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Abstract
The purpose of this study is to select a common commercialMg alloy to function as an anode forMg-air batteries, with low anode
passivation and minimal hydrogen evolution-induced corrosion being desirable characteristics. Corrosion and discharge perfor-
mance of 3N5 Mg, AZ31, AZ61, and AZ91 alloys was studied. Corrosion susceptibility decreases and anode utilization factor
gradually increases with Al content for the 3N5Mg, AZ31, and AZ61 alloys. The key factors for these results are associated with
the Mg17Al12 phase, which can act as a barrier to prevent the self-peeling of discharge products. For the AZ91 alloy, the addition
of about 9 wt% Al drastically increases discharge activation. Electrochemical impedance spectroscopy and scanning electron
microscopy support the results of electrochemical and discharge performance tests. Therefore, AZ61 alloy is the best-suited
anode material for the Mg-air batteries in the 0.6 M NaCl electrolyte.
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Introduction

Mg alloys are not only suitable as light structural materials in
vehicles and aircraft but are also promising anode materials
for Mg batteries because of their high catalytic activity [1, 2].
An Mg-air battery is an ideal power source due to its high
theoretical voltage (3.09 V), energy density (3910 Wh kg−1),
low cost, and environmental friendliness [3, 4]. However, the
Mg-air batteries are not as well utilized as the Zn-air batteries
because of the less attractive performance of the Mg anode.
One major problem is that corrosion products form and adhere
to the Mg anode surface, causing anode polarization,

discharge potential decrease or even discharge stop [5–8]. In
order to overcome these problems, it is necessary to control
the composition of the Mg anode by choosing suitable
alloying elements. For example, the addition of Li and Ce in
Mg alloys improves anodic discharge [9]. The Mg–Al–Mn–
Ca alloy exhibits superior discharge properties because Ca
addition leads to the formation of thin passive discharge prod-
ucts on the anode surface and causes dissolution of the Mg
matrix around Al2Ca particles during discharge [10].

Another problem is hydrogen evolution-induced corrosion
of the Mg anode during discharge, which reduces anode utili-
zation factor. To overcome this effect, elements that result in a
high hydrogen evolution initiation voltage can be added toMg
alloys [11–17]. Examples include Mg–Al–Zn [18], Mg–Hg–
Ga [19], Mg–Li [20], and Mg–Al–Pb [21, 22]. Mg–Al–Pb
alloys exhibit good discharge performance [23], but the lead
is released from the alloy during the discharge process, which
is detrimental to the environment.

Al is the most important alloying element for Mg, since the
addition of Al results in better castability as well as increased
compressive and fatigue strength. Commercial AZ alloys con-
tain less than 10 wt% Al (maximum solubility is 12.7 wt% at
the eutectic temperature of 437 °C), and Zn and Mn are used
as secondary alloying elements. AZ series Mg alloys are
widely used in industrial applications and contain Al
and Zn, which improve the hydrogen evolution initiation
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voltage of Mg [24, 25]. It is known that the corrosion of Mg–
Al alloys greatly depends on the Al content.

To avoid the expense of Mg alloys, common 3N5 pure Mg
(99.95 wt% purity with metallic impurities less than
0.05 wt%) and commercial Mg alloys AZ31, AZ61, and
AZ91 were selected as anode materials for the Mg-air battery
anodes in this paper. Our aim is to select a common commer-
cial Mg alloy that can decrease passivation and hydrogen
evolution-induced corrosion of the Mg anode for the Mg-air
batteries.

Experiments

Materials and solution preparation

The as-cast 3N5 pure Mg and AZ31, AZ61, and AZ91 Mg
alloys (provided by the Yueyang Aerospace New Material
Co., LTD) were selected as anode materials. Their composi-
tion is listed in Table 1. The 0.6 M NaCl solution used as
battery electrolyte was made from 99% pure NaCl (produced
by the Sigma Aldrich) and distilled water.

