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ABSTRACT

The effect of solution-treated on the self-corrosion performance and discharge performance of AZ91 magnesium alloy as

anode material was analyzed by microscopic characterization, immersion tests, electrochemical measurements, and dis-

charge performance tests. The study shows that the β-phase in the AZ91 magnesium alloy gradually dissolved in the matrix

with the increase of the solution temperature, and the electrochemical activity of the magnesium alloy anode was signifi-

cantly improved. Through the comparison of three different solution-treated processes, it is found that the AZ91 magnesium

alloy has the most vigorous activity and better discharge performance after solution-treated of 415oC+12 h. In addition, the

proportion and distribution of β-phase AZ91 magnesium alloy have a direct impact on its discharge performance as an

anode material.
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1. Introduction

Magnesium alloys are considered “green engineer-

ing materials in the 21st century” due to their low

cost and density, safety, and green features, which

have been widely used in automotive, aerospace, and

3C electronics [1,2]. Magnesium alloys have excel-

lent engineering structural properties and also have

significant advantages as anode materials. As a metal

anode material, magnesium has a negative standard

electrode potential of -2.36 V, a high theoretical spe-

cific capacity (2202 mWh·g-1), and a specific energy

(2840 mWh·g-1) [3-5]. What’s more, magnesium is

one of the most abundant light elements on earth and

is widely distributed in nature; and magnesium bat-

teries are also environmentally friendly, so magne-

sium and its alloys are an ideal electrode material [6].

In the early twentieth century, people invented the

metal-air battery, which was not developed to the

stage of practical application due to the technical

conditions at that time. In recent years, in the face of

the increasingly serious environmental and energy

crisis, metal-air batteries are increasingly drawing the

attention of researchers and market stakeholders [7].

The metal-air battery is a new type of battery consist-

ing of metal with a negative electrode potential such

as Mg, Al, and Zn as the negative electrode, pure

oxygen or oxygen in the air as the positive electrode,

and water or alkaline solution as the electrolyte [8].

As early as the 1930s, Zn-air batteries were devel-

oped and used for powering railway signals and bea-

con lights and were then gradually commercialized

with continuous development [9]. Compared with

Zn-air batteries (energy density of 1.65 kWh·kg-1),

magnesium-air batteries show great potential with

their higher energy density (6.8 kWh·kg-1) and are

expected to be used on a large scale in small and

medium-sized mobile power supplies, small portable

electronic devices, and military seawater power sup-

plies.

However, due to its negative difference effect, par-

ticle desorption and voltage hysteresis problems, the

further development of magnesium alloys as anode

materials is limited, how to reduce the self-corrosion

of magnesium alloys and improve the discharge per-

formance of magnesium anodes has become the
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focus of attention of researchers in this field [10,11].

Alloying is an effective method to improve the dis-

charge performance of magnesium-based anodes.

The addition of alloying elements can significantly

refine the grain size and homogenize the organiza-

tion, reducing the self-corrosion rate of magnesium

alloys. For example, the addition of the Ce element to

AZ31 magnesium alloy can significantly refine the

grains, and the internal Al4Ce phase can promote the

uniform dissolution of the Mg matrix; AZ31-xCe has

higher corrosion resistance and discharge activity

compared with AZ31 magnesium alloy [12]. How-

ever, some alloying elements, such as Nd, Zr, Pb, and

Hg, pose environmental, weight, and cost issues that

are not conducive to the widespread use of alloying.

Therefore, heat treatment is a simple and effective

treatment process that is expected to be used as a

main treatment method in the preparation of magne-

sium alloy anode materials.

Heat treatment is also a practical method to

improve the performance of magnesium alloy

anodes. Heat treatment mainly improves the micro-

structure and properties of magnesium alloys by

changing the distribution of the second phase and

alloying elements, which can give full play to the

advantages of magnesium-based materials, and the

process is simple [13,14]. Song et al. found that heat

treatment changed the proportion and distribution of

the second phase of the alloy and improved the corro-

sion resistance of the alloy [15]. Ma et al. studied the

effect of heat treatment on the electrochemical prop-

erties of AZT511 magnesium alloy [16]. The

increased MgO on the corrosion surface of the mag-

nesium alloy after heat treatment, which separated

the matrix and the corrosive medium and reduced the

corrosion rate of the alloy.

