 5. For the design of rechargeable Mg-air batteries, a suitable electrolyte needs to achieve three
requirements. First, the electrolyte should be compatible with the Mg anode, which ensures the reversibility
of Mg* plating/stripping from the Mg anode. Second, since Mg-air batteries work under an open system,
the electrolyte must be sustainable enough to endure the whole ORR/OER process under the O,
atmosphere. Third, a low viscosity and volatility, wide electrochemical window, and high ionic conductivity
should be obtained. In addition to the traditional solution-phase electrolyte systems, gel-polymer and ionic
liquid electrolytes have shown excellent prospects in rechargeable Mg-air batteries.

Organic electrolytes

Although the electrolytes of rechargeable magnesium batteries (RMBs) are greatly recommended for
applications in nonaqueous Mg-air batteries, the main problem is the passivation of the Mg anode in
organic electrolytes. The reversibility of RMBs greatly depends on the solid-electrolyte interface (SEI)
formed during the first discharge process. Unfortunately, the SEI layer formed by the reaction between Mg
and most electrolytes cannot support the fast diffusion of Mg*, becoming the passivation layer, which in
turn severely inhibits the reversibility of the Mg plating/stripping process. Lu et al. researched the impact of
organic solvents and salts in electrolytes on the Mg anode, and they found that the electrochemical
properties of RMBs were mainly restricted by the passivation layer on the Mg anode and both the solvents
(i.e., esters, sulfones, and amides) and the salts (i.e., BF,, PF_, and AsF,) would passivate the Mg anode"..

Thus, the necessity of designing electrolytes compatible with Mg anodes is self-evident.

Current rechargeable Mg-air batteries are realized in nonaqueous electrolytes"*"*.. In the first research into
rechargeable Mg-air batteries, dimethyl sulfoxide (DMSO) was used as the solvent that could form
complexes with iodine molecules™. The complex could catalyze the decomposition of the discharge
products, as further discussed in Section "Redox mediators: one solution to achieve reversibility of Mg-air
batteries". Mg(ClO,),, as the supporting salt for Mg plating/stripping, shows relatively lower overpotentials
than TFSI", so it has been applied in Mg-air batteries. Furthermore, the temperature conditions of Mg-air
batteries should also be taken into consideration. 0.5 M magnesium bis(trifluoromethanesulfonyl)amide
[Mg(TFSA),] in diethyl-methyl-methoxymethylpiperidium trifluoromethane sulfonylamide was applied in
rechargeable Mg-air batteries reported by Shiga et al. due to their stable Mg plating/stripping at 60 ‘C"*.
Vardar et al. applied a (PhMgCl),-Al(OPh),/tetrahydrofuran (THF) electrolyte in their Mg-O, batteries
because of its high Coulombic efficiency of Mg plating/stripping"”. In 2016, Vardar et al. employed a MgCl,
/AICl,/dimethoxyethane electrolyte for Mg-O, cells and showed that the discharge capacity of this system
was greatly improved compared to cells with modified Grignard electrolytes®”. However, the reversibility
was severely limited, which could be attributed to the oxygen diffusion in the electrolyte forming an
insulation film that was difficult to decompose on the surface of the anode.

In summary, the composition of the electrolytes greatly affects the performance of Mg-air batteries. It is
necessary to ensure Mg plating/stripping with low overpotentials under O, atmospheres whilst ensuring that
the catalysts are compatible with the organic electrolytes.

Gel-polymer electrolytes
Metal-air batteries with gel-polymer electrolytes offer the advantages of safety, high energy density, and
flexible design. In view of the mature research and application of polymer electrolytes for Li-air batteries”,

gel-polymer electrolytes have also drawn great interest from researchers for Mg-air batteries**.
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Liew et al. designed an economical, inherently safe, and environmentally benign biopolymer WSG-
incorporated agar gel electrolyte for Mg-air batteries”™. They investigated the effect of agar concentrations
on electrolyte performance. The Mg corrosion resistance was increased in the WSG-incorporated agar gel
electrolytes [Figure 5A] due to the stable electrode/electrolyte interface. The Mg-air battery with the optimal
gel electrolyte (WSG-incorporated 3% w/v agar) exhibited a high OCV in the range of 1.6-1.7 V and a
discharge capacity of 1010.60 mAh-g" [Figure 5B]. In 2021, Li et al. reported a Mg-air battery with the
highest average specific capacity (2190 mAh-g*) and energy density (2282 Wh-kg™") so far, as shown in
Figure 5C and D", The outstanding performance was achieved by designing a dual-layer gel electrolyte that
consisted of a poly(ethylene oxide) organic gel and a crosslinked polyacrylamide hydrogel [Figure 5E]. The
organic gel could reduce the corrosion rate and the chlorine ions in the hydrogel helped to produce unique
needle-like discharge products that ensured the active Mg could closely contact the electrolyte during the
discharge process, resulting in the improved discharge capacity.

ITonic liquid electrolytes

Ionic liquids (ILs) are ionic compounds that are liquid at room temperature and therefore have high
conductivity to both inorganics and organics®**. Compared with traditional organic electrolytes, ILs have a
wider liquid path, lower vapor pressure and flammability, higher thermal stability, and wider
electrochemical window, and thus have been applied in various battery systems (i.e., lithium-ion
batteries”™ ), sodium-ion batteries®, magnesium-ion batteries'>*”, metal-air batteries"***’ and metal-sulfur
batteries*).