For the electrochemical tests, samples with Φ11.29 ×
5 mm2 dimensions were machined from pure Mg and Mg
alloy ingots, ground with silicon carbide paper up to 1500 grit,
rinsed with distilled water and ethyl alcohol, and air-dried.

Electrochemistry

Electrochemical measurements were performed with the
three-electrode Model 600E Series Electrochemical
Analyzer (CH Instruments, USA). The working electrodes
were 3N5 pureMg andMg alloy samples, and the test solution
was 0.6 M NaCl. The reference electrode was a saturated
calomel electrode (SCE), and the counter electrode was a plat-
inum plate. Samples were mounted in epoxy resin with an
exposed 1 cm2 surface area used as the working electrode.
Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted with a 5-mV sine amplitude after the
sample was exposed to the solution for 33 min. The test fre-
quency was ranged from 0.1 to 100 kHz. After EIS measure-
ments, potentiodynamic polarization tests were carried out at a
scan rate of 1 mV s−1 from − 2 to − 1 V.

Battery tests

AnMg-air battery consists of an anode, an air cathode, and an
electrolyte. In this study, anodes are made of 3N5 Mg, AZ31,
AZ61, and AZ91 alloys. The air cathode consists of a water-
proof layer, a MnO2 catalyst layer, and an electro-conductive
skeleton (nickel mesh). A 0.6MNaCl solutionwas used as the
electrolyte. The discharge performance of the Mg-air battery
was tested at a constant current of 20 mA cm−2 for 5 h using
the LAND-CT2001A test system (Wuhan, China). Scanning
electron microscopy (SEM, JSM-5610LV) and X-ray diffrac-
tion (XRD, D8 ADVANCE) were used for sample surface
examination and to determine the corrosion products after
discharge and before anode cleaning. SEM was used again
to observe the anode surface after 5 min exposure to a cleaning
solution containing 200 g l−1 CrO3 and 10 g l−1 AgNO3.
Anode weight before and after discharge was measured by
an electronic balance (AL204) with 10−4 g accuracy. The dis-
charge capacity and the anode utilization factor were calculat-
ed using the following formulas:

Discharge capacity ¼ i� A� t
Wi−W f

ð1Þ

Anode utilization factor ¼ i� A� tð Þ �Ma

2F Wi−W f
� � � 100% ð2Þ

Here, i is the current density (A cm−2), t is the discharge
time (sec),F is the Faraday constant (96,485 Cmol−1),A is the
surface area (cm2), Ma is the atomic mass (g mol−1) of the
sample, while Wi and W f are weights of the sample before
and after discharge (g), respectively.

Table 1 Chemical composition of the 3N5 Mg and Mg alloys in wt%

Magnesium alloys Al Zn Mn Si Mg

3N5 – – 0.02 0.01 Balance

AZ31 3.16 0.83 0.31 0.03 Balance

AZ61 6.07 0.97 0.24 0.02 Balance

AZ91 8.92 0.94 0.28 0.04 Balance
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Fig. 1 Polarization curves of 3N5 Mg, AZ31, AZ61, and AZ91 alloys in
0.6 M NaCl solution
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Results and discussion

Polarization behavior

Figure 1 presents the polarization curves of 3N5 pure Mg and
AZ31, AZ61, and AZ91 alloys in 0.6 M NaCl electrolyte.
Table 2 lists the parameters calculated by the Tafel linear ex-
trapolation. In Fig.1, the current density of 3N5 Mg is higher
in the anodic potential region and lower in the cathodic poten-
tial region than other Mg alloys. AZ31, AZ61, and AZ91
alloys show a decline in current density and a positive shift
of the potential, indicating that AZ series alloys have lower
activation at corrosion potential (no discharge current). In
Table 2, the AZ61 alloy has the lowest corrosion current den-
sity (jcorr, extrapolated from the potentiodynamic polarization
curve) and the highest polarization resistance (Rp) of the al-
loys. The corrosion potential (Ecorr) of the AZ61 alloy is