The AZ series alloys are one of the most widely

used commercial magnesium alloys. Ma et al. did the

electrochemical studies of AZ series magnesium

alloys as anode materials in sodium chloride solution.

The results showed that with the increase of Al con-

tent, the self-corrosion rate of magnesium alloy

decreases, the anode utilization rate gradually

increases, and Al has a promotion effect on the con-

stant current discharge voltage of AZ series magne-

sium air batteries. Compared with AZ31 and AZ61,

AZ91 has the highest discharge voltage and anode

utilization [17].

In this work, AZ91 magnesium alloy was selected

as the research material to explore the effect of solu-

tion-treated on the electrochemical performance and

discharge performance of AZ91 magnesium alloy as

an anode material. The self-corrosion performance

and discharge performance of magnesium anodes

were measured by microstructure characterization,

immersion tests, electrochemical tests, and magne-

sium-air battery tests. And the work analyzed the

effect of the second phase of the alloy on the perfor-

mance of magnesium alloy anodes to provide theo-

retical support for the preparation of magnesium

anode materials further.

2. Experimental

2.1 Materials

Commercial AZ91 magnesium alloy ingots were

used for the experimental material, with a chemical

composition of Mg (balance), 8.94 wt.% Al,

0.63 wt.% Zn, 0.19 wt.% Mn, and 0.03 wt.% Si. Cut

magnesium alloy ingots into magnesium alloy sheets

and treated them with a solution-treated in a KSL-

1400X chamber sintering furnace. For magnesium

alloy plates, the treatment options were 415oC+12 h,

400oC+12 h, and 415oC+12 h solution-treated. Pre-

heating sintering furnace to 260oC, the magnesium

alloy plate was placed in the furnace and heated to

the specified temperature for heat preservation. The

cooling method is air cooling. After the heat treat-

ment, the magnesium alloy plate was cut into 10 mm

× 10 mm × 10 mm samples.

2.2 Microstructure characterization

The microstructure of the alloy was observed using

an optical microscope (OM), a scanning electron

microscope (ZEISS FSEM, SEM, Germany), and an

energy dispersive X-ray spectrometer. The alloy sam-

ples were ground with abrasive papers from 400# to

3000# and polished with diamond paste. Then it was

rinsed with deionized water. The etching solution is

4.5 g picric acid, 5 mL acetic acid, 10 mL H2O, and

100 mL anhydrous ethanol. 

2.3 Immersion test

Immersion test specimens were encapsulated in

epoxy resin, exposing only a 10 mm × 10 mm work-

ing surface. Ground the sample to 2000# with abra-

sive paper and placed it in a 3.5 wt.% NaCl solution

for 120, 240, and 360 h, respectively. The corrosion
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products were removed and weighed immediately

after the immersion. At least three parallel samples

were used in each immersion experiment, and the fol-

lowing formulas calculated the average corrosion rate

[18]:

Where PW is the corrosion rate (mm·y-1), ∆W is the

mass loss (mg·cm-2·h-1), ρ is the density of the mate-

rial (g·cm-3), the density of AZ91 magnesium alloy is

1.82 g·cm-3.

2.4 Electrochemical test

Before the electrochemical measurement, the sam-

ples were polished from 400# to 2000# with abrasive

paper and soaked in a 3.5 wt.% NaCl solution for 10

minutes to obtain a stable surface state. The electro-

chemical property was measured using a CHI760E

equipment with a three electrodes system in 3.5 wt.%

NaCl solution: magnesium alloy as the working elec-

trode (working area of 100 mm2), Pt plate as a

counter electrode, and saturated calomel electrode

(SCE) as the reference electrode. Before the test, a

1200 s open circuit potential test was performed, and

the open circuit potential (OCP) value was recorded.

Electrochemical impedance spectroscopy (EIS) was

performed at an open circuit potential with frequen-

cies of 10 kHz to 0.1 Hz and a 5 mV voltage ampli-

tude. All EIS results were fitted with Zview software.