For primary Mg-air battery research, IL-based electrolytes have been investigated to be available for making
Mg interfacial films more stable!””. Furthermore, introducing oligomeric ether additives or using ether-
functionalized ionic liquid cations can promote reversible Mg deposition and dissolution. In these
electrolytes, ether oxygen can replace the TFSI anion in the Mg* coordination domain”". Kar et al.
designed a safe, non-volatile electrolyte based on Mg[BH,] interacting with an ether functionalized IL,
specifically [N,(o,01) Gosor) Goso) [INTE,]72. It was demonstrated that stable magnesium cycling in this IL
displayed over 20 cycles, producing a Coulombic efficiency of 60%. Recent research indicated that Mg*'/IL
electrolytes with high ionic conductivity could facilitate Mg stripping and plating at a low overpotential 7"

In 2016, Law et al. explored the ORR and OER in butyl-1-methylpyrrolidinium bis(trifluoromethanesul-
fonyl)imide ([BMP][TFSI])-based electrolytes with and without Mg*" ions on polycrystalline Au and glassy
carbon electrodes in a three-electrode configuration and discussed their implications on the cathodic
processes in Mg-air batteries”. In the absence of Mg*, the ORR currents were stable and the reversible one-
electron transfer process could be attributed to the reduction of O, into the superoxide anion O, (O, + € «
0,). While in the Mg*" (Mg(TFSI),)-containing [BMP][TFSI] electrolyte, the ORR was irreversible due to
the formation of passivation layers limiting the diffusion of O, and O, to/away from the electrode surfaces.
The morphology and the chemical composition of the deposits formed on the electrodes after the
voltammetric measurements were characterized. It was suggested that no MgO or MgO, was observed as an
ORR product except MgF, as the main deposit, which indicated the decomposition of TESI" ions was more
favorable. The result was revealed via chemical analysis of the electrode surfaces after the ORR".

In 2018, the same group further investigated the activity of different electrode materials (Pt, Au, GC, Mn,O
»and MnQ,) in a rotating ring disk electrode setup. In the pure [BMP][TFSI] electrolyte, a reversible ORR
and OER were observed in all electrodes, while in the electrolyte containing Mg*" [Mg(TFSI),], the OER of
all electrode materials was strongly hindered. They found that the OER did not occur due to the irreversible
reactions of the electrolyte with the ORR products, resulting in the passivation film formation and
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Figure 5. (A) Electrochemical impedance spectroscopy spectra of Mg strips immersed in different WSG-incorporated agar gel
electrolytes™. (B) Discharge performance of Mg-air batteries with different WSG-incorporated agar gel electrolytes at the current
density of 11.11 mA-cm 2B (C) Discharge curves of Mg-air batteries applying dual-layer gel and hydrogel eIectrontes[SS].(D) Specific
capacity and energy density of Mg-air batteries using dual-layer gel and hydrogel electrolytes™. (E) Schematic diagram of the
mechanism of how the dual-layer gel electrolyte protects the Mg anode from corrosion, indicating the needle-like discharge products
formed on the anode during discharge, which provide fresh active Mg™. Reproduced from Refs.”**** with permission from Springer
Nature and Wiley, respectively.

inactivation of the electrode surface. The morphology and chemical composition of the electrode surfaces
were characterized after cycling the potential from 1.2 to 0.6 V vs. Mg/MgO for five cycles in O,-saturated
0.1 M Mg(TFSI),/[BMP][TFSI] electrolyte via SEM and X-ray photoelectron spectroscopy (XPS). It was
indicated that MgO, was the main product of the ORR process”. It is noteworthy that the results of XPS
evidenced a negligible amount of MgF, for all electrodes studied, which contradicted their previous
findings'”.

In 2019, Jusys et al. further researched the ORR on an Au film electrode in [BMP][TFSI] via a differential
electrochemical mass spectrometry and in situ infrared spectroscopic model study””. In O,-saturated
[BMP][TEFSI], the reduction of O, to peroxide anions occurred at a more negative potential. The adsorption
characteristics of IL ions and the exchange dynamics were greatly affected by the anions formed during the
ORR process. In the additional presence of Mg* ions, the ORR became irreversible, resulting from the
formation of MgO, and MgO. MgO, was confirmed to be the main ORR product, which was consistent with
their previous research””. In addition, the formation of MgF, was also revealed via in situ infrared (IR)
spectroscopy.

These studies suggest that the main reason for the irreversibility of the ORR in Mg*'-containing
[BMP][TFSI] is that the ORR products cannot be decomposed, thereby hindering the diffusion of O, and
O, Therefore, the future directions for rechargeable Mg-air batteries are research into Mg*'-containing ILs
that favor the decomposition of ORR products and the exploration of effective bifunctional catalysts, which
are discussed in subsequent sections.
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AIR CATHODES

Compared to the Mg anode and electrolyte, the air cathode is the key component restricting the
development of metal-air batteries so far. It has been demonstrated that the energy storage capacity and
power capability of Mg-air batteries are strongly dependent on the properties of air electrodes, which are
affected by their architecture and catalytic materials.

Typical structure of an air cathode

A typical air cathode includes four layers, namely, a waterproof layer, a gas diffusion layer, a catalyst layer,
and a current collector layer”, as shown in Figure 6. The waterproof layer is used to separate the electrolyte
and air as well as to be permeable only to O, and block CO, and H,O. The gas diffusion layer has a high
porosity and a high electronic conductivity to ensure the fast diffusion of oxygen from outside to the
catalyst surface.

