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Abstract

Metal-air battery is an environmental friendly energy storage system with unique open structure. Magnesium (Mg) and its alloys have
been extensively attempted as anodes for air batteries due to high theoretical energy density, low cost, and recyclability. However, the study
on Mg-air battery (MAB) is still at the laboratory level currently, mainly owing to the low anodic efficiency caused by the poor corrosion
resistance. In order to reduce corrosion losses and achieve optimal utilization efficiency of Mg anode, the design strategies are reviewed from
microstructure perspectives. Firstly, the corrosion behaviors have been discussed, especially the negative difference effect derived by hydrogen
evolution. Special attention is given to the effect of anode micro-structures on the MAB, which includes grain size, grain orientation, second
phases, crystal structure, twins, and dislocations. For further improvement, the discharge performance, long period stacking ordered phase
and its enhancing effect are considered. Meanwhile, given the current debates over Mg dendrites, the potential risk, the impact on discharge,

and the elimination strategies are discussed. Microstructure control and single crystal would be promising ways for MAB anode.
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

With the intensification of the climate warming, increasing
consumption and demand for energy, the shift from fossil fu-
els to clean energy is of great importance to alleviate resource
scarcity and carbon emissions [1,2]. Given the intermittent
nature of wind and solar energy, reliable electrochemical
energy storage systems have always been significant and de-
sirable [3,4]. Admittedly, lithium-ion (Li-ion) battery played
a key role over the past several decades. However, with
the expectation of high energy density performance, Li-ion
battery has been somewhat sluggish in further performance
improvement. Another point is that the short life Li-ion bat-
tery inevitably leads to serious environmental problems such
as water and soil pollution. And high-cost Li as a strategic
metal, may face the risk of shortage in the coming decades as
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a strategic metal [5-7]. Therefore, it is necessary to establish
new storage systems, and find the replacement of Li anode.

Recently, the metal-air battery has considered to be the
ideal energy storage system. Due to its excellent theoretical
discharge performance and clean production characteristics,
it has attracted many researchers (Fig. 1(a)). The metal-air
battery is composed of the metal anode, the catalyst-loaded
air cathode, and the electrolyte, as shown in Fig. 1(b). As the
metal-air battery running, the metal ion Mt generated by the
oxidation of the metal anode, then moves in the electrolyte
and reacts with the O, of the cathode to generate current with
metal oxide products formed [8].

The intuitive advantage of the metal-air battery is that the
oxygen in the atmosphere is directly utilized as an oxidant,
reducing system weight, and avoiding CO, emissions. The
strong discharge activity of the metal anodes is necessary to
ensure the high energy storage potential of the air battery. The
light metal magnesium (Mg), with high theoretical specific ca-
pacity (2205 mAh g~!) and low reduction potential (—2.37 V
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article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) Peer review under responsibility of Chongqing University


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2024.01.025&domain=pdf
http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2024.01.025
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:daiqingwei@cqust.edu.cn
https://doi.org/10.1016/j.jma.2024.01.025
http://creativecommons.org/licenses/by-nc-nd/4.0/

444

~
o
N

g

Number of papers relate to air battery
= . . .
8

500

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Publication year

(c)

Lie
10000
o
[} oA|
o] <000 Me
o ]
(e}
7
Z e
=
= "
(g 00 Nao
Fe
e 2%
) LD
bey, ¢ c\
Oreys e o
ro,’(‘a/ N - \\0\\‘)\0
Cop. ™ I s
paclly N o - &
(4, < O
vk, <N

X. Huang, Q. Dai, Q. Xiang et al./Journal of Magnesium and Alloys 12 (2024) 443-464

s

i
i

5
i

RIS
S

22

e
S

=z

R

SR

\
’ -’8'6w O

Fig. 1. Schematic diagram of: (a) the numbers of papers related to air battery, based on web of science. (b) The metal-air battery. Reproduced with permission
[9]. (c) the performance of various anodes of metal-air battery. (d)the Mg alloys for air battery anode.

vs. SHE), is an ideal anode candidate. Unfortunately, the Mg-
air battery (MAB) is still in the laboratory stage due to the
high polarization and corrosion susceptibility of the Mg an-
ode. Most of the Mg matrix are consumed by the corrosion
without generating any current, the actual discharge capac-
ity and specific energy density are far below expectations,
resulting mainly in low anodic efficiency [10,11]. Therefore,
researchers have done a lot of work to criticize MAB technol-
ogy and provide strategies for further improvement. Li et al.
[12] reviewed the historical progress of MAB and analyzed
the reaction mechanisms. Zhang et al. [13] and Zhang et al.
[14] summarized the progress of typical cathode catalysts and
non-noble metal electrocatalysts of MAB.

Previous work has mostly focused on improving kinetics
of oxygen reduction reaction of MAB. At present, there is
little critical discussions on the anode of MAB, especially
the effect of microstructure on anodic efficiency is ignored.
This review focuses on the design strategies of MAB anode
as microstructure perspectives.

1.1. Ideal candidate

Among various metals, Mg and its alloys are favored
in the research of air battery anodes due to their excellent

electrochemical performance (Fig. 1(c,d)). The standard
negative electrode potential of Mg is lower than that of
aluminium (Al) [15]. As the candidate to replace Li an-
ode, the abundant and low-cost Mg anode is less prone to
dendrite formation during the discharge process, reducing
the risk of fire and explosion [16,17]. Dendrite is also
the difficulty in zinc-air battery research [18,19]. Com-
pared with sodium-air battery and iron-air battery, MAB
can avoid the formation of complex discharge products
and the deformation of electrode in alkaline environment
[20-23].

Poor corrosion resistance is always the main factor limit-
ing the application of Mg anodes. Although high-purity Mg
may have a low corrosion rate compared to Mg alloys with
impurities and noble second phases, it is not an appropriate
choice for MAB anode. It tends to exhibit high discharge volt-
age and low anodic efficiency at low current density, while
low discharge voltage and high anodic efficiency at high cur-
rent density. And the strong anodic hydrogen reaction of high
purity Mg anode leads to the low anodic efficiency directly
[24,25]. Apart from designing pure Mg anode with specific
micro/nano-structure used for air battery, the evolution of mi-
crostructure caused by forming process and alloying strategies
has been noted by researchers.
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1.2. Negative difference effect

The poor corrosion resistance of Mg is mainly due to the
weak protection provided by the passive layer. While acting
as the MAB anode, the self-peeling of the passive layer en-
sures the contact between the Mg matrix and the electrolyte,
thus maintaining the discharge activity. However, the hydro-
gen evolution reaction, the parasitism of corrosion progress,
is not honorable. As the degree of polarization caused by
the oxygen concentration is low, and hydrogen evolution oc-
curs before oxygen absorption, the negative difference ef-
fect (NDE) occurs. That is, the hydrogen evolution intensifies
with the increase of the MAB anode potential, as shown in
Fig. 2(a), which further causes additional mass loss and re-
duces the anodic efficiency [26,27]. It is currently believed
that there are two hydrogen evolution pathways, local disso-
lution within the corrosion pit and reduction of H,O on the
passivated surface outside the pit. And there are two cathode
processes that dominate the NDE, external polarization and
H" enrichment, respectively [28,29].

This process involves the transition from cathodic hydro-
gen evolution to anodic hydrogen evolution [32]. Currently,
the discussion of cathodic hydrogen evolution dominated by
monovalent Mg* is extensive, and Chen et al. [25] proposed
that discharge behavior of Mg anode is also based on the
Mg" mechanism. It is assumed that Mg is oxidized to Mg™
by anodic reaction and then reacts with H,O to generate hy-
drogen. However, as an unstable intermediate, Mgt cannot be
detected, and its existence is still controversial. Zhang et al.
[30] reported that the chemical reaction between the Mg an-
ode interface and the electrolyte drives the hydrogen evolu-
tion, as shown in Fig. 2(b). Mg is more likely to transfer one
electron to form Mg™ during the anodic oxidation process,
than to simultaneously transfer two electrons to form Mg”*.
However, it has not been confirmed that Mg" can attract the
second electron to instantly form equilibrium stable Mg>*,
or undergo further chemical reactions with other substances
in the system. Atrens et al. [33] considered that if the NDE

is dominated by Mg™, the lifespan of Mg"™ must be long
enough and able to react with other chemicals. Meanwhile,
Frankel et al. [31] observed that the total amount of hydro-
gen evolution decreases with increasing current density, which
is different from the theoretical value generated by the same
amount of Mg*. It shows the direct oxidation of Mg to Mg?*
caused by the anode current, as shown in Fig. 2(c). And the
amount of Mg?* generated by the applied anode current is
greater than the value predicted by Faraday’s law, and signif-
icantly increases the hydrogen evolution volume [34]. Based
on the model of H™ discharge established by Bender et al.
[28], as shown in Fig. 2(d). The strong hydrogen evolution
behavior by anodic polarization is the main reason for the
intensification of the H discharge.