The polarization curve test was conducted at a scan

rate of 1 mV·s-1, and the scan range was Eocp±0.5 V

after 600s immersion in the electrolyte. The data

obtained from the test was analyzed directly in

CHI760E. Constant current discharge tests were per-

formed by an electrochemical workstation at current

densities of 5, 10, 20, and 50 mA·cm-2, and the dis-

charge time was 1200 s. The discharge morphology

was characterized by scanning electron microscopy

(SEM).

2.5 Magnesium-air battery test 

The magnesium-air battery test uses the blue bat-

tery test system CT3001A. The air battery device is

shown in Fig. 1 and has a working area of approxi-

mately 1 cm2 (1.12 cm diameter) in a 3.5 wt.% NaCl

solution with magnesium alloy as the anode and a

commercial air cathode as the cathode. The test was

carried at four current densities of 5, 10, 15, and 20

mA·cm-2. After testing, the reaction products on the

anode surface were removed by a 200 g·L-1 chromic

acid solution and anhydrous ethanol, blown dry with

cold air, and weighed immediately using an analyti-

cal balance. The following formulas calculate the

specific capacity, specific energy, and discharge effi-

ciency [19]: 

Specific capacity (mAh·g-1) = (I·t·1000)/ΔW

Specific energy density (mWh·g-1)

= (E· ·Δt·1000)/ΔW

Utilization Efficency (%) = I·t·Ma/(2F·ΔW)

Where I is the discharge current density (A), t is the

discharge time (h), ΔW is the mass loss during dis-

charge (g), E is the discharge voltage (V), Ma is the

relative molecular mass, the relative molecular mass

of AZ91 magnesium alloy is 24.69 and F is the Fara-

day constant (26.801 Ah·mol-1).

3. Results and Discussion

3.1 Microstructure analysis

Fig. 2 shows the XRD pattern of the AZ91 magne-

sium alloy after solution-treated. All four alloys con-

tain α-phase and β-phase, and it can be seen that the

intensity and number of diffraction peaks of β-phase

of AZ91 magnesium alloy after solution-treated are

significantly reduced.

Fig. 3 and Table 1 show the microstructure and

EDS spectrum of AZ91 magnesium alloy. It can be
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Fig. 1. Schematic of the Mg-air cell for battery discharge

test



Zhiquan Huang et al. / J. Electrochem. Sci. Technol., 2022, 13(4), 486-496 489

seen from Fig. 3a that the as-cast AZ91 magnesium

alloy mainly consists of α-phase and β-phase, β-

phase is intermittently arranged in a dendritic net-

work within the alloy. It also shows that the β-phase

distributed in a network intermittently begins to be

slowly dissolved, and the shape of the β-phase also

changes from the initial dendritic ribbon to strip,

sheet, and filament with the increase of the solid solu-

tion temperature. When the solid solution tempera-

ture reaches 415oC, the β-phase is completely

dissolved inside the alloy, but some still remains in

the alloy in the form of lumps. As shown in Table 1, a

small amount of Mg-Al-Mn phase was also found in

the alloy in the form of needles and lumps [20,21],

but this phase was not detected in the XRD pattern,

which may be the reason for its very shallow content.

3.2 Immersion analysis

Fig. 4 shows the mass loss and self-corrosion rates

of AZ91 alloys in a 3.5 wt.% NaCl solution. The cor-

rosion rate of the alloy gradually becomes stable with

the prolongation of immersion time, which is related

to the accumulation of corrosion products on the sur-

face of the alloy. During the immersion process,

Mg2+  and OH -  in solution combined to form

Mg(OH)2 precipitate; as the experiment progressed,

corrosion products accumulated on the surface of the

alloy, retarding further corrosion inside the alloy to a

certain extent [22]. 

The microstructure of magnesium alloys is mainly

composed of α-phase, β-phase, and dissociated eutec-

tic. Studies have shown that the β-phase in magne-

sium alloy has two roles: (1) when the β-phase is

continuous and high, it acts as a barrier to stop the

corrosion process; (2) when the β-phase is low, it acts

as a galvanic cathode to accelerate corrosion [23].