Catalysts

The catalyst layer in the air cathode is a pivotal component that influences the electrocatalysis of the ORR
on the air cathode of Mg-air batteries. The ORR is a complex process that includes many electrochemical
and chemical steps, and different intermediates are produced during the process. The slow kinetics of ORR,
which is related to the catalyst type, surface state, and structure of the air cathode, is the main reason for the
low Faradaic efficiency and Coulombic efficiency of Mg-air batteries. Possible pathways for ORR include a
two-electron pathway [Equation 4] and a four-electron pathway [Equations 3 and 5]7.. Whether the
electrochemical reaction of air cathode is carried out via a four-electron pathway or a two-electron pathway
depends mainly on the type and state of the catalysts"”.

Types of catalysts for primary Mg-air batteries
The most common air cathode catalysts for primary Mg-air batteries are noble metal materials, transition
metal oxides, nitrogen-containing metal macrocycles, and carbon-based materials.

Pt-based materials are effective catalysts with high activity towards the ORR and have been widely
researched in fuel cells and metal-air batteries™™ . Pt functioning as a catalyst directly will certainly increase
the cost of Mg-air batteries; therefore, Pt-based alloys and nanostructures are used to reduce the Pt content
and improve the catalytic performance simultaneously. To date, many groups have studied the ORR activity
of Pt alloys, such as Pt-Co™/, Pt-Ni"*, Pt-Cu"®, Pt-Y*, and so on. Furthermore, the Mo element was
introduced to Pt/C to enhance the catalytic activity [Figure 7A] of Pt/C by increasing the density of Pt-5d
band vacancies and segregating Pt on the particle surface of the Pt-Mo alloy"®”. When the Pt-Mo/C catalyst
was applied to Mg-air batteries, the discharge voltage plateau obviously improved compared to Pt/C, as
shown in Figure 7B.

The high price of Pt limits the wide-scale commercialization potential of Mg-air batteries. Therefore, low-
cost non-Pt noble metal materials with a high ORR activity have been widely researched for practical
applications. Ag and Cu exhibit weak ORR catalyst activity individually, but they become active toward the
ORR in alkaline conditions when alloyed at the nanoscale. Qaseem et al."™ reviewed the progress of silver
nanoalloy electrocatalysts for the ORR in alkaline media, focusing on the mechanism of the ORR and the
factors that impair the ORR activity. Pd, which is much cheaper, has been reported in a number of studies
and considered as a substitute for Pt these years™. When Pd particles are highly dispersed, the catalytic
activity of Pd is similar to Pt supported on graphite at the same weight*”. Furthermore, it has been reported
that Pd/C is available for higher catalytic activity than Pt/C either in acidic media® or alkaline solutions'*”.
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Figure 7. (A) Cyclic voltammetry curves of electrodes with different Pt-Mo-based catalysts in an O,-saturated 3.5 wt.% NaCl aqueous
solution at a scanning rate of 50 mV-s"®”’.(B) Discharge profiles of Mg-air batteries using different Pt-Mo-based catalysts at a current
density of 5 mA-cm™in a 3.5 wt.% NaCl electrolyte ). (C) Rotating-disk voltammograms of Mn;0, NW/3D GN/SWCNT in O,-
saturated 0.1 M KOH at a sweep rate of 10 mV-s” and different rotation rates®¥. (D) Discharge profile of Mg-air batteries using Mn;0,
nanowires/three-dimensional graphene/single-walled carbon nanotube (Mn;0, NW/3D GN/SWCNT) catalysts in a mixed electrolyte
of Mg(NO,), (2.6 M) and NaNO, (3.6 M) with the additive of 1.0 wt.% [P6,6,6,141[ClI] ionic liquid. The inset illustration is the
schematic diagram of the controllable growth of one-dimensional Mn;O, nanowires on graphene in the microwave field®*. Reproduced
from Refs™* with permission from RSC Publishing and the American Chemical Society, respectively.

Transition metal oxides are relatively inexpensive and stable, as well as an important type of non-precious
metal ORR catalysts, of which manganese oxides are the most commonly used. The oxygen reduction
catalytic performance of different structures of MnO, is in the order of B- < A- < y- < a-MnO,, according to
Cao et al.””. The oxygen reduction performance of MnO, is related to the structures and morphologies.
Nanoscale particles have more oxygen reduction active sites owing to the higher specific surface area and
porosity than microscale particles”. The doping of low-cost metal elements (such as Ni**, Cu*, and so on)
in manganese oxides can enhance their catalytic activity. However, a key disadvantage of manganese oxides
as cathode catalysts is their low conductivity. To solve this problem, the commonly used method is to
combine manganese oxide and a carrier with good conductivity, such as porous carbon and graphene”.
Liet al. reported Mn,O, nanowires/three-dimensional graphene/single-walled carbon nanotube (Mn,O,
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NWs/3D GN/SWCNT) electrocatalysts®. The calculated kinetic current density observed for Mn,O,
NWs/3D GN/SWCNT reached 51.8% of the Pt/C value. The electron transfer number was close to ~4.0,
suggesting a four-electron pathway for the ORR. Mg-air batteries based on Mn,O, NWs/3D GN/SWCNT
cathode catalyst displayed a high cell open-circuit voltage (1.49 V) and a high plateau voltage (1.34 V), as
shown in Figure 7C and D.