The Mg™ dominant mechanism is also based on the porous
composite surface layer, which ensures the transfer of the po-
larization current. Due to the local anodic dissolution of Mg,
uneven passive layers are formed. The hydrogen evolution at
the Mg anode is generated by chemical reactions between
the Mg surface and the electrolyte, depending on the exposed
Mg matrix. Anodic polarization promotes the formation and
inward-growth of internal MgO at the film/Mg interface, as
in Eq. (1), which can be highly fractured due to its small
volume compared to Mg. Thus, with the increasing anodic
potential, the porosity of the film increases, further hydrogen
evolution and NDE intensifies [30,35].

MgO + H,0 — Mg(OH), §))

Compared to the corrosion current density, the negative
effect of the hydrogen evolution reaction on the anodic ef-
ficiency of MAB is more significant. It is attributed to the
anodic efficiency, which is directly determined by the hydro-
gen evolution reaction during anode polarization instead of the
corrosion current density [36]. The actual weight loss caused
by NDE is much higher than the theoretical value correspond-
ing to the current applied during the discharge process. The
main strategies to weaken NDE are the addition of corro-
sion inhibitors or the development of dual liquid electrolytes,
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while ignoring the influences of the microstructure of the Mg-
air battery anode.

1.3. Design considerations

Discharge capacity and anodic efficiency have always been
the primary considerations for MAB. While the side corro-
sion process during Mg discharge is the inevitable nightmare
for researchers [24]. The commonality between the corrosion
process and the discharge process is that Mg loses two elec-
trons and oxidizes to Mg>*. However, there are fundamental
differences in the mechanism of the two processes. The total
corrosion process of Mg is shown in Eq. (2), the anode and
cathode reactions are shown in Eqs. (3) and (4), respectively.

Total : Mg + 2H,0 — Mg(OH), + H, @)
Anode : Mg — 2¢~ — Mg*" 3)
Cathode : 2H,0 + 2e~ — 20H™ + H, (@Y)]

The corrosion process involves hydrogen evolution reaction
and oxygen reduction reaction, which may dissolve at the self-
corrosion potential. As the electrons transferred to the cathode
and formed a current path, the discharge reaction occurs. The
total, anode, and cathode processes are shown in Eq. (5) ~
(7), respectively.

Total : Mg 4+ 1/20;, + H,O — Mg(OH), 5)
Anode : Mg — 2e~ +20H™ — Mg(OH), (6)
Cathode : 1/20,+H,0 4 2¢~ — 20H™ )

From Eq. (2), (5) and Fig. 3(a), the electrons released by
the corrosion process are mainly reduced by H,O to produce
hydrogen on the anode surface, rather than being transferred
to the cathode to form a current path [37,38]. This explains
why no current is generated. The corrosion loss of the Mg
matrix leads directly to a significant reduction in anodic ef-
ficiency. And the corrosion/discharge products adhere on the
anode interface, preventing the transfer of Mg?>* and lead-
ing to anode polarization. In particular, as the potential is
mainly determined by the sequential electrochemical adsorp-
tion of hydroxide to the Mg anode surface, the deposition of
discharge products may lead to potential disturbances during
discharge [39,40]. Furthermore, the hydrogen evolution reac-
tion tends to accompany the corrosion process and induce
NDE [11,24], as shown in Fig. 3(b). Therefore, more atten-
tion should be paid to the microstructure on the corrosion
resistance and anodic efficiency of MAB anodes.

Combined with the forming experience of Mg anode [41—
43], the grain size and orientation of Mg anode can provide
optimized choices for air battery. The corrosion anisotropy
related to grain orientation has been confirmed, while the
discussion on the electrochemistry is rare, especially the
comprehensive consideration of corrosion resistance and
anodic efficiency as an air battery. The form and detachment

trends of corrosion/discharge products are also related to the
structural defects like twins and dislocations [44]. In addition
to the refinement and modification of the microstructure,
the targeted introduction of the long period stacked ordered
(LPSO) phase can significantly improve the discharge activity.
Based on recent discussion, unexpected microstructures such
as dendrites may occur during the discharge, which cannot
be ignored. In conclusion, the microstructure evolution of Mg
anode should be emphasized in the design of advanced air
batteries with high corrosion resistance and anodic efficiency.

2. Poor corrosion resistance, low anodic efficiency?

Since the most of Mg matrix is converted to undischarged
corrosion products during the discharge process, the main
method used to calculate anodic efficiency is based on the the-
oretical and actual weight loss ratio of the discharged MAB
anode [11,45-47], as Eq. (8).

Anodic Efficiency (%) =Wiheo/ AW x 100% (8)

Where AW is the weight loss of the MAB anode during
discharge, and Wy, is the theoretical weight loss. Thus, it is
assumed that the MAB anode with poor corrosion resistance
may have low anodic efficiency, generally. However, in the
study of two crystal characteristics, the relationship between
two performances is delicate. One is the grain boundary ef-
fect caused by grain size, and the other is the chunk effect
anisotropy contributed to the grain orientation dependent be-
havior.

2.1. Grain boundary effect

In general, refining the grain size of Mg anodes can im-
prove ion transport performance and achieve high electro-
chemical activity of the air battery [4]. It is a favored strat-
egy to introduce alloying elements as nucleation sites to limit
grain growth. However, the relationship between the grain
size and corrosion resistance of Mg and its alloys has always
been controversial, with the main contradiction being whether
highly active grain boundaries can suppress corrosion prop-
agation. As grain refinement increased, the density of grain
boundaries increases, and the intergranular corrosion may oc-
cur along the grain boundaries. Impurities tend to accumulate
at the grain boundaries, inhibiting the formation of passive
layers. Thus, the corrosion products layer on the Mg alloy
with ultra-fine grains may be loose, and has the poor corro-
sion resistance compared to the Mg alloy with coarse grains.
When the intergranular corrosion spreads to certain oriented
grains, it further tends to transform into intragranular corro-
sion [48-55].

However, the products layer, which tends to detach, is
necessary to maintain the discharge activity of MAB. And
the grain boundary free energy also determines the electronic
properties of the agglomerated particles of the polycrystalline
compounds. The high energy grain boundary decomposes
preferentially to the grain interior. As the grain refinement
increases, the proportion of total atoms near or at the surface
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increases, resulting in high electrochemical reaction activity,
which significantly improves the anodic efficiency of the Mg-
air battery [56-59]. Yang et al. [60] suggested that the influ-
ence of grain boundaries on corrosion and discharge processes
is similar in degree. In addition, some studies have shown
that increased grain boundary can suppress hydrogen evolu-
tion during discharge by reducing the cathode/anode ratio.
Strongly active grain boundary can be considered as anode
and form micro-galvanic with low energy grain area, which
may preferentially dissolve [61-63]. Acceleration of anodic
kinetics improves the anodic efficiency and discharge activ-
ity, as shown in Fig. 4(a,b).

The fine-grained structure of Mg anodes ensures that uni-
form dissolution during discharge [64], and many researchers
aim to obtain fine-grained MAB anodes by plastic deforma-
tion. Forming processes such as equal channel angular extru-
sion [65], friction stir processing [66], and homogenization
treatment before extrusion [67], are used to refine metal an-
odes of air battery. Some external field treatments are also
aimed at refining the anode grain size of Mg-air battery. Chen
et al. [68] refined the anode grain size to one-tenth by ultra-

sonic field vibration, and the optimum discharge capacity and
anodic efficiency of Mg-air battery were increased to 1417
mAh g=! and 63.3%, respectively.