The β-phase is present in the as-cast AZ91 magne-

sium alloy at a high content and in the form of a mesh

Fig. 2. X-ray diffraction (XRD) patterns of AZ91 alloys

Fig. 3. The SEM images of the AZ91 Mg-alloy: (a) As-

cast, (b) 385oC+12 h, (c) 400oC+12 h, and (d) 415oC+12 h

Table 1. Energy spectrum analysis of each point in Fig. 3

Point Mg (wt.%) Al (wt.%) Zn (wt.%) Mn (wt.%) Fe (wt.%) Phase

A 95.3 4.7 / / / α-Mg

B 66.9 25.3 / / / β-Mg17Al12

C 74.1 14.8 / 10.3 0.8 Mg-Al-Mn

D 59.7 29.7 0.8 9.3 0.5 Mg-Al-Mn

E 22.6 26.4 3.6 47.3 0.1 Mg-Al-Mn

F 65.9 29.9 4.1 0.1 / β-Mg17Al12

G 67.0 29.4 3.5 / / β-Mg17Al12

H 65.2 30.8 4.1 / / β-Mg17Al12
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structure [24], which can form a corrosion barrier and

hinder the corrosion of the alloy, so the cast AZ91

magnesium alloy corrosion resistance is stronger.

However, after solution-treated of AZ91 magnesium

alloy at 385oC+12 h and 400oC+12 h, part of the

eutectic and β-phase dissolved inside the alloy, the

immersion process will form a large number of α-Mg

as the anode and β-phase as the cathode microcell on

the surface of the alloy, intensifying the corrosion of

magnesium alloy in solution [25,26], so its corrosion

resistance is reduced. While AZ91 magnesium alloy

was solution-treated at 415oC+12 h, most of the β-

phase dissolved inside the alloy, the mesh corrosion

barrier disappeared and also reduced the number of

microcells formed on the surface of the alloy. The

self-corrosion of the alloy decreased, the effective

area of α-Mg matrix involved in the reaction

increased, the utilization rate of magnesium alloy

anode increased, and the discharge performance of

magnesium alloy anode improved.

3.3 Electrochemical analysis

When studying the performance of magnesium

alloys as anode materials for magnesium batteries,

their self-corrosion rate is a problem worth paying

attention to. The corrosion performance of AZ91

magnesium alloys was evaluated by potentiodynamic

polarization and electrochemical impedance spec-

troscopy (EIS). Fig. 5 shows the polarization curves

of the four magnesium alloys, and Table 2 gives the

fitted values of Ecorr and Icorr for the electrochemical

parameters obtained from the curves. The anodic

polarization is related to the dissolution of magne-

sium, the cathodic polarization is related to the

hydrogen evolution reaction, the corrosion potential

represents the conditions of the reaction, and the self-

corrosion current density represents the progress of

the reaction process [27].

It can be seen from Fig. 5a that the corrosion

potentials of as-cast AZ91 magnesium alloys and

after solution-treated at 415oC+12 h are the most pos-

itive, and the corrosion potentials of alloys treated at

415oC+12 h and 400oC+12 h are the most negative.

In terms of self-corrosion current density, the corro-

sion current density of as-cast AZ91 magnesium

alloys and after solution-treated at 415oC+12 h is the

smallest, and the corrosion current density of magne-

sium alloys after solution-treated at 385oC+12 h and

400oC+12 h is the largest. The four magnesium

alloys showed the same trend in corrosion potential

and self-corrosion current density, and the order of

corrosion resistance of the four alloys is as follows:

As-cast > 415oC+12 h > 400oC+12 h > 385oC+12 h.

Figs. 5b and 5c show the electrochemical imped-

ance spectroscopy (EIS) of the four magnesium

alloys at open circuit potential. The Nyquist diagram

and the equivalent fitted circuit diagram are shown in

Fig. 4. Mass loss and self-corrosion rate of AZ91 alloys in

3.5 wt.% NaCl solution

Fig. 5. Polarization curves and Electrochemical impedance spectroscopy (EIS) of AZ91 alloys in 3.5 wt.% NaCl solution:

(a) Polarization curves, (b) Nyquist plots, and (c) Bode plots of phase angle vs. frequency
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Fig. 5b, where  Rs is the solution resistance from the

reference electrode to the working electrode, Rt is the

charge transfer resistance, equal to the diameter of

the semicircle of the capacitive reactance arc, and

CPE is the anode electric double-layer capacitance at

the interface between the surface and the NaCl solu-

tion. Generally, the CPE value represents the size of

the active area of the anode surface; the higher the

CPE value, the larger the active area; the size of Rt

represents the size of the corrosion performance; the

larger Rt presents a stronger corrosion resistance [28].