Nitrogen-containing metal macrocycles are considered a potential substitute for Pt for ORR catalysts. The
Fe- and Co-based macrocycles, such as tetramethoxyphenyl-porphyrin (TMPP"), tetraphenylporphyrin
(TPP"™), and phthalocyanine (Pc"*), have been of great research significance. High-temperature treated
metal macrocycles have good oxygen reduction activity and stability, and the coordination of nitrogen and
transition metal ions provides catalytic active sites. A high-surface-area CoTMPP/C catalyst fabricated by
ultrasonic spray pyrolysis possessed higher oxygen reduction activities than Pt/C""". Boukoureshtlieva et al.
applied CoTMPP as the cathode catalyst for Mg-air batteries and found that the Mg-air battery based on
cobalt (IT) tetramethoxyphenyl porphyrin pyrolyzed on an active carbon (AC/CoTMPP) cathode catalyst
could generate currents of 2.5-140 A and power of up to 154 W,

Carbon materials are ubiquitous in the air cathodes of Mg-air batteries and can work not only as conductive
agents and gas diffusion layers but also as catalysts directly. As catalysts, two-electron electroreduction tends
to occur on the surface of carbon"””. However, the efficiency of the two-electron pathway is relatively low
because the formation of HO, during the two-electron pathway can oxidize the active substance in the air
electrode. Therefore, the carbon material itself is not a good oxygen reduction catalyst. Despite this, due to
high specific surface area and excellent conductivity, carbon materials are excellent catalyst carriers that can
produce synergistic catalytic effects with noble metals”**? and transition metal compounds'***”’ deposited on
the surface. Furthermore, nitrogen-doped carbon materials also have relatively high ORR activity, probably
because the dissociation energy of O, molecular can be reduced by the nitrogen atoms!**"*.

Redox mediators: one solution to achieve reversibility of Mg-air batteries

In organic solvents, Mg* interacts with oxygen molecules through a four-electron pathway [Equation 5] or
a two-electron pathway [Equation 4] and the products (MgO, MgO,) adhere to the air cathode surface.
MgO and MgO, are both difficult to decompose at ambient temperatures due to their thermodynamical and
electrochemical stability"”. In order to solve this issue, redox mediators (RMs) were used to reduce the
reaction barrier for the decomposition of the discharge products* .

The first rechargeable Mg-air batteries were reported by Shiga et al. in 2013"". Using the iodine-DMSO
complex as a charging catalyst, they charged a nonaqueous Mg-air battery in a 0.5 mol-L" Mg(ClO,),/DMSO
electrolyte at 60 'C. The charging mechanism could be described by:

MgO + I, - Mg™ + 2I' + 1/20, (7)

The charge process was realized by the catalytic property of I,-DMSO complex, which reacts with MgO to
form Mgl, and thus promotes the evolution of O,, as shown in Figure 8A. It was suggested that MgO could
be removed from the cathode at ~2.0 V and the cell could sustain four galvanostatic cycles [Figure 8B]. In
2014, Shiga et al. further proposed a rechargeable Mg-O, battery with 2,2,6,6,-tetramethylpiperidine-1-oxyl
(TEMPO) working as a mediator at 60 ‘C""". They firstly demonstrated that MgO could be decomposed
under the catalysis of TEMPO-anion complex (PTMA'CIO,’) [Figure 8C], which was detected by gas
chromatography-mass spectrometry (GC/MS) and inductively coupled plasma atomic emission
spectroscopy (ICP-AES). When applied the TEMPO-anion complex as a charge mediator to the Mg-O,
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Figure 8. (A) Schematic diagram of I,-DMSO complex catalytic mechanism™™.(B) Discharge-charge profiles of Mg-air batteries
with/without iodine at 60 “C™.(C) Schematic diagram of TEMPO-anion complex catalytic mechanism"*.(D) Discharge-charge
profiles of the Mg-air battery incorporating PTMA in the cathode at 60 ‘C",(E) Schematic diagram of BQ and Co(I)TPP dual redox
mediator working mechanism™".(F) Galvanostatic cycling of the Mg-air battery using BQ and Co(lI)TPP dual redox mediators. The
voltage profile of the working electrode (carbon paper) was measured against the counter electrode (Mg ribbon) in a two-electrode
configuration™™. Reproduced from Refs.">"™ with permission from the Royal Society of Chemistry, the American Chemical Society, and
the Royal Society of Chemistry, respectively. TEMPO: 2,2,6,6-tetramethylpiperidine-1-oxyl.

battery, the battery incorporating poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate (PTMA) in the
cathode with 0.5 molL' Mg(TFSI), in diethyl-methyl-methoxymethylpiperidium
bis(trifluoromethanesulfonyl)imide electrolyte at 60 C could be run for four cycles and the discharge
capacity of the first cycle was 737 mAh-g” [Figure 8D]. They suggested that the capacity loss was due to the
incomplete decomposition of discharge products.

To facilitate the discharge and recharge processes of Mg-air batteries, Dong et al. used 1,4-benzoquinone
(BQ) and 5,10,15,20-tetraphenyl-21H,23H-porphine cobalt(II) (Co(II)TPP) dual redox mediators to reduce
the overpotential of the discharge process and the charge process, respectively [Figure 8E]"". This battery
exhibited at least three cycles, and the overpotentials for discharge and recharge both achieved a 0.3 V
reduction [Figure 8F].
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Reducing the reaction barrier by introducing RMs to Mg-air batteries opens a door for rechargeable Mg-air
batteries. However, rechargeable Mg-air batteries still face the challenges of low discharge voltage and poor
cycle performance, which can be ascribed to the formation of superoxides, the passivation on Mg anodes,
and the sluggish kinetics of ORR/OER, so it is worthwhile devoting more effort to this.