In addition, introducing alloying elements can limit grain
growth, and improve the cell voltage of Mg-air battery. Tak-
ing samarium (Sm) element as an example, the relationship
between grain size and cell voltage is shown in Fig. 5(a).
However, few elements introduced only refine the grain size
without forming a new phase in the alloying. When calcium
(Ca) is introduced, the grain size of Mg-Ca anodes is refined
by increasing the Ca content. However, it also causes the ag-
gravation of the micro-galvanic effect with the increase of the
Mg, Ca phase, resulting in the corrosion acceleration and volt-
age disturb [40], as shown in Fig. 5(b). Similarly, although
the grain size of Mg-Bi anode gradually decreases with the
increase of Bi content, the increase of Mgs;Bi, phase and
(0001) texture content further deteriorates the discharge per-
formance of MAB [69]. However, when Ca and Bi are added
to Mg anode, the grain effect is stronger than the phase effect.
Although the unfavorable Mg,;Bi,Ca phase existed, the dis-
charge performance of Mg-Ca-Bi anode can be improved by
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Fig. 4. Corresponding schematic of anodic dissolution and hydrogen evolution of Mg-air battery with different grain size anodes: (a) grain sizes of
472.89 £ 154.31 pm, and (b) grain size of 667.28 £ 291.35 nm. Reproduced with permission [62].

the refined grains and non-basal texture [70]. In conclusion,
grain size is a critical factor to be considered and grain refine-
ment can be an effective way to improve the discharge perfor-
mance of MAB. On the other hand, the anode performance of
MAB is influenced by several microstructural factors, which
need to be discussed comprehensively. In particular, the ef-
fects of grain orientation and second phase on MAB cannot
be ignored, and will be discussed in the next sections.

2.2. Chunk effect anisotropy

The discharge performance of the Mg-air battery depends
on the local surface reactions. Since each grain is embedded
in the matrix in a random orientation and exhibits corrosion
and electrochemical anisotropy, the grain orientation of the
Mg anode has been considered as one of the determining fac-
tors for the air battery [72]. The (0001) basal texture has the
high positive potential and low anodic polarization compared
to the prismatic texture. And the structure of the passive layer
on the basal texture is dense [73,74], it is considered to have
better corrosion resistance. The grain orientation-dependent
corrosion behavior is influenced by the effect of the solute
and dislocation density, the area fraction of each orientation,
and the orientation related corrosion rate jointly [75].

Atomic density should be considered first. The grain
orientation determines the atomic arrangement on the metal
surface, and the density of the atomic arrangement further

determines the surface energy. The anodic dissolution rate
of Mg is related to the surface energy, i.e., the energy of
Mg?* escaping from the metal lattice and dissolving into
the electrolyte [76,77]. It exhibits an incomplete inverse
proportional function to atomic density, and the matrix is
difficult to dissolve at low surface energy [39,78]. Liu et al.
[79] calculated the surface energy of different grain orienta-
tions based on atomic density, and as speculated, the (0001)
textured surface has the lowest surface energy. The anodic
dissolution of Mg is also related to the dissolution of the
Mg(OH);, product layer and the adsorption kinetics of OH™.
The densely packed surface with coordination saturation is
weaker in binding to OH™ compared to the loose surface
and tends to suppress anodic dissolution during discharge.
Meanwhile, the high energy surfaces tend to adsorb H,O or
H*, exacerbating hydrogen evolution and NDE. This may
also explain why the (0001) basal texture surface has high
conductivity compared to the prismatic texture [39,78,80].
However, the corrosion resistance and anodic efficiency do
not exhibit complete positive correlation in this situation. The
basal texture’s inherent electrochemical activity is weak, and
the stable passive layer hinders electrons transfer between
the matrix and electrolyte, leading to the inferior discharge
performance compared to the prismatic texture. Yang et al.
[81] studied Mg-Al-Zn Mg alloy anodes with four angled sur-
faces. As the (11-20) and (10-10) prismatic oriented grains
increased, and the (0002) oriented grain decreased, the cor-



X. Huang, Q. Dai, Q. Xiang et al./Journal of Magnesium and Alloys 12 (2024) 443464

—~
)
N

g

—
/

g &
/
/

Grain size (pm)
g
/
1
4

8

8

0 1 2 3
Sm content in AZ80 alloy (Wt. %)

g

Grain size (pum)

0 0.1 0:5 1 2
Ca content in Mg-Ca alloy (wt.%)

449
14
40 mA cm™
12}
2 rmmw
o 10F
[o)]
pL]
©
S
T 08f
o
—— AZ80
0.6+ —— AZ80-1Sm
—— AZ80-2Sm
- AZ80-38m
0.4 1 L | 1 1 1 1 1 1 i 1
12 3 5 6 7 8 9 10 1
Time (h)
-1.48
-1.50 |- /"‘—W'—*\-‘v\_‘-_&w“’\—u
180 /A SN T e e e s
<
DAY PN T
¢ 156
= —— recast Mg
= ——Mg-0.1Ca
S 158}
;é; ——Mg-0.5Ca
S 160l Mg-1Ca
X —— Mg-2Ca
_1.64 1 1 1 1 1 1 1 1 i
0 50 100 150 200 250 300 350 400 450 500
time, min

Fig. 5. Schematic of grain size, and discharge performance of: (a) AZ80 with different content Sm. Reproduced with permission [71]. (b) Pure Mg with

different content Ca. Reproduced with permission [40].

rosion current density and corrosion rate increased from 8.6
wA cm™2 and 0.2 mm y~!, to 93.2 wA cm~? and 2.13 mm
y~!, respectively. It is noteworthy that the anodic efficiency
of the prismatic texture is 67.6%, which is higher than that
of the basal texture, standing at 60.7%. This strange phe-
nomenon is also observed in an air battery that employs an
extruded diluted Mg-Sn-Zn-Ca anode. The transversal surface
(TS) with prismatic texture exhibits inferior corrosion resis-
tance and higher anodic efficiency during discharge, as com-
pared to the longitude surface (LS) with basal texture [82],
as shown in Fig. 6. No controversy is that the dissolution ki-
netics of prismatic texture are strong, thus increased content
can boost discharge activity [60]. However, the discrepancy
in corrosion resistance and anodic efficiency across various
textures requires further discussion.

Wang et al. [83] suggested that the prismatic texture can
promote uniform dissolution of the Mg-air battery anode, as
shown in Fig. 7. This theory was confirmed by the work
of Yang et al. [84], which showed that Mg-Sn-Y anode of
air battery with basal texture tends to dissolve unevenly dur-
ing discharge. And the uniformly dissolved prismatic texture

tends to inhibit the detachment of undischarged large parti-
cles or matrix, known as the “chunk effect”. This may ex-
plain why the high corrosion resistance of the basal texture
leads to low anodic efficiency. However, it should be noted
that this phenomenon usually occurs at low current densities.
By increasing the current density, the anodic efficiency dif-
ference between the basal texture and the prismatic texture
can be reduced and even reversed [83]. It can be attributed
to the hydrotalcite (MggAl,(OH);6CO3-4H,0,) preferentially
formed and then transformed to the Mg(OH), and Al,O;
products at high current density, and the uniformity of Mg
anode consumption increases with increasing current density
[85,86], thus the “chunk effect” usually occurs at low current
density.

The corrosion resistance and anodic efficiency of various
textures of the Mg-air battery are included in Table 1. This
study examines the influence of texture on the anodic ef-
ficiency of the Mg air battery as well as its comprehensive
consideration with corrosion resistance (J.o represents corro-
sion current density, E.o, represents corrosion potential). The
focus is not solely on corrosion resistance in different cor-
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Fig. 7. Discharged morphologies of AP65I without products: (a) rolling surface, (b) cross-section surface. Reproduced with permission [83].

rosion environments. The experimental conditions for each
group are consistent, and representative applied current den-
sity is selected.

Previous findings have shown the collaborative influence
of grain size and orientation. Specifically, when the ex-
truded Mg-air battery anode is further rolled, the basal texture
strengthening can decrease the corrosion rate. However, the
improvement in anodic efficiency may be attributed to the
more significant grain refinement effect [74].