Table 2 Corrosion parameters of Mg alloys in the 0.6 M NaCl
electrolyte

Magnesium alloys Ecorr, V vs. SCE jcorr, mA cm−2 Rp, Ω cm2

3N5Mg − 1.583 0.44 61

AZ31 − 1.542 0.19 120

AZ61 − 1.553 0.16 139

AZ91 − 1.537 0.30 82
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Fig. 2 Microstructure of a 3N5
Mg, b AZ31, c AZ61, and d
AZ91 alloys
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Fig. 3 XRD patterns of a 3N5 Mg and b AZ61 alloys
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higher than 3N5 Mg but lower than the AZ31 and AZ91
alloys. The electrochemical performance of the 3N5 Mg is
lower than the 4NMg [22], which may be related to the purity
of magnesium and the test environment.

Surface morphology analysis

Figure 2 shows the SEM morphology of the 3N5 Mg and
AZ31, AZ61, and AZ91 alloys. Figure 2a shows equiaxed
grains of the 3N5 Mg. Figure 3 presents XRD patterns of
the 3N5 Mg and the AZ61 alloy. Figures 2a and 3a indicate
that only the α-Mg matrix exists in the 3N5 Mg alloy. The
microstructure of the AZ31, AZ61, and AZ91 alloys is com-
prised of the α-Mg matrix and bright secondary phase parti-
cles with intermittent distribution along the grain boundaries,
as seen in Fig. 2b–d. The amount of bright secondary phase
particles is the highest in AZ91, followed by AZ61 and AZ31.
The secondary phase particles of the AZ61 alloy are
Mg17Al12, as illustrated in Fig. 3b; however, Mn-Al inclusions
are too infrequent to be found. In Fig. 2b–d, AZ series
alloys are seen to contain narrow strips or clumps of
Mn-Al inclusions [26].
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Fig. 4 Discharge curves of Mg−air batteries for 3N5 Mg, AZ31, AZ61,
and AZ91 in 0.6 M NaCl solution: a 10 mA cm−2, b 20 mA cm−2, c
30 mA cm−2, and d 40 mA cm−2

Table 3 The discharge performance of Mg-air cells (discharge current
of 10mA cm−2, 20mA cm−2, 30 mA cm−2, 40mA cm−2) for the 3N5Mg,
AZ31, AZ61, and AZ91 alloys in the 0.6 M NaCl solution

Materials Current density,
mA cm−2

Operating
voltage, V

Anode utilization
factor, %

3N5Mg 10 1.226 30

AZ31 10 1.195 32

AZ61 10 1.3 41

AZ91 10 1.253 36

3N5Mg 20 1.102 34

AZ31 20 1.066 37

AZ61 20 1.128 45

AZ91 20 1.143 41

3N5Mg 30 0.827 39

AZ31 30 1.052 42

AZ61 30 1.09 47

AZ91 30 1.11 43

3N5Mg 40 0.748 41

AZ31 40 0.842 45

AZ61 40 0.94 52

AZ91 40 0.845 46

R
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Battery performance

Figure 4 shows the discharge behavior of the Mg-air cells
based on the 3N5 Mg, AZ31, AZ61, and AZ91 alloys
measured at 10 mA cm−2, 20 mA cm−2, 30 mA cm−2,
and 40 mA cm−2 current density for 5 h. Table 3 summa-
rizes the properties of these batteries. It can be seen that
the anode utilization factor increases, but the operating
voltage decreases with the current density increasing from
10 to 40 mA cm−2 for the Mg-air cells. This phenomenon
is probably attributed to the suppression of the self-
discharge reaction. Magnesium anodes in the NaCl solu-
tion can generate hydrogen by the following side reaction
(3):

Mgþ 2H2O→Mg OHð Þ2 þ H2↑ ð3Þ

The main anodic reaction is:

2Mgþ O2 þ 2H2O→2Mg OHð Þ2↓ ð4Þ

Thus, the self-discharge occurs along with the disso-
lution of the magnesium anode, and its mass loss is
higher than what the Faraday law predicts. When the
applied current density is increased, the anode utiliza-
tion factor is obviously increased. There is a competi-

tion between the parasitic reaction (3), which consumes
electrons to generate hydrogen and the main anodic re-
action (4), which releases electrons to the external cir-
cuit. When discharged at a higher current density, more
electrons flow to the external circuit because the mag-
nesium oxidation rate increases dramatically, while the
hydrogen generation rate increases only slightly.
Therefore, the anodes exhibit higher anode utilization
factor at higher current density. It can be seen from
Fig. 4 and Table 3 that the operating voltage decreases
with the discharge current density increasing from 10 to
40 mA cm−2 for the cells. This is mainly caused by the
ohmic polarization. Higher current density results in
more serious polarization and lower working potential.
The Mg-air batteries with the AZ61 and AZ91 alloys
have higher discharge potential than the 3N5 Mg and
AZ31 alloys at the same current density. In the case of
the AZ61 anode, the anode utilization factor can reach
as high as 52% at 40 mA cm−2 current density for 5 h.
The AZ61 alloy has better discharge properties in terms
of the discharge voltage and the anode utilization factor,
in spite of the discharge voltage of the AZ61 alloy
being lower than the AZ91 alloy at 20 mA cm−2.

Discharge morphology

Corroded morphology of the 3N5 Mg, AZ31, AZ61, and
AZ91 alloys after discharge is displayed in Fig. 5. Discharge

(a) (b)

(c) (d)

Fig. 5 SEM micrographs of a
3N5 Mg, b AZ31, c AZ61, and d
AZ91 after discharge in 0.6 M
NaCl solution
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products are not obvious on the surface of the 3N5Mg sample
in Fig. 5a. However, small pieces of discharge products are
observed on the surface of the AZ31 sample in Fig. 5b and
bulk discharge products are formed on the surface of
the AZ61 sample in Fig. 5c. The discharge products
of AZ91 are smaller than AZ61. According to Fig. 2,
the amount of secondary phases is the highest in AZ91,
followed by AZ61, AZ31, and 3N5 Mg alloys. The
precipitated phases need to be considered during the
discharge process of the samples because they are di-
rectly related to the dissolution process of the alloys.
The secondary phases not only accelerate dissolution
of the Mg matrix around the secondary Mg17Al12 phase
particles during discharge but also result in more corro-
sion products. The accumulation of discharge products
somewhat prohibits hydrogen-induced corrosion of the
AZ61 and AZ91 samples, so the two samples present
higher anodic efficiency than the 3N5 Mg and AZ31
samples. Discharge products accumulate more easily on
the surface of the AZ61 alloy in Fig. 5c. Thus, the
AZ61 anode exhibits the lowest corrosion current den-
sity (jcorr) and the highest anode utilization of the
alloys.

XRD patterns of the 3N5 Mg and AZ91 alloys after
discharge in 0.6 M NaCl solution and before cleaning
are presented in Fig. 6. Figure 6a shows that the corro-
sion products of the 3N5 Mg mainly contain Mg(OH)2,
Mg2(OH)ClCO3, and Mg. Figure 6b illustrates that the
corrosion products of the AZ91 alloy mainly contain
Mg(OH)2, Mg17Al12, Mg2(OH)ClCO3, and Mg.
Mg(OH)2 results from the desirable Mg-air battery reac-
tion (4) and the hydrogen evolution corrosion reaction
(3), which occurs on the Mg anode.