Candidates for rechargeable Mg-air batteries: bifunctional catalysts

The bifunctional catalysts for both the ORR and OER are under intensive investigation in various systems as
essential components for rechargeable metal-air batteries. However, there are few reports on the application
of bifunctional catalysts for Mg-air batteries. Considering the similarity between Mg-air batteries and other
metal-air batteries, such as Li- and Zn-air batteries, here, we discuss some bifunctional catalysts that shed
light on further research on rechargeable Mg-air batteries.

Among various metal bifunctional catalysts, noble metals still present excellent catalytic effects for both the
ORR and OER. Zhao et al. used the couple of 40 wt.% Pt/C and 40 wt.% RuO, as cathode catalysts in their
research for the Mg anode with a bismuth-based protective layer and the fabricated Mg-O, batteries
exhibited significant charge-discharge reversibility”’. Du et al. compared the catalytic activity of catalysts
with different proportions of Pt and IrO,, and eventually found that the addition of IrO, depressed the ORR
catalytic ability while enlarged the stability of OER. Besides, among all the tested catalysts, the pure Pt
nanoparticles showed the greatest ORR catalytic effect"*. Noble metal alloys have also attracted the
attention of researchers. Kang et al. used density functional theory (DFT) calculations to study the effect of
Pt,M (M = 3d, 4d, and 5d transition metals) catalysts on the kinetics of the ORR and OER for Li-air
batteries"*. It turned out that the fifth subgroup elements were the most efficient alloy components, and
the outstanding catalytic effect derived from the electron-rich catalyst surface, proposing the direction for
the design of bifunctional catalysts for Mg-air batteries. Non-noble metal bifunctional catalysts have
attracted much attention these years due to their lower cost than noble metals. Li et al. used a
hydrothermal-incineration method to synthesize Co/Fe nanoparticles compounded in an N-doped carbon
framework (Co/Fe@NC)"”. The N-doped carbon-based material not only improved the electric
conductivity but also provided numerous mesoporous channels for discharge products. Thus, the
rechargeable Li-air batteries based on Co/Fe@NC catalyst achieved excellent electrochemical performance
with a low overpotential (~1.003 V), long cycle life (250 cycles), and high capacity (17326 mAh-g*)
[Figure 9A]. Chen et al. synthesized a bifunctional electrocatalyst of graphite nanoarrays-confined Fe and
Co single atoms within graphene sponges (FeCo-NGS) through a self-assembly technique*. The FeCo-
NGS catalyst enabled the rechargeable Zn-air batteries with a long cycle of more than 1500 hours at a 10
mA-cm” current density, a non-noticeable voltage fading and a low voltage gap of 0.89 V.

Transition metal compounds are always considered promising candidates for bifunctional catalysts. Among
them, Mg-, Co- and Ni-based catalysts are studied extensively. Xu et al. adjusted the parameters of the first-
step hydrothermal reaction to synthesize the hortensia-like MnO, interwove with carbon nanotubes
[Figure 9B]"”. The MnO,/CNT catalyst showed palmary electrochemical properties when applied to the
rechargeable Zn-air batteries [Figure 9C], which could be attributed to the higher electronic conductivity
supported by CNTs and the more active sites provided by the unique morphology of the catalyst. It also
pointed out that the morphology of MnO, greatly impacted the catalytic effect, which is consistent with the
findings reported by Dé¢bart et al.""”. Zhu et al. deposited the nanosized MnO, particles on reduced
graphene oxide (rGO), taking advantage of the porous layered structure of rGO, and applied them to the
rechargeable Li-air batteries""'". The battery catalyzed by MnO,@rGO presented an initial discharge capacity
of 5139 mAh-g" and retained about 80% of the capacity (4262 mAh-g") after 15 full discharge-charge cycles
at a current density of 100 mA-g’. Kim et al. developed an N-doped open structure cobalt and nickel
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hortensia-like MnO,/CNT, and noble metal catalysts"”.(D) Cycling performances of Li-air batteries working with UC-NiCo,S,, YS-
NiCo,S ,,and CNT in T M LiTFSI/G4 electrolyte at a current density of 100 mA-g” and a controlled capacity of 500 mAh-g'm“.
Schematic diagrams of the possible catalyzed reaction routes of Li-air batteries working with iron phthalocyanine (FePc) in the
electrolyte, discharge process (E), and charge process (F)"®.(G) Schematic diagram of the proposed redox mediation mechanisms for
copper ions in Li-air batteries!”.Reproduced from Refs.? M4 16W) \ith permission from the American Chemical Society, IOP
Science, American Chemical Society, and the Royal Society of Chemistry, respectively. ORR: Oxygen reduction reaction; OER: oxygen
evolution reaction.

bimetallic nanocage (CNBN), which showed better electrochemical catalytic performance than pure cobalt
oxide, nickel oxide, and the noble metal Pt/C!"?. Furthermore, the CNBN catalyst might present a
promising future when applied to rechargeable metal-air batteries, as it was mentioned.
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Perovskite oxides have also been widely studied in the field of metal-air batteries. Fan et al. reported the
Sm,,Sr,.Co, Fe O, s/acetylene black catalyst"*”. Thanks to the good synergistic effect of perovskite oxide
Sm, Sr,,Co, Fe O, ; and acetylene black, the catalyst showed good catalytic activity for the ORR and OER
and maintained the catalytic effect after long cycling (more than 1000 cycles).