3. Discussion on the microstructure characteristics
3.1. Phase features

The type and content of alloying elements are critical to
the corrosion and discharge performance of MAB anodes.
The formation of new phases is always the key factor in al-
loy design. It is well known that the noble phases can form
micro-galvanic with the «-Mg matrix, and this accelerates
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Table 1
Corrosion and anodic efficiency of MAB anodes with different texture.
Mg electrode Work surface Ecorr Jeorr/(WA cm™2) Current density/ Anodic Ref
(vs. SCE)/V (LA cm™2) efficiency/%
Rolled rolling surface —1.571 243 £ 42 10 37.1 £ 0.6 [83]
Mg-Al-Pb
415 £ 0.7
cross-section surface —1.537 90.7 + 19.2 180 843 + 1.3
80.6 £ 1.6
Extruded ED-TD 0° —1.428 8.6 40 60.7 [81]
Mg-Al-Zn
ED-TD 30° —1.454 15.3 62.3
ED-TD 60° —1.484 39.1 65.3
ED-TD 90° —1.553 93.2 67.6
Rolled rolling surface / / 10 65.7 [87]
Mg-Al-Zn
cross-section surface 71.3
Extruded longitude surface —1.563 43.8 40 57.7 [82]
Mg-Sn-Zn-Ca
transversal surface —0.1.593 73.3 59.6
Extruded Basal texture 14.2% / / 20 573 +£ 1.5 [69]
Mg-Bi
Basal texture 22.5% 56.0 + 3.0
Basal texture 27.8% 555 +22

the corrosion of the low potential Mg matrix as a sacrifi-
cial anode. However, the potential difference is not the only
factor determining the corrosion process. Although the low
potential phases are preferentially subject to suffer corrosion,
they cannot protect the Mg matrix, but instead deteriorate the
corrosion resistance. And the high potential phases as spe-
cific morphologies, can inhibit corrosion diffusion. For exam-
ple, the Mg,Ca phase is preferentially corroded as an anode
in Mg-Ca alloys, while the corrosion channels left at grain
boundaries can promote the penetration of corrosive ions into
the Mg matrix and reduce the corrosion resistance. On the
other hand, the Ca,MgsZn3 phase, which has the highest po-
tential compared to the o-Mg matrix and the Mg,Ca phase
in the Mg-Zn-Ca alloy, can hinder the continuous distribution
and corrosion of the Mg,Ca phase by reducing the propor-
tion, which improves the corrosion resistance, as shown in
Fig. 8(a). The anodic efficiency of Mg-2Zn-1Ca anode of air
battery can reach 60% at high current density [88,89]. And
although some phases deteriorate the corrosion resistance of
the Mg anode, they can improve other electrochemical prop-
erties. For example, Mg3zHg particles in Mg-Hg anode can
worsen the micro-galvanic effect, while improving the peak
voltage and effective discharge time [90]. Thus, the role of
second phases in the corrosion and discharge process needs
to be fully considered.

Recently, several studies have investigated new types of
Mg anodes incorporating various components for MAB, and
have reported promising results. Notably, Xiao et al. [91] de-
veloped a novel MgeZnsg (at.%) anode using a single-phase
design for air batteries, as shown in Fig. 8(b). This anode ex-
hibited a high anodic efficiency of 94.8 + 4.9%, surpassing
any previously reported MAB anodes. In this section, the dis-
cussion progresses to the effects of different phases on MAB
anodes, rather than introducing Mg alloys as MAB anodes.

3.1.1. Mg-X alloy

The addition of tin (Sn) promotes the conversion of colum-
nar grains to dendrites, while also reducing the secondary
dendrite arm spacing as the content increased. In the elec-
trolyte, Sn has a tendency to form SnO; on the anode surface,
whereby segregated Sn along the dendrite region transforms
into (@-Mg+Mg,Sn) eutectic phase. Whenever the discharge
process take place, microcracks generally appear on the SnO,
surface layer and near the grain boundaries, which enhances
the detachment of discharge products. However, excessively
Sn content leads to the high potential Mg,Sn phase inten-
sifying the micro-galvanic effect as cathode. This, in turn,
increases the resistance of SnO/SnO, composite layer, which
weakens electrochemical activity [46,92-94]. Additionally, the
Mg anode’s discharge pore is small because of high Sn con-
tent [95]. Furthermore, the increased Sn content leads to a
decrease in the basal texture and an increase in prismatic tex-
ture. The (0002) oriented grains in the Mg-0.7Sn-1.4Y MAB
anode had almost disappeared [84]. According to Bao et al.
[96], the addition of Ca to Mg-Sn anode resulted in the for-
mation of an (¢-Mg + CaMgSn) eutectic structure, which
caused cracks on the product layer through phase modulation,
thereby contributing to stable voltages. Le et al. [97] observed
that Mg-Sn-Ca anode with a low Sn/Ca mass ratio may ex-
hibit the best discharge performance as air battery.

While adding rare-earth (RE) elements to Mg anode is an-
ticipated to enhance the discharge capabilities of MAB, the
surface enrichment of RE (such as zirconium) element and
the presence of Mg,RE, phases may enhance the NDE ef-
fect [98,99]. Ma et al. [100] discovered that alloying 5 wt.%
lanthanum (La) into Mg can form the LaMg;, phase, which
features a reticular microstructure that hinders the laterally
extended corrosion and promotes uniform dissolution. As the
content of La increases, a large-area noble LaMg;, phase
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Fig. 8. Schematic illustrations of the microstructure and discharge process: (a) Mg-1Ca, (b) Mg-2Zn-1Ca. Reproduced with permission [88], (c) pure Mg, and

(d) MgesZnze. Reproduced with permission [91].

forms, which accelerates the corrosion process of the Mg ma-
trix through micro-galvanic effect. As previously discussed,
the Mg,Ca phase in Mg-Ca anodes, and the Mg;Bi, phase
in Mg-Bi anodes also accelerate the corrosion of Mg. The
micro-galvanic corrosion between the matrix and new phases
are key factors that must not be ignored in the alloying de-
sign of MAB anodes. Recently, Chen et al. [101] states that
the energy density of the Mg-Ge anode in air batteries is 37%
higher than that of ultra-high-purity Mg. This is because Ger-
manium (Ge) tends to form the Mg,Ge eutectic phase at grain
boundaries. The dissolution of Mg,Ge can create cavities with
a Ge-relevant film covering.

The introduction of Al element with three valence electrons
into the Mg anode is conducive to refine the grain and im-
prove discharge voltage. Additionally, due to its high hydro-
gen overvoltage, it suppresses the passivation of the Mg an-

ode by peeling away the Mg(OH), product layer, and hence,
improves the discharge activity of MAB [102]. Considering
both cost and the favorable properties of corrosion resistance
and mechanical properties, Mg-Al alloy anodes are the pre-
ferred choice for air battery technology. However, it is es-
sential to the acknowledge the effect of B-Mg;7Al;, phase.
On the one hand, larger volume fractions of the S-Mg;Al;»
phase, with a continuous distribution, can act as a barrier to
inhibit corrosion diffusion. Conversely, when the §-Mg;;Al;,
phase is scattered under a small volume fraction, it can act as
a high potential cathode, which accelerates galvanic corrosion
[103,104]. Fig. 9 shows that, when compared to the granular
and cluster second phases of hot-rolled (HR) AZ91(Mg-9Al-
1Zn, wt.%), those of die-cast (DC) AZ91 exhibit a network
structure which possess better corrosion resistance and dis-
charge performance [105]. As a result, the addition of ele-
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Fig. 9. Schematic model of the AZ91D air battery anodes discharged: (a) die-cast, (b) hot-rolled. Reproduced with permission [105].

ments introduced to modify the second phase can be a crit-
ical strategy for enhancing air battery performance, and this
is a common objective achieved by most alloying techniques,
with the exception of grain refinement.

3.1.2. Mg-Al-X alloy

Introducing Zn into Mg-Al alloys promotes uniform an-
ode consumption, and improves tolerance for heavy metal
impurities [85]. As Al content increases, the dispersion of
the B-Mg7Alj, phase at grain boundaries tends to interfere
with the stability of the passive. Consequently, AZ91 anodes
demonstrate more pronounced discharge activity than AZ61
(Mg-6Al-1Zn) and AZ31 (Mg-3Al-1Zn) [92,106]. Modifica-
tion of the 8-Mg;7Al}, phase can enhance the activation of
the matrix surface, improve corrosion resistance, optimize an-
odic efficiency, and enhance discharge activity [107]. For ex-
ample, Wang et al. [108] demonstrated that introduced Cd
in AZ61 can modify the f-Mg;7Al;, phase from punctate to
chain. This modification increased discharge capacity from
nearly 675 to 1004 mAh g~!, anodic efficiency from nearly
24.5% to 41.8%, and corrosion current decreased from 15.2
pm cm~2 to 1.3 pm cm™2.