Furthermore, Mg17Al12 precipitates act as galvanic
cathodes, promoting hydrogen evolution-induced corro-
sion of the Mg matrix [27, 28]. As the Mg matrix
around Mg17Al12 precipitates corrodes away, the
Mg17Al12 precipitates break off. For the AZ91alloy,
the amount of the Mg17Al12 precipitates is higher, and
they break off easier. Moreover, Mg17Al12 corrosion
products can damage the stability of Mg(OH)2 and
Mg2(OH)ClCO3 films through the corrosion product
combination process [29]. Therefore, it is difficult to
form an accumulated layer of corrosion products on
the AZ91 alloy surface during the discharge process.
Thus, the AZ91 alloy can have a higher operating volt-
age compared to the other alloys.

The amount of discharge products of AZ31 is smaller
than AZ61 in Fig. 5, but the voltage of AZ61 is higher
than AZ31 in Fig. 4. For Mg alloys, the stability of the
discharge products can be improved when the Al ele-
ment dissolves in the α-Mg matrix [3]. Increasing the
Al concentration in the α-Mg matrix increases anode

dissolution rate [30]. This is due to the growth of the
Al-enriched surface layer. The Al concentration in the
discharge products increased with Al content in the α-
Mg matrix and the Al+ ions control the mass transport
of water and other ions through the interlayers [30].
This benefits the dissolution of the α-Mg matrix.

Corroded morphology of the samples after discharge prod-
ucts removal is shown in Fig. 7. The image in Fig. 7a indicates
that 3N5 Mg undergoes a severe and nonuniform corrosion
attack. This phenomenon is partially due to the higher hydro-
gen evolution-induced corrosion of pureMg during discharge.
According to Fig. 7b, the AZ31 alloy suffers a uniform attack
across the entire alloy surface. This is explained by the acti-
vation of randomly distributed Mg17Al12 particles in Fig. 2b,
which possibly act as an efficient cathode for promoting cor-
rosion of the Mg matrix. On the other hand, the AZ61 alloy
undergoes less corrosion damage with large areas being unaf-
fected. Therefore, the protective effect of the Mg17Al12 phase
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[26], which can act as a barrier to prevent the self-peeling of
discharge products, makes it difficult for the discharge prod-
ucts to fall away from the AZ61 sample surface. The net-like
Mg17Al12 phase in Fig. 2c forms a strong galvanic coupling
with the α-Mg matrix. According to Fig. 7d, the AZ91 sample
corroded more compared to the AZ61 sample, suggesting that
the protective effect of the secondary phases is decreased. This
is due to the break off of the Mg17Al12 precipitates and corro-
sion products formation, which damage the stability of the
Mg(OH)2 and Mg2(OH)ClCO3 films.

Electrochemical impedance spectroscopy

Figure 8 presents the Nyquist plots of the 3N5 Mg and AZ31,
AZ61, and AZ91 alloys in 0.6 M NaCl solution. Three tests
were conducted, and the shape of the electrochemical imped-
ance spectroscopy (EIS) plots is similar for all samples, indi-
cating similar corrosion behavior of 3N5 Mg and AZ series
alloys in the 0.6 M NaCl solution. All diagrams include a
high-frequency capacitive loop as well as a low-frequency
inductive loop. In general, a capacitive semicircle at high fre-
quency is attributed to double-layer capacitance and charge
transfer resistance [31]. Several authors have related this arc
to metal dissolution during the corrosion process, with its
diameter being associated with charge transfer resistance,
and subsequently, with corrosion resistance [32, 33].
According to this, the AZ91 and AZ61 alloys exhibited great-
er corrosion resistance than the AZ31 alloy and 3N5 Mg.