Transition metal sulfides also show excellent catalytic activity for the ORR and OER. Sulfur atoms have
lower electronegativity and a larger radius than oxygen atoms, and therefore, sulfides seem to have higher
electronic conductivity and cell volume than oxides. However, studies on sulfide catalysts mainly focus on
rechargeable Li-air batteries at present. Xu et al. prepared urchin-like NiCo,S, (UC-NiCo,S,) and yolk-shell
NiCo,S, nanospheres (YS-NiCo,S,), and both showed excellent catalytic activity for the ORR and OER""*\
With the help of spinel sulfide catalysts, the rechargeable Li-air batteries realized more than 140 cycles
(limited capacity of 500 mAh-g") with a low voltage gap (lower than 1.5 V) at a current density of 100
mA-g", as shown in Figure 9D. The UC-NiCo,S, performed better, possibly because the sea urchin-like
structure with a higher specific surface area gained more active sites, shortened the transport length of ions
and electrons, and had a larger discharge product space. Furthermore, Wu et al. synthesized the spinel
catalyst containing NiCu,S, and CuCo,S, through a method of solvent-thermal reaction, calcination, and
subsequent vulcanization"'”. The catalysts presented a low voltage gap of 0.73 V between the ORR and OER
in a KOH electrolyte, which indicated their potential application in Mg-air batteries.

The discharge products (MgO and/or MgO,) of rechargeable Mg-air batteries are both poor conductors of
electrons and insoluble in the electrolyte, resulting in the formation of a passivation layer on the cathode
surface. During the charge process, those discharge products directly contacting the active sites can be
decomposed, while the other ones cannot, leading to poor overall catalytic performance. By comparison,
liquid-phase RM bifunctional catalysts can enter the pores of the electrode with the help of the electrolyte
and catalyze the cathodic reactions efficiently. However, few studies have been reported on the liquid-phase
RM bifunctional catalysts for rechargeable Mg-air batteries, while the researchers mainly concentrated on
rechargeable Li-air batteries. Sun et al. reported that the soluble iron phthalocyanine (FePc) could catalyze
both the ORR and OER processes"*. The RM catalyst acted as an electronic transport mediator between the
electrode and lithium peroxide to reduce the overpotential during the charge process, while it also
combined with superoxide ions to promote the growth of lithium peroxide during the discharge process, as
illustrated in Figure 9E and F. With the help of the stable RM catalyst, the Li-air batteries performed well
including more than 130 cycles (limited capacity: 1000 mAh-g”) at the current density of 0.5 mA-cm?,

negligible discharging potential decay of 0.02 V, and the stable charging potential after 50 cycles. Deng et al.

added a RM catalyst CuCl, to the electrolyte in Li-air batteries"'”. During the initial discharge process, the
Cu’" was preferentially reduced to the primary reduced form Cu’. Then the Cu" was further reduced to Cu®,

and the newly generated Cu chemically reacted with O, and Li", transforming into Cu* and Li,O,. Thus, the
Cu’/Cu’ redox couple effectively served as the ORR process RM catalyst. During the charge process, the Cu’
was firstly oxidized to Cu™, which chemically decomposed Li,O, and turned back to Cu’, and therefore the
Cu**/Cu’ redox couple performed as the OER process RM catalyst [Figure 9G]. Eventually, thanks to the
Cu'/Cu* redox couple, the charge potential was reduced to 3.5 V, and the Cu'/Cu’ redox couple helped to
realize the specific capacity of 14,700 mAh-g* and also inhibited the superoxidation reaction to stabilize the
discharging process.

Cathodic discharge products of rechargeable Mg-air batteries

So far, researchers have not developed a deep understanding of the reaction mechanism of charge and
discharge processes for Mg-air batteries. The example of the Na-O, system has shown that the properties of
the discharge products (typically a metal oxide, peroxide, or superoxide) can strongly impact the overall
energy density!*®. Therefore, analyzing the discharge products for rechargeable Mg-air batteries is of great
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research significance.

As we have discussed, the reason for the irreversibility of aqueous Mg-air batteries can be accounted for the
potential necessary for recharging leading to the decomposition of water solvent. In nonaqueous
electrolytes, using RMs is one solution to make Mg-air batteries rechargeable!”"”. In 2015, Vardar et al.
reported a new rechargeable room-temperature Mg-O, battery without RMs"?. The constructed Mg-O, cell
with (PhMgCl),-Al(OPh),/THF electrolyte could be run for three cycles at room temperature [Figure 10A],
and the energy efficiency for the first cycle is 42%, comparable to those for elevated-temperature Mg-O,
cells. The composition of discharge products was observed to be roughly 70% MgO and 30% amorphous Mg
O, on a volumetric basis. Vardar et al. used the ECC (“electrochemical-chemical-chemical”) mechanism to
claim the reaction pathways"*:

Step 1: O, + € < O, (2.04 V vs. Mg*") (8)
Step 2: 20, + Mg* « MgO, + O, (9)
Step 3: 2MgO, — 2MgO + O, (10)

During the charge process, MgO, decomposed first, followed by more limited MgO decomposition. The low
energy efficiency and the capacity loss could be attributed to the incomplete decomposition of discharge
products [Figure 10B].