The addition of an appropriate amount of manganese (Mn)
element can enhance the corrosion resistance of the Mg-Al
anode. Furthermore, Al tends to combine with Mn to form
spherical Al;;Mns and polygonal AlgMns particles. Zheng
et al. [109] obtained a Mg-6Al-1Sn-0.4Mn (wt.%) anode us-
ing orthogonal design for air battery, with discharge poten-
tial averaging reaching at —1.602 V (vs. SCE). In Mg-Al-
Ca alloys, the fine Al,Ca particles act as cathode in micro-
galvanic reactions, leading to worsened corrosion resistance
and reduced discharge capacity despite grain size refinement
[40,110]. Zou et al. [111] investigated the effect of adding
barium (Ba) in to Mg-Al anode. At 0.4 wt.%, grain refine-
ment and inhibition of cathodic hydrogen evolution occurred,
whereas at 0.7 wt.%, Al;3Ba; phase formed and corrosion
process accelerated. Thus, it is important to avoid the for-
mation of binary intermetallic particles with noble potential
acting as the cathode of micro-galvanic corrosion, with par-
ticular consideration given to the Al-X compound [45].

The introduction of lead (Pb) into Mg-Al anodes does not
result in the formation of new phases containing Pb, which
tends to dissolve in the matrix. However, Pb has a syner-

gistic effect with Al in accelerating the decomposition and
precipitation of products. That is, the PbO on the surface pro-
motes the precipitation of AI(OH)s, and then AI(OH); pro-
motes the detachment of the Mg(OH), product layer by form-
ing 2Mg(OH),-Al(OH) under the activation interface mecha-
nism. Representatively, the AP65 (Mg-6Al-5Pb, wt.%) alloy
has become the iconic MAB anode, which is usually used
as a benchmark for evaluating high-performance MAB an-
odes [36,64,112]. Unfortunately, its fouling characteristics and
high cost potentially limit its application [41]. The further
introduced In in the Mg-Al-Pb alloy also tends to dissolve
without forming new phase. While it promotes the small area
precipitation of -Mg;7Al;, phase by mutual repulsion with
Al atoms, dispersed S-Mg;7Al;; and grain refined are con-
ducive to the uniform dissolution of the Mg matrix, which
can weaken the “chunk effect”. Meanwhile, In®t can dete-
riorate the formed of the passive layer, so that deposited In
on the matrix can inhibit the adhesion of discharge products.
Thus, it accelerates the activation process during the initial
discharge stage and enhances the electrochemical activity un-
der high current density conditions. However, the continuous
increase of In content can lead to the re-deposition of In,
and the lattice distortion promotes the growth of S-Mg;Al;
phase. Meanwhile, the adsorption of ClI~ by In favors to the
formation of corrosion pits, which may be preferential sites
for hydrogen evolution and result in the reduction of electro-
chemical activity [63,107,113,114]. Feng et al. [115] replaced
In with La in the Mg-Al-Pb-In anode, and improved the cy-
cle life at 10 mA cm™2. Alternatively, the addition of Ce in
the AP65 MAB anode can purify the Mg anode by reducing
impurities with grain size refinement. Al and Ce can form
to Al4Ce phase, Al,Ce phase, and even Al;;Ce; phase with
slight 8-Mg;Al,, precipitation. Large volume Al4Ce can act
as a barrier to inhibit corrosion diffusion. And it also pro-
motes the products layer to peel off from the surface with
loose and porous structure, thus improving the anodic effi-
ciency and discharge activity [104,116—118]. The effect of Y
is similar to that of Ce. Except for grain refinement, Y prefer-
entially forms negative potential Al Y specie with Al, and ag-
gregates into small sizes y phase distributed uniformly in the
matrix. As a result, the Al content of 8-Mg;7Al;, decreases,
and the morphology becomes spherical, which can achieve
long service life under stable anodic efficiency [64,119].
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When the RE elements are added individually into Mg-
Al alloys, Al is preferentially combined with RE elements.
This inhibits the formation and expansion of the S-Mg;7Al;,
phase. La preferentially combines with Al to form a net-
work of Al,La phase, which can weaken the chunk effect
and NDE by promoting uniform dissolution [120,121]. As
for samarium (Sm), the Al,Sm phase is formed and exists
three crystal matching relationships with the «-Mg matrix.
It can refine the B8-Mg7Al;, phase and matrix grain size as
a nucleation site during solidification. However, the granu-
lar Al,Sm phase tends to agglomerate at high Sm content.
And Al;;Smj particles can be formed at high Al content,
which can increase the parasitic anodic hydrogen reaction rate
[71,122]. Tt is worth noting that the single addition of Sm or
La to the AZ31 alloy can actually reduce the voltage of bat-
tery, while the addition of a small amount of Sm and La to
the AZ31-Ca alloy can increase the discharge voltage. This
can be attributed to the formation of Al,Ca particles, which
can hinder grain boundary migration and act as potential nu-
cleation sites for recrystallized grains. The lattice mismatch
between Ca and Mg also leads to significant lattice strain near
grain boundaries, resulting in the weak oxygen intensity and
thin discharge product layer at the sites of Al,Ca particles.
As Sm and La are present at appropriate contents, Al,Ca and
polygonal ALLRE particles inhibit the generation of potential
Al-Mn phases. These particles collectively stimulate anode ki-
netics by micro-galvanic as weak cathodes, and promote the
rupture of discharge products to ensure contact between the
electrolyte and the matrix. However, excessive ALL,RE parti-
cles may exacerbate local dissolution of the Mg matrix by
consuming Ca solute [45,80,123,124]. Incidentally, anode ki-
netics can be improved by controlling the Ca content and
distribution of the Mg,Ca phase [125]. At low Ca content, a
small number of Mg,Ca particles are distributed within the
grains. At high Ca content, the eutectic structure is composed
of a-Mg and multiple Mg,Ca present at grain boundaries and
inter-dendritic regions. The highly active Mg,Ca phase pro-
motes the formation of micro-anode sites, which can acceler-
ate the intergranular electrochemical process. As the Mg,Ca
phase is refined to nanoscale and continuously distributed, it
is conducive to the deposition of surface passive layer, which
may reduce the electrochemical activity [40,45,126]. Further,
as for the introduction of rare-earth Gd, there is a compe-
tition of priority formation between Al,Gd and S-Mg;Al;»
phase. Cubic Al,Gd particles can weaken hydrogen evolution
and local corrosion at low current densities by forming the
protective layer. With increasing Gd content, it changes from
coexisting to a single needle-like structure Gd,Mg phase as-
sociated with the a-matrix. It refines the B-Mg;7Al;; phase
to promote uniform dissolution of Al elements in the ma-
trix. It is effective to reduce internal resistance of the air
battery, and further reducing the voltage loss due to the in-
creased current density at the load, resulting in optimal an-
odic efficiency and electrochemical activity [42,120,127,128].
In addition, RE alloying can also modify the discharge mor-
phology. Compared to AZ80, AZ80-La-Gd has a smooth
surface and fine pits, which promotes the contact between

matrix and electrolyteand thus maintains discharge activity
[120].

Gadolinium (Ga) and Gd can provide high specific capac-
itance for Mg storage with high hydrogen overpotential. The
low lattice expansion rate and diffusion barrier can more eas-
ily promote the diffusion of Mg>*. Meanwhile, the noble va-
lence cations can deteriorate the stability of the passive layer
by combining with discharge products. Ga is enriched at the
front of the liquid phase, leading to undercooling of the com-
ponents to provide nucleation sites and inhibit the growth of
the separated eutectic. When the Ga content reaches 4wt.%,
the Ga,Mg phase is formed [129-132]. Zou et al. [132] re-
ported that the surface of AZ80-2.5Ga anode exhibits regu-
lar and uniform, and the optimum discharge capacity is 25%
higher than that of AZ80 anode. Ga is also attempted to be
added to Mg-Hg anode, the Mg,; GasHg; phase may generate
less charge transfer resistance in the faradaic reaction, and
adjust the electro-negativity discrepancy between the «-Mg
matrix and the Mgz;Hg [133].