EIS results are described by an equivalent circuit in Fig. 8c,
showing Rs, Rt, CPE1, L, and R1 elements. For better fitting
results, the capacitance element (C) representing double-layer
capacitance is replaced with a constant phase element (CPE)
[34, 35]. The impedance of CPE is defined as [36]:

ZCPE¼Q−1 jωð Þ−n ð5Þ

where Q is the CPE constant, j is an imaginary unit, n is the
CPE power (− 1 ≤ n ≤ 1), and ω is the angular frequency (ω =
2πf, where f is the frequency). Obviously, CPE is a pure ca-
pacitance when n is 1. n values close to 0.5 are indicative of
diffusion, and consequently, CPE represents the Warburg dif-
fusion component. Furthermore, CPE represents a resistance
for n values close to 0, and an inductance for n close to − 1. Rs

represents the solution resistance; Rt and CPE1 are the charge
transfer resistance and double-layer capacitance, respectively.
L and R1 represent the corresponding parameters for mass
transport in the surface corrosion products layer. Based
on the equivalent circuits in Fig. 8c, electrochemical
parameters can be derived from EIS. Table 4 shows
the electrochemical parameters obtained according to
the equivalent circuit in Fig. 8c by using the ZSimpwin soft-
ware. It shows that Rt increases in the following order: 3N5
Mg < AZ31 < AZ61 < AZ91. This means that hydrogen
evolution-induced corrosion decreases in the following order:
3N5 Mg >AZ31 >AZ61 >AZ91.

(a) (b) 

(c) (d) 

Fig. 7 SEM micrographs of a
3N5 Mg, b AZ31, c AZ61, and d
AZ91 alloys after discharge at
20 mA cm−2 for 5 h in the 0.6 M
NaCl solution
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It has been proposed [37, 38] that a low-frequency
inductive loop is associated with the performance of the
alloy surface discharge products layer. As seen in
Table 4, the R1 value of the AZ91 sample is smaller
than the AZ31 and AZ61. R1 represents the mass trans-
port resistance in the surface corrosion products layer.
There are fewer discharge products on the surface of the
AZ91 sample, so it is possible that anode utilization is
reduced.

Conclusions

The purpose of this study was to select a common
commercial Mg alloy to function as anode in Mg-air
batteries with a 0.6 M NaCl electrolyte, with low anode
passivation and reduced hydrogen evolution-induced
corrosion. Corrosion and discharge performance of Mg-
air batteries based on 3N5 Mg, AZ31, AZ61, and AZ91
alloys was studied. It was found that corrosion of Mg
alloys in the 0.6 M NaCl solution was reduced by in-
creasing the amount of alloyed Al. For 3N5 Mg, AZ31,
and AZ61, increased Al content reduced corrosion sus-
ceptibly and gradually increased anode utilization factor.
The key factors for improved performance of the AZ61
alloy were associated with the Mg17Al12 phase, which
can act as a barrier to prevent the self-peeling of dis-
charge products. For the AZ91 alloy, the addition of 8–
9 wt% Al drastically decreased corrosion resistance and
increased the discharge activation. This is due to the
break off of Mg17Al12 precipitates and the formation
of corrosion products, which damage the stability of
the Mg(OH)2 film and decrease the accumulation of
corrosion products on the AZ91 alloy surface. EIS and
SEM characterization supports the results of electro-
chemical and discharge performance tests. It is conclud-
ed that the AZ61 alloy is the best-suited material to
serve as the anode for the Mg-air battery in 0.6 M
NaCl electrolyte.
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Table 4 EIS simulated values of
the 3N5 Mg and Mg alloys in the
0.6 M NaCl solution

Magnesium alloys 3N5Mg AZ31 AZ61 AZ91

Rs, Ω cm2 17.32 6.62 5.28 5.9

CPE1 × 10
−6, F cm−2 9.19 19.95 12.56 12.29

n1 (0 < n < 1) 1 0.92 0.92 0.91

Rt, Ω cm2 34.81 78.47 375.3 724.4

L1 × 10
−7, H cm2 28.26 36.8 48.21 21.87

R1, Ω cm2 101.7 156.1 430.3 161.2

x2 5.17 × 10−3 2.76 × 10−3 5.02 × 10−3 2.89 × 10−3
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