Table 3 shows the electrochemical parameters

obtained by EIS fitting. It demonstrates that the after-

solution-treated of the AZ91 magnesium alloy is

lower than the as-cast. The AZ91 magnesium alloy

after treatment at 415oC+12 h has the lowest Rt, but it

has the largest CPE value and the largest surface-

active region. The alloy has poorer corrosion resis-

tance and higher discharge activity in this state, but

its self-corrosion reaction is relatively severe. Fig. 5c

is the Bode plot of phase angle and frequency. For all

tested materials, the magnitude of the phase angle

determines the corrosion resistance of the material.

The more negative the phase angle, the stronger the

corrosion resistance. Moreover, the speed of the

increase of the phase angle with frequency is also

related to the products generated on the surface of the

material. The faster the phase angle increases, the

more stable passivation products are generated on the

surface of the material, and the stronger the protec-

tion of the substrate [29]. The figure shows that the

phase angle of the as-cast and AZ91 magnesium

alloys treated at 415oC+12 h is more negative, and

the phase angle increases faster with frequency, so its

corrosion resistance is stronger.

Constant current discharge tests were performed at

current densities of 5, 10, 20, and 50 mA·cm-2. The

discharge curves of the four magnesium alloys in 3.5

wt.% NaCl solution are shown in Fig. 6, and the aver-

age discharge potential of the alloys after the poten-

tial stabilized during the constant current discharge

process is shown in Table 4. It can be seen from the

figure that, whether at low current density or high

current density, the discharge potential of the alloy

after solution-treated is negatively shifted, and the

discharge activity is enhanced. The alloy has the

highest activity with solution-treated at 415oC+12 h.

This is because a large amount of β-phase dissolved

inside the matrix after solution-treated and the alloy

surface micro-galvanic corrosion is reduced. At the

same time, this also increases the effective discharge

area of the alloy.

Table 2. Electrochemical parameters of AZ91 alloys obtained

from polarization curves

Alloy state Ecorr (V vs. SCE) jcorr (mA·cm-2)

As-cast -1.441±0.023 4.5498±1.22

385oC+12 h -1.562±0.016 35.8920±2.03

400oC+12 h -1.529±0.011 30.7609±1.37

415oC+12 h -1.450±0.015 7.3113±0.65

Table 3. Electrochemical parameters of AZ91 alloy anodes obtained by fitting the electrochemical impedance spectroscopy

(EIS)

Alloy state Rs (Ω) Rt (Ω) CPE-T×10-5 CPE-P

As-cast 7.408±2.230 2060±342.4 1.422±0.032 0.909±0.002

385oC+12 h 7.572±0.856 348±32.3 1.622±0.0153 0.899±0.005

400oC+12 h 9.094±1.032 439.3±120.5 1.258±0.045 0.912±0.003

415oC+12 h 7.828±1.256 1255±273.7 1.362±0.079 0.895±0.001

Table 4. Discharge potential of AZ91 alloy anodes at different current densities

Alloy state 5 mA·cm-2 10 mA·cm-2 20 mA·cm-2 50 mA·cm-2

As-cast -1.591±0.003 -1.565±0.004 -1.461±0.006 -1.103±0.009

385oC+12 h -1.598±0.001 -1.566±0.005 -1.476±0.003 -1.164±0.004

400oC+12 h -1.606±0.006 -1.589±0.002 -1.485±0.005 -1.229±0.002

415oC+12 h -1.609±0.003 -1.601±0.001 -1.509±0.001 -1.236±0.011
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At the current densities of 5, 10, and 20 mA·cm-2,

the discharge potential of the alloy showed a trend of

first increasing slightly, then decreasing, and then

tending to be stable. At the initial stage of discharge,

a thin layer of discharge products is formed on the

surface of the alloy. With the progress of the reaction,

more and more discharge products accumulate on the

surface of the anode, which hinders the further reac-

tion between the alloy and the electrolyte, and the

discharge potential tends to be positive; when the dis-

charge products accumulate to a certain level, they

start to fall off from the surface of the alloy, the alloy

reacts further, and the discharge potential tends to be

negative. As the reaction proceeds, the discharge

products generated by the alloy reaction and the fall-

ing of discharge products form a dynamic equilib-

rium, and the discharge potential of the alloy tends to

a stable state [30,31]. The discharge curve at the cur-

rent density of 50 mA·cm -2 is relatively stable

because the discharge process proceeds more rapidly

at high current densities and the generation and shed-

ding of discharge products quickly reach dynamic

equilibrium, so the discharge curve is stable.