3.1.3. Mg-Li-X alloy

With the exception of Mg-Al based alloys, Mg-Li-Al al-
loys usually have uniform distribution of AlLi particles. This
can weaken the negative influence by the high electrochemi-
cal activity B-Li phase, and leading to an improvement in the
discharge voltage and capacity. As an active site, AlLi tends
to peel off in clusters during the discharge process. Addition-
ally, the discharge products layer, which is dominated by sol-
uble LiOH tends to form microcracks in order to maintain the
discharge activity. Fine particles of AlLi and MgLiAl, with
negative potential dominate the dissolution process, weaken-
ing the micro-galvanic effect and protecting the «-matrix as
a sacrificial anode [36,134,135]. Ma et al. [136] suggested
that the Mg-Li-Al-Ce alloy, primarily composed of LizMg;
and Al,Ce phases, shows promise as a MAB anode due to
its low self-corrosion rate and hydrogen evolution. Owing to
discharge products layer’s loose structure and crack defects,
the discharge activity surpasses that of Mg-Li-Al and Mg-Li
anodes in succession, resulting in anodic efficiency of 85.2%.

The addition of Zn element with high solid solubility is
beneficial for the uniform dissolution of Mg-Li-Al air battery
anodes [137]. However, there is a content peak, excessive Zn
may form large volume fractions of high potential Mg;Zn3
and Mg4Zn; phases, which improve micro-galvanic as the
cathodes [103,138]. Lin et al. [139] studied the air battery
anodes of Mg-Li-Al-Zn alloy with different Al contents. As
the Al content increases, the number of AlLi particles also in-
creases significantly. These fine active particles tend to trans-
form into Al particles densely embedded in the Mg(OH), pas-
sive layer with a high volume fraction during corrosion, which
may reduce the electrochemical activity of MAB. Further, the
RE elements Ce and Y can also improve the electrooxida-
tion activity of Mg-Li based MAB anodes [102]. Wang et al.
[137] combined the properties of the above elements and con-
structed the Mg-Li-Al-Ce-Y-Zn anode composed of advanta-
geous AlLi, Al,Ce, Al,Y, Mgy Y5, and MgCe phases. While
Zn is dissolved in B-Li, which can inhibit local anodic disso-
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Fig. 10. Performance of Mg-air batteries with pure Mg, AZ31, Mg-Li-Al-Ce, and Mg-Li-Al-Ce-Y anode: (a) cell voltage, (b) power density. Reproduced with

permission [137].

lution by reducing the potential difference, and the hydration
of Zn*>* accelerates the destruction of the product layer by re-
ducing the environmental pH near the surface [103]. Whether
at the low current density, which is prone to the “chunk ef-
fect”, or at the high current density up to 180 mA cm™2,
the Mg-Li-Al-Ce-Y-Zn anode all have the excellent anodic
efficiency and peak power density, comparable to Mg-H,O,
semi-fuel cells [137], as shown in Fig. 10.

3.2. Crystal structures

Mg-Li alloy is considered revolutionary and environmen-
tally friendly anode for MAB, boasting excellent discharge
capacity [138]. The crystal structure of Mg-Li anodes is de-
pendent on the content of Li, and subsequently impacts the
anode performance of MAB. When the Li content exceeds
5.7 wt%, the hexagonal stacked Mg-Li anode will gradually
form into a dual phase alloy by precipitating «-Mg phase,
like the Mg-8Li based anode contains «-Mg and S-Li fibers.
When the Li content is increased to 10.3 wt.%, the o-Mg
phase disappears completely, and the crystal transforms into
the body centered cubic structure with only the S-Li phase
remaining, like Mg-11Li based anode, which has attempted
in MAB [137,140,141].

Due to the formation of soluble discharge products (LiOH)
by Li, loose composite product layer on the Mg anode tends
to peel off, improving the electrochemical activity. The theory
of the large current density promotes the uniform dissolution
of Mg anodes, which is also applicable to MAB with con-
taining only S-Li. When exposed to a large current density,
the previous dissolute B8-Li phase of the Mg anode transforms
into particle-like clusters, resulting in a finely discharged sur-
face that weakens the NDE effect and possesses a depolariza-
tion effect [134,139,141], as shown in Fig. 11(a-e). According
to Liu et al.’s [134,141] researches, Mg-11Li anode exhibits
optimum discharge capacity of 1478 mAh g~! and anodic ef-
ficiency of 62.1% at 40 mA c¢cm~2. Furthermore, the anode

exhibits a power density of up to 58.9 mW cm~2 at 80 mA
cm~2, as shown in Fig. 11(f).

In addition, the grain size and orientation are affected by
the Li content, and the extruded Mg-1Li alloy prefers to form
the basal texture. As the Li content increases, the grain size
decreases, and the ratio of recrystallization decreases. Even-
tually, it transforms into the prismatic texture (Li > 3) [142].

3.3. Crystal defects

High twins and dislocation densities tend to accelerate the
anodic dissolution of MAB. As topical crystallographic defect
sites, twisted lattice at these locations makes atoms suscepti-
ble to corrosion. And high activation energy drives hydrogen
evolution, and increases the self-corrosion rate [143]. There-
fore, twins and dislocations of Mg anode may affect MAB
performance negatively, which need to evaluate the processing
methods and propose improvement measures.

The effect of twins on the MAB anode is controversial
and depends on the type, energy, and volume fraction [144].
Huang et al. [145] reported that AZ31 anode of air battery
with twins has higher discharge voltage and a shorter retarda-
tion time. Gerashi et al. [146] considered that the high energy
twin region provides the preferred corrosion site with more
protective products layer. At present, most of the works aim
to eliminate the negative effect of twins on Mg corrosion
resistance [49,69,147]. Yan et al. [49] stimulated twinning
nucleation and refined low-energy twins by multi-directional
compression treatment, which avoids the adverse effect of
non-equilibrium grain boundaries, and suppresses the micro-
galvanic by modifying the distribution of the second phase.
Twins-mediated dislocation mediated by twins dominates the
deformation process, with grain orientation being the crucial
determinant of the ductility and the plastic deformation mech-
anism of twins. Each formed dislocation formed is influenced
by grain orientation [148,149]. During dissociation or phase
transformation, dislocations significantly affect corrosion dif-
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fusion as reaction sites for matrix dissolution [150]. This ef-
fect is similar to dislocation disorder introduced by grain re-
finement, which improves the corrosion resistance of Mg al-
loys. The distorted lattice makes atoms more active, resulting
in the matrix always preferentially dissolving at dislocation
sites [151,152]. The deformation energy of dislocations may
decrease the potential of the «-Mg matrix, and weaken the po-
tential difference between the anode and cathode. Consequent
to this effect, it weakens the driving force for electron trans-
port. In addition, corroded dislocation sites with priority are
more susceptible to the growth of the Mg(OH), layer, which
ultimately leads to the reduction of the active electrode area
[36,150,153]. The process of dynamic recrystallization involv-
ing grains with extension twins has been found to increase,
leading to the formation of an ordered region between the
twins and grain boundaries. As a result, grain boundary en-
ergy is weakened and corrosion resistance is improved [154].
This may be conducive to improve the anodic efficiency of
MAB. Some works reduced the twins and dislocation den-
sity by hot rolling or heat treatment, which improved the dis-
charge performance of MAB anode [57]. Wang et al. [62] ob-
tained the anode of MAB with small grain size, weak basal
texture, low dislocation density, and dispersed nanoscale sec-
ond phase by spark plasma sintering. Moreover, the homog-
enization treatment before extrusion is beneficial to weaken
the dislocations, promote the growth of dynamic recrystal-
lized grains, and uniform distribution of nanoscale precipi-
tates [67]. The dissolution process of a-Mg matrix during
discharge is shown in Fig. 12. These processes lay the foun-
dation for the high discharge capacity and anodic efficiency
of MAB.

4. Specific designs
4.1. LPSO phase for enhancement

Long period stacked ordered (LPSO) intermetallic com-
pounds are present in Mg alloys that containing Zn and

RE such as Y, Gd, etc. The LPSO phase can enhance not
only strength and ductility, but also dynamic recrystalliza-

tion through particle stimulated nucleation mechanisms. This
strengthening phase enable grain refinement of the MAB an-
odes [155]. The typical LPSO phases in Mg-Zn-Y alloy in-
clude 18R (rhombohedral) and 14H (hexagonal) configura-
tions [156]. The "R" type represents an even number of -
Mg layers separating the building blocks, while the "H" type
represents an odd number. Both configurations can be trans-
formed through heat treatment [157].