In 2016, Smith et al. further studied the electrochemical processes on the surfaces of possible discharge
products (MgO and MgO,) through DFT calculations and the results showed that pathways involving
oxygen intermediates were preferred"®. They pointed out that even though the maximum energy density
could be achieved when MgO served as the discharge product, the surface-mediated reactions should be
avoided due to its inefficiency. Moreover, the batteries that generate magnesium oxide were less efficient on
the round-trip efficiency, while those that generate magnesium peroxide were more efficient (90%)
[Figure 10C] because there was a lower overpotential, which was consistent with the experimental results"?..
Therefore, either choosing a solution-phase way rather than a surface-mediated way to form MgO or
controlling the discharge product by forming MgO, is an efficient way to acquire a well-performing
rechargeable Mg-air battery. In 2018, Bhauriyal et al. studied the issue of the initial nucleation reactions on
the surface of catalytic cathodes using DFT calculations"”. They used the calculated free energy diagrams
for the redox reactions of oxygen to identify the rate-determining step controlling the overpotentials for the
initial nucleation of MgO and MgO,. It was indicated that the overpotential of the controlling steps for
MgO, nucleation is comparatively less than that of MgO formation. Moreover, the preferable formation of
MgO, cluster compared to MgO on the graphene surface was revealed by ab initio molecular dynamic
simulation (AIMD), and this result further confirmed the selectivity of MgO, formation over MgO as the
final discharge product.

It was indicated that the performance of rechargeable Mg-O, batteries could be optimized via cathode
designs and operating scenarios that favored the formation of MgO, discharge product through multistep
pathways involving intermediates, less-reduced species.

Although theoretical and experimental investigations on air cathode reactions have demonstrated
promising results, further research is still needed to develop Mg-air batteries with good cycling
performance. Here, we present our perspectives that might be helpful for designing promising RMs in
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Figure 10. (A) Discharge/charge profiles of Mg-air batteries in (PhMgCl),-Al(OPh),/THF electrolyte under 25 'C 021 (B) SEM images
of first discharge products (a), higher magnification of the first discharge products (b) and SEM images of the air electrode after its first
charge process (c), higher magnification of the residual product after the first charge process (d)!"*.(C) Calculated free energy diagram
of different reaction paths of Mg-air batteries®. Reproduced from Refs."*" with permission from the American Chemical Society.

future rechargeable Mg-air batteries:

(1) It is effective to design multivalent compounds that can form different reversible redox couples.
Compounds are first reduced to a lower valence state and oxidized to a middle oxidized state to catalyze the
ORR process, while also be oxidized first to a higher valence state and reduced to a middle oxidized state to
catalyze the OER process.

(2) The formation of superoxides severely decreases the discharge potential of rechargeable batteries,
deactivates the catalytic core in cathodes, and decomposes the electrolyte contacting the cathode side, so it is
worth more efforts to research how to dodge the formation of magnesium superoxides under the
application of RMs.

(3) Except for taking the role of RMs, one effective way to facilitate the OER process is to transform the
residual discharge products. It is practical to use additives that can turn discharge products (MgO and
MgO,) into compounds with higher ionic and electronic conductivity.

(4) As for the practical molecular design, the steric hindrance around the redox core should be taken into
consideration. It is widely believed that exposure to redox core positively impacts the catalytic effect!*”).
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There is a growing body of literature that recognizes the importance of studying the discharge mechanism
of rechargeable Mg-air batteries. It is greatly recommended to combine various advanced characterization
technologies (e.g., in situ analyses, differential electrochemical mass spectrometry, and so on) with
theoretical calculations to gain insights into the electrochemical processes and address the unsolved
scientific problems.

THEORETICAL CALCULATIONS

With the development of computational simulation technologies, theoretical calculations have developed
rapidly in recent years, providing an effective method for researchers to understand the complicated
systems in batteries. Using quantum computing techniques like DFT and finite element simulations,
molecular dynamics simulates the motions of particles through mathematics, physics, and chemistry, which
support the calculation of the forces and energies under different interactions"”). The properties of the
electrochemical materials, such as structures, reaction activity, and stability, can be presented by theoretical
calculations*”. For rechargeable Mg-air batteries, such techniques can not only be used for validation of
reaction pathways and mechanisms of the ORR and OER processes, but also for feasibility analysis of the
material candidates, including anodes, cathodes, and electrolytes, before being applied to experiments.

Passivation is the crucial factor limiting the electrochemical properties of Mg anodes. Based on first-
principles calculations and ion-transport theory, Chen et al. systematically studied a variety of compounds
as potential coating materials for a Mg metal anode"*"**. In addition, DFT studies can also investigate the
reaction pathway, activity, and stability of different pure and alloyed metals, and the properties of the
electrode/electrolyte interface*.

A suitable electrolyte is crucial for Mg-air battery performance. In the past few years, theoretical calculations
have been widely used in Mg battery electrolytes to gain insights into the transport behavior of Mg ions and
their plating/striping mechanisms at the electrolyte/electrode interface* >, First-principles molecular
dynamics simulations can be used to obtain the electrochemical stability window, solvation energy,
decomposition path of electrolytes and their correlation with the intermolecular interactions and the

2+[125-128]

resulting speciation of the Mg .

Developing catalysts is typically expensive and time-consuming, and the components of bifunctional air
catalysts typically include noble or toxic metals (i.e., Pt, Ag, and Co)"**.. Modeling and calculation can
predict the experimental results and guide the experiments effectively. Previous studies have been
conducted to model and calculate the cathode discharge reaction paths*), initial nucleation of discharge
products (MgO and MgO,)"", and their equilibrium conductivity associated with the intrinsic ionic (point)
defects"”. Furthermore, DFT studies can calculate the composition and electronic conductivity of
passivation film on the cathodes and predict the catalytic activity towards the ORR and OER of activity sites
on the catalyst surface"”. Moreover, DFT calculations can be used to acquire the molecular properties such
as molecular orbital energy levels, reaction Gibbs free energy, binding energy with O, molecules, and
molecular bond energy of RMs!"**"*, which helps to demonstrate the catalytic mechanism and design the
molecular structures of RMs that can be used in future Mg-air batteries.