Fig. 7 shows the morphology of the four alloys by

removing corrosion products after discharge at a cur-

rent density of 20 mA·cm-2 for 1200 s. It is shown

that in Figs. 7a–c, deep corrosion pits appear inside

the AZ91 magnesium alloy, which indicates that

more serious galvanic corrosion occurred inside the

Fig. 6. Discharge curves of AZ91 alloy anodes at four current densities: (a) 5, (b) 10, (c) 20, and (d) 50 mA·cm-2 in 3.5

wt.% NaCl solution

Fig. 7. The SEM micrograph and EDS mapping of AZ91

magnesium alloy after removing corrosion products after

discharging at 20 mA·cm-2 current density in 3.5 wt.%

NaCl solution for 1200 s: (a) As-cast, (b) 385oC+12 h, (c)

400oC+12 h, and (d) 415oC+12 h
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alloy during the discharge process. The formation of

these corrosion pits and holes increased the electrode

surface area, further accelerating the corrosion reac-

tion rate. As can be seen in Fig. 7a, severe internal

corrosion has occurred in the cast magnesium alloy

and has penetrated deep into the substrate; the second

phase of the alloy is distributed as a skeletal structure

in a network in the interior of the corrosion pit. In

Figs. 7b–d, there is a large amount of lamellar corro-

sion inside the alloy, where the corrosion of the solu-

tion-treated magnesium alloy extends internally in

layers. This type of corrosion makes it easier to dis-

lodge the corrosion products adhering to the surface

of the alloy, facilitating the further discharge process

[32]. In Fig. 7c, a nested bone-like structure appears

within the alloy, which may be related to the eutectic

organization and the formation of solute-rich zones

within the grains by the solid solution of the second

phase. As shown in Fig. 7d, the discharge morphol-

ogy of the alloy after solution-treated at 415oC+12 h

presents a honeycomb and layered structure. Com-

pared with the other three alloys, its corrosion pits are

smaller and denser. What’s more, the corrosion is

more uniform, which may be an important reason for

its higher discharge activity than the other three

alloys. Fig. 7 also contains Al elemental maps of the

four alloys after discharge. The distribution of the

second phase and its shape can be clearly seen from

the distribution of Al elements, and its quantity is

reduced in turn. The second phase basically disap-

peared after the solution-treated at 415oC+12 h, the

distribution of Al elements tends to be more uni-

form, and this change is also related to the formation

of the honeycomb structure in Fig. 7d.

3.4 Magnesium-air battery test

Fig. 8 describes the discharge curves of magne-

sium-air batteries for four magnesium alloys at cur-

rent densities of 5, 10, 15, and 20 mA·cm -2. The

AZ91 magnesium alloy after solution-treated has a

higher discharge voltage, and the discharge voltage

increases with the increase of solution temperature.

The AZ91 magnesium alloy after solution-treated at

415oC+12 h has the highest discharge voltage at dif-

Fig. 8. Discharge curves of the assembled Mg-air batteries with AZ91 anodes in 3.5 wt.% NaCl at different current

densities (discharge for 2 h): (a) 5, (b) 10, (c) 15, and (d) 20 mA·cm-2
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ferent current densities, and the discharge curve has

less fluctuation compared with the other three mag-

nesium alloys, and it shows a very smooth discharge

at low current densities. This is because the β-phase

in the AZ91 magnesium alloy after solution-treated at

415oC+12 h has basically been dissolved into the

matrix, so a large number of micro-batteries will not

be formed on the surface of the alloy during the dis-

charge process, and the side reaction of hydrogen

evolution in the alloy will be reduced and the voltage

will increase. Furthermore, when the phase decom-

poses, a large amount of aluminum ions dissolve into

the magnesium matrix. Studies have shown that the

increase of the Al element content in the magnesium

alloy can improve the discharge activity of the mag-

nesium alloy anode [33]. Combining the above two

factors, the AZ91 magnesium alloy has excellent dis-

charge performance after solid solution treatment at

415oC+12 h.