Zhang et al. [158] precipitate LPSO phase and Mg;Y,Zn3
phase in the Mg-2Zn-Mn anode by adding Y. As Y content
increases, the micro-galvanic between these phases and the o-
Mg matrix weakened due to phase distribution characteristics.
Chen et al. [159] conducted a T6 heat treatment to transform
the w-Mg matrix of the Mg-Gd-Zn air battery anode into the
14H LPSO phase, as shown in Fig. 13(a,b). The results in-
dicate that it displays a remarkable discharge capacity and
anodic efficiency while maintaining stable discharge voltage
at low and high current densities, as shown in the Fig. 13(c,d).
The corrosion resistance of a suitable volume fraction LPSO
phase with high potential is primarily attributed to its bar-
rier effect, which overrides the cathodic galvanic effect. In
contrast, the weak potential difference exerts a positive in-
fluence by exciting the discharge process and enhancing the
anodic kinetics. To put it simply, the distribution and vol-
ume of LPSO phase dictate its impact on corrosion behavior
[160]. Due to the low potential of the «¢-Mg matrix, it’s in-
evitably dissolved before the LPSO phase as contacting with
electrolyte. However, the initial corrosion film formed on the
LPSO phase and the «¢-Mg matrix differs in properties. The
corrosion resistance of the LPSO phase is inferior to that of
the a-Mg matrix. Through heat treatment, the transformation
of the w-Mg matrix into the LPSO phase weakens the in-
herent galvanic effect and the negative impact of the second
phase [161]. As a result, the initial corrosion can be divided
into two stages: the preferential dissolution of the ¢-Mg ma-
trix upon initial contact with the electrolyte, and the prefer-
ential dissolution of the LPSO phase after the formation of
the passive layer on the ¢-Mg matrix in an extremely short
period of time. During discharge, the layered LPSO phase is
prone to be peeled away with the discharge products. This
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Fig. 13. (a) SEM image of T6 treated Mg-Gd-Zn, (b) TEM image of 14H LPSO phase, (c) discharge properties of cell voltage and discharge capacity, (d)
discharge properties of anodic efficiency and specific energy. Reproduced with permission [159].

exposes fresh matrix, thus keeping discharge activity main-
tained [159,162]. Therefore, the LPSO phase can function as
a phase that enhances corrosion resistance and discharge ac-
tivity, ultimately introducing a new method for attaining high
discharge capacity and anodic efficiency in MAB anodes.

4.2. Potential dendritic deposition for risk

It is generally believed that the dendrite-free growth and
deposition behaviors of MAB is a safety feature that par-
ticularly superior to Li-based anode. This mature perspec-
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Fig. 14. Images of: (a) dendritic magnesium deposits. Reproduced with permission [165]. (b) Spherical dendritic magnesium deposits. Reproduced with

permission [167].

tive originates from the theorization of the high self-diffusion
rate, Ehrlich-Schwo-bel diffusion rate, and single-bonding
strength of Mg. The tendency towards forming high di-
mensional crystalline layer during electrochemical deposi-
tion rather than dendrites [163,164]. Recent studies have
challenged this perception. As the electrochemical reaction
rate is considerably higher than the self-diffusion rate dur-
ing the electroplating process, Mg also tends to deposit un-
evenly and produce dendritic deposits like Li, as shown in
Fig. 14(a) [165]. This phenomenon can be associated with
the influence of texture. The preferred growth direction of
a-Mg dendrites is in the prismatic texture, which possesses
high surface energy. In contrast, the basal texture surface
does not have a propensity to deposit dendrites [164,166].
Consequently, the thermodynamic of the low surface energy
basal texture tends to be stable at low current density or
low electrodeposition rate, facilitating the rapid self-diffusion
of Mg ions. It decreases the disparity in the electrochem-
ical reaction rate and encourages consistent deposition of
products.

An additional reason for the challenge in achieving uni-
form deposition resulting in dendrites is that Mg ions do
not transit easily through the dense products layer of basal
texture, and preferentially penetrate at the defect site of the
products layer [4]. It further affects the dissolution and depo-
sition of the discharged Mg anode, results in local high cur-
rent density, accelerating electrochemical reactions and pro-
moting dendrite growth. It is worth noting that this theory is
based on the formation of a significant deposition layer af-
ter multiple discharge cycles of Mg anodes, rather than single
discharge. Therefore, theories suggesting the dendrite-free be-
havior of Mg anodes after single discharge may be one-sided,
especially since MAB has the potential for cyclic discharge.
Based on the above discussion, the dendritic growth of Mg
anodes is dependent on the current density and its impact on
the electrochemical reaction rate. Kwak et al. [168] studied
the critical current density by observing the dendrite growth
process of the Mg anode. Meanwhile, certain studies have
suggested that the electrolyte plays a crucial role in causing

the dendritic fractal growth of Mg anode deposits [163,165].
Ding et al. [167] reported that the Mg anode deposits tend
to form spherical dendritic deposits in Mg(TFSI),/glyme elec-
trolyte, as shown in Fig. 14(b), which comprised of Mg, MgO,
MgF,, and MgS. Similar to the aforementioned factors, when
Mg (TFSI),/glyme electrolyte is unable to fully corrode the
surface of the Mg anode at certain concentrations, it creates
areas of uneven discharge activity resulting in localized high
current density, which ultimately leads to the formation of
dendrites. Many evidences suggest that introducing magne-
siopilics sites can effectively limit the rate of dendrite growth
[168].

5. Discussion on the processing technology

The casting process aids in the development of the net-
work structure of B-Mg;7Al;; in Mg-Al anodes to hinder
corrosion, reducing the effects of corrosion. It is commonly
acknowledged that cast MAB anodes are prone to accumula-
tion of discharge products on the active surface largely due
to defects such as pores and impurities. Cast Mg anodes typ-
ically exhibit dendritic structures, leading to poor anodic effi-
ciency and voltage instability. The impact of dendrites on the
electrochemical behaviors of Mg anodes is more significant
than that of textures, which required refinement [71,169]. On
the other hand, the electrochemical activity of those produced
via plastic deformation have excellent electrochemical activ-
ity with small grains and weaker textures [41-43]. Processing
techniques such as plastic processing and heat treatment can
enhance the electrochemical output of alloys by refining the
organization uniformity, regulating grain size, and manipulat-
ing phase distribution.

5.1. Plastic deformation

In the previous discussion, it has been confirmed that Mg
alloys produced via plastic deformation processes display ex-
ceptional electrochemical activity with refined grain and sec-
ond phase sizes. Hot extrusion [170] and hot rolling [36,171]
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aid in generating nano sub-grains throughout the matrix to
enhance microstructure uniformity. Furthermore, the layer of
products on these anode surfaces decomposed, leading to
sustained the electrochemical activity. Compared to the as-
cast Mg anode, the extruded Mg anode displays considerably
fewer twins, dislocations, and other crystalline defects, result-
ing in a lessened occurrence of hydrogen evolution and chunk
effect during the discharge [172]. Additionally, the rolling
of the extruded Mg alloy sheet can further refine the grain
and increase basal texture, resulting in a decrease in the self-
corrosion rate. The improvement in anodic efficiency can be
primarily attributed to the modification of grain size [74].
During the formation process, it is essential to consider the
extrusion ratio and rolling reduction as significant parameters
for impacting the performance of rolled Mg anodes [173].
Shangguan et al. [174] demonstrated the Mg-Bi-Ag-In anode,
extruded with a ratio of 9, exhibited a bimodal microstruc-
ture consisting of equiaxed and elongated deformed grains.
Comparatively, an extrusion ratio of 36, resulted in enhanced
discharge performance attributed to the fine-equiaxed grain
structure.

The process of plastic deformation manufacturing reduces
grain size and enhance texture transformation. This, in turn,
promotes the uniform dissolution of alloy constituents and
the dissolution of large-sized phase particles, thus improv-
ing and uniform distribution of alloy elements, the corrosion
resistance of Mg alloy anodes is improved. Acceleration of
discharge product detachment also improves the discharge ac-
tivity. Microcracks tend to form on the surface of samples
with plastic deformation that ensure the greater electrochem-
ical activity [24].