APPLICATIONS

Mg-air batteries have large specific energy, no environmental pollution, and higher theoretical capacity
density than those traditional batteries such as lithium batteries, lead-acid batteries, and so on. At present,
aqueous Mg-air batteries can achieve a high service life by replacing the anode. Based on the above
advantages, primary Mg-air batteries can be used as a power source for military and vehicles. In 199,
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Norway and Italy jointly developed magnesium fuel cells and applied them to the marine underwater
automatic control system for the detection of submarine oil or gas wells at a depth of 180 m. The seawater
battery was based on commercial Mg alloy as the anode and dissolved oxygen in the seawater as the oxidant
in the seawater electrolyte. This battery system had an energy of 650 kWh and was designed for a life of 15
years'™?.

Mg-air batteries are also considered a backup power source that can be put into use after adding electrolytes
while left dry for a long time during backup. The 100 W and 300 W magnesium/brine/air fuel cells
(MASWFECs) developed by Greenvolt Power in Canada had an energy density of more than 20 times that of
lead-acid batteries, and can power TVs, lights, portable computers, mobile phones, and GPS equipment.
The brine electrolyte magnesium/air fuel cell developed by MagPower Systems in Canada could
continuously provide 300 W of power and had been successfully applied to the power supply of water

[133]

purification system pumps in remote areas'*.

Furthermore, Mg-air batteries are biocompatible as Mg** ions show no toxicity towards the environment
and the human body. Mg-air batteries can be made into a fiber shape with high flexibility by material
design. Cheng et al. fabricated an atomic Fe-N, coupled open-mesoporous N-doped-carbon nanofiber
electrodes as Mg-air battery cathodes'™”. The Mg-air batteries with the fiber-shaped electrodes revealed high
capacity, long operating life, and good flexibility. In addition, the Mg-air battery with dual-layer gel
electrolyte™ could also be made into a flexible fiber shape with a coaxial structure, and it exhibited a stable
voltage after bending to 45°, 90°, and 135°. This property presents a huge opportunity for the next
generation of wearable and biocompatible power supplies.

CONCLUSION AND OUTLOOK

The Mg-air battery technology is still in its early development stage. In this review, we have summarized the
role of various components of Mg-air batteries (anode, electrolyte, and cathode) in battery performance and
recent research advances. The primary problems of Mg anode are the high level of corrosion in aqueous
electrolytes and low Coulombic efficiency in organic electrolytes. Nanostructured Mg and Mg alloys
containing high hydrogen evolution overpotential elements along with protective layers are promising to
suppress corrosion and improve the performance of Mg anode. Meanwhile, designing an effective
modification layer on the Mg anode may largely improve the battery performance by increasing the Mg**
Faradaic efficiency and discharge voltage, as well as improving the tolerance to H,O and CO, from the air.
The sluggish kinetics of the ORR on the air cathodes is another obstacle hindering the discharge properties
of primary Mg-air batteries. Noble metal materials, transition metal oxides, nitrogen-containing metal
macrocycles, and carbon-based materials are the four types of mainly used catalysts for primary Mg-air
batteries. More efforts on low cost, high activity, and durability catalyst substitutes for noble metals are
necessary. The electrolyte plays a crucial role in improving the performance of the Mg-air batteries. The
current problems of aqueous electrolytes focus on low Mg utilization and poor discharge voltage. Additives
that can decrease the corrosion rate and improve electrochemical properties of batteries simultaneously are
still upon further development. For nonaqueous electrolytes, it is necessary to seek new systems ensuring
Mg plating/stripping with low overpotentials under the O, atmosphere and supporting the decomposition
of discharge products. Furthermore, the flexible design of gel electrolytes is a new direction for wearable and
biocompatible Mg-air batteries.

At present, the aqueous electrolytes are commonly used in primary Mg-air batteries which can obtain a long
service life by replacing the exhausted Mg anodes. However, aqueous Mg-air batteries are irreversible as the
result of the formation of a magnesium hydroxide passivation layer that cannot be decomposed in moderate
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voltage ranges. Optimizing the composition of the electrolytes can reduce the corrosion rate of Mg anodes
and simultaneously pave the way for rechargeable Mg-air batteries.

For rechargeable Mg-air batteries, the key solution to achieving reversibility is to introduce RMs to the
battery system to reduce the reaction barrier and develop bifunctional catalysts that are active for both ORR
and OER. Furthermore, it has been proven by theoretical calculations and experimental results that the
discharge reaction favoring the formation of MgO, is more likely to be recharged with a higher voltage
efficiency than that favoring the formation of MgO. The electrolytes for rechargeable Mg-air batteries
should support the reversible Mg plating/stripping on the anode side and reversible ORR/OER on the
cathode side simultaneously, as well as contain low viscosity, low volatility, wide electrochemical window,
and high ionic conductivity. Moreover, gel-polymer electrolytes and ionic liquid electrolytes can be
excellent candidates for rechargeable Mg-air batteries while also deserve embedded research. Especially,
updated strategies and formulas of the electrolytes for rechargeable Mg metal batteries are strongly
recommended to apply in rechargeable Mg-air batteries.

In general, Mg-air batteries present high theoretical specific energy and energy density, so they contain great
research value. However, there is still a long way to achieve the rechargeability of Mg-air battery system, and
it is essential to conduct deep theoretical research and more in situ analyses, especially the stable
nonaqueous electrolytes and excellent bifunctional catalysts.
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