At current densities of 10 and 15 mA·cm-2, the dis-

charge curves showed a trend of first increasing, then

decreasing, and then stabilizing, which was related to

the balance of deposition and shedding of discharge

products on the alloy surface. At a current density of

20 mA·cm-2, the discharge voltage curves of the four

alloys showed sawtooth fluctuations, which may be

affected by the more intense discharge process of the

alloys at high current densities, resulting in the break-

ing of the balance between the deposition and shed-

ding of discharge products [34].

Table 5 shows the utilization efficiency, specific

energy, and specific capacity of magnesium alloy

anodes in magnesium-air batteries at different current

densities. The results show that the utilization effi-

ciency of the magnesium alloy anode after solution-

treated at 415oC+12 h and 400oC+12 h increased to

50.3650% and 48.7633% respectively compared with

the as-cast at a current density of 5 mA·cm-2. Further-

more, the specific capacity and specific energy also

increased. At a current density of 15 mA·cm-2, the

utilization efficiency of the magnesium alloy anode

treated at 415°C+12 h was increased by 15.24% and

the anode utilization rate reached 56.326%. However,

at 10 and 20 mA·cm-2 current densities, the discharge

performance of the solution-treated AZ91 magne-

sium alloy as magnesium-air  battery anode

decreased, which may be because the solution-treated

magnesium alloy increased its discharge voltage and

Table 5. Discharge performance of Mg-air battery with AZ91 alloy

Current density

(mA·cm-2)
Alloy anode

Anode utilization

(%)

Capacity density

(mAh·g-1)

Energy density

(mWh·g-1)

5

As-cast 46.04±0.32 1000.00±4.52 1224.06±4.63

385oC+12 h 50.37±0.46 1094.89±8.22 1352.26±6.52

400oC+12 h 48.76±0.43 1060.07±6.87 1315.55±9.32

415oC+12 h 51.69±0.77 1123.60±1.66 1410.86±5.22

10

As-cast 48.85±0.36 1061.95±2.67 1138.193.89

385oC+12 h 47.75±0.31 1038.06±6.12 1120.584.78

400oC+12 h 44.16±0.49 960.00±8.21 1062.833.68

415oC+12 h 49.73±0.52 1081.08±3.46 1186.707.22

15

As-cast 48.88±0.36 1062.57±4.22 985.616.35

385oC+12 h 50.86±0.45 1105.65±6.23 1051.514.29

400oC+12 h 47.86±0.57 1040.46±7.11 968.655.48

415oC+12 h 56.33±0.49 1224.49±4.58 1159.786.22

20

As-cast 57.56±0.61 1251.30±6.33 1004.672.63

385oC+12 h 53.18±0.38 1156.07±12.68 928.764.58

400oC+12 h 50.32±0.55 1093.89±4.53 877.026.78

415oC+12 h 51.54±0.43 1120.45±5.22 903.494.36
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also increased its internal self-corrosion, resulting in

a decrease in its anode utilization.

In terms of AZ91 as a magnesium alloy anode,

there is a linear relationship between the discharge

efficiency and current density; the higher the current

density, the higher the discharge efficiency; specific

energy and current density do not have a linear rela-

tionship. The highest values of specific energy of the

four alloys are at 5, 5, 5, and 10 mA·cm-2 current den-

sity, respectively. The specific energy of the AZ91

magnesium alloy anode decreased significantly at

current densities of 15 and 20 mA·cm-2, which was

related to the drop of discharge voltage at high cur-

rent densities. It can also be seen from the figure that

as the current density increases, the discharge effi-

ciency of the magnesium alloy anode tends to

increase and the specific energy tends to decrease.

4. Conclusions

The effects of solution-treated on the microstructure,

corrosion resistance, electrochemical properties, and

discharge performance of AZ91 magnesium alloy as an

anode for magnesium alloy batteries were studied, and

the main conclusions can be addressed as follows: 

(1) With the increase of the solution temperature

of AZ91 magnesium alloy, the amount of the second

phase dissolved in the matrix increases, and the cor-

rosion resistance shows a trend of first decreasing

and