5.2. Heat treatment

Heat treatment modifies the discharge properties of Mg
anodes by changing their microstructure, particularly in cast
Mg alloys [42,175]. In cast Mg-Zn anodes, heat treatment is
capable of significantly enhancing the (10-12) texture content
of «-Mg. Moreover, after T6 heat treatment, leads to the an-
ode possessing a notably reactive discharge surface composed
primarily of (10-11) and (01-10) textures. By the Mg;Zn; eu-
tectic phase dissolving, the micro-galvanic effect weakens and
thus, the corrosion resistance improves [176]. Additionally, in
the case of as-extruded Mg-Zn-Mn-Nd anodes, heat and sub-
sequent aged treatment enhance the growth of the T, phase,
which contains the MgZn, with Mgs;Zn4oNdg phase. This
might improve anodic efficiency at fine structure [177]. In the
case of hot-rolled AP65 anodes, subsequent hot treatment re-
duces dislocation density effectively. However, at temperature
of 350 °C, the equiaxed grains experience growth. Despite the
size still being smaller than that of the as-cast alloy, the anodic
efficiency drops significantly when compared to the 150 °C
hot treatment [36]. Han et al. [178] were the first reported
on the as-extruded Mg-4Li-3Nd-0.2Zn anode used in air bat-
teries, with 450 °C heat treatment leading to lower volume
fractions of the Mgy Nds phase and the anodic effiency in-
creased from 31.29% to 48.37%. Xiong et al. [179] effectively

promoted the uniform distribution and recrystallization of fine
spherical Mg,Sn phases in hot extruded Mg-6Al-1Sn though
heat treatment at 200 °C, resulting in a uniform microstructure
and improved discharge performance. Xiong et al. [42] also
found that while heat treatment can improve the energy den-
sity of Mg-Al-Sn MAB anode, it does not enhance its capac-
ity or anodic efficiency during discharge. The self-corrosion
mainly caused by micro-galvanic corrosion aggravated by Sn
with high potential. In addition, the phase transformation and
twinning structure of magnesium alloy alloys are determined
by the heat treatment temperature. For instance, the Mg-Li-Al
alloy tends to occur B — B + 6 + « at room temperature.
While the transformation of 8 — 8 + 6 4+ o + AlLi at 473
K [180]. The rolled AZ31B exhibits different microstructures
with/without twinning at different heat treatment temperatures
[57]. Additionally, the heat treatment parameters, particularly
the temperature and duration of treatment significantly influ-
ence the grain size changes. Hence, these parameters neces-
sitate careful consideration [178].

A variety of advanced forming technologies hold promise
as processes for producing MAB anodes. These include
magnetron-sputtering [181], spark plasma sintering [62], and
microwave-assisted smelting, etc. [182]. For cast Mg anodes,
segregation behavior of solutes in cast alloys and precipitation
of chemical components can be promoted by homogenization
treatment, in addition to hot treatment [63,158]. In conclu-
sion, the objectives of these methods are to achieve superior
microstructures, weaker texture strength and fewer defects, as
shown in Fig. 15.

6. Electrically rechargeable MAB anode?

Mg anodes have demonstrated efficient cycling in numer-
ous electrolyte systems [184], and have the potential for
achieving rechargeable performance in air batteries. Currently,
MAB primarily focuses on primary battery research. Re-
searchers are pursuing the influential project of developing
secondary MABs with cyclic discharge for achieving high dis-
charge capacity and anodic efficiency. On one hand, the pro-
cess of charging and discharging necessitates the substitution
of mechanically rechargeable fresh electrodes after the anodic
discharge cycle (mechanically). Or the direct implementation
of rechargeable MAB anode (electrically). Although the Mg
anode have the potential used for rechargeable MAB, it is
still hard to achieve the electrically rechargeable [13,185]. As
the assumption of the electrically rechargeable Mg anode, this
section offers guidance to researchers on developing design
methodologies based on the microstructural features of the
anode.

In previous discussions, the factors limiting the cyclic dis-
charge performance of MAB have been identified as slow
kinetics, unstable discharge voltage, attenuated anodic effi-
ciency, and potential dendrite risk during cycling. To achieve
stable cycling, many forming processes and alloying strategies
aim to form uniform microstructures that increase specific ac-
tive area and reduce ion diffusion losses. These techniques
are vital in achieving stable cycling. Currently, the focus of
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research is on developing mixed electrolytes, efficient cath-
ode catalysts, and cathode material modifications, with the
aim of forming MgO, and MgO products reversibly. Zhang
et al. [13] argued that MgO, has greater electrochemical po-
tential than MgO. In order to facilitate comprehension of the
defects in the anode of MAB, it is imperative to suppress
the attachment of discharge products to the surface to en-
sure contact between the matrix and electrolyte. One way of
achieving this is through the creation of a tailored structure,
for example, a layered LPSO phase, which encourages the
self-peeling of discharge products and thereby sustains its ef-
fectiveness. The corrosion resistance is related to the loss of
undischarged anode quality and achieved anodic efficiency.
In Mg alloys with poor corrosion resistance the deposition
layer is relied upon. However, the detachment of the deposi-
tion layer necessitates improving corrosion resistance though
internal microstructure. This entails lowering the potential of
second phases through alloying, which weakens the micro-
galvanic effect. Although the consistent dissolution state of
the matrix may be the reason for the contradiction of tex-
ture influence, research on the cycling performance of MAB
with different grain orientations anodes is limited. It can be
inferred that the better choice is the uniformly dissolved pris-
matic texture with high anodic efficiency and active discharge
performance. However, the preferential growth of twins, dis-

locations, and even dendrite deposition caused by prismatic
texture has not been confirmed. Similarly, additional factors
to consider are grain size. The NDE can readily produce pres-
sure imbalances in the MAB system. By refining the grains
and introducing grain boundaries in the Mg anode, damage
caused by the NDE can be minimized. Liang et al. [186] have
explored the use of nanoscale Mg particles for the anode of
rechargeable Mg batteries. This anode has a high reversible
discharge capacity, making it a good the candidate for MAB.
In addition, the selection of appropriate electrolytes plays a
crucial role in dendrite growth potential. Reasonably design-
ing voltage/current thresholds to suppress dendrite growth and
ensure the safety of the MAB during cycling.

7. Summary and outlook

As a new generation of clean energy, MAB effectively
achieves renewable utilization of resources while reducing
carbon emissions. Obtaining Mg anode with high discharge
activity and anodic efficiency has always been the design vi-
sion of researchers. Based on the literature analysis, the rela-
tionship between the microstructure of Mg alloy and the dis-
charge performance of MAB is still a major research hotspot.
Although an amount of work has promoted the development
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of MAB, there is almost no examination of anodes at the
topic.

In fact, the main method of improving the discharge per-
formance of Mg alloy anode materials is regulating the mi-
crostructure characteristics. Therefore, this work examined
and developed strategies for advance MAB anodes from the
perspective of the microstructure. The discussion also includes
the poor corrosion resistance and NDE characteristics of Mg
alloys, as well as the evolution of microstructure during form-
ing and modification. Hereto, we have summarized as follows:

(1) Small grain size, low density twinning and disloca-
tions, second phase of specific shape, and introduction
of LPSO phase are the strategies to enhance the dis-
charge performance of MAB.

(2) Poor corrosion resistance and the derived NDE have
always limited the application of MAB. While ensuring
smooth detachment of the products layer is prone to
maintain electrochemical activity, weakening the micro-
galvanic effect is the key to corrosion prevention.

(3) Contrary to corrosion behavior, the prismatic discharge
surface is superior to the basal discharge because of the
uniform dissolution with less chunk effect.

(4) Suitably plastic deformation and heat treatment are key
means to achieve ideal microstructure and improve an-
ode efficiency of MAB.

(5) In addition to the selection of electrolytes and catalyz-
ers, the microstructure of Mg anode is also the key to
the design of MAB.

At present, the application of magnesium alloy as anode
material for air batteries is still in the early stage, and the
discharge performance of batteries still has great room for
improvement. The future research can be carried out from
the following aspects: (1) further control of the microstruc-
ture, such as the grain size of micro-nano structure, small uni-
form and dispersed second phase, grain surface with prismatic
texture, etc. (2) Given that various microstructures may not
synergistically evolve towards ideal design, machine learn-
ing can be a new method to find out the dominance among
the microstructures, and obtain the optimum MAB anode; (3)
The single crystal Mg anode with prismatic texture may the
ideal MAB anode due to the high electrochemical activity and
weaken “chunk effect”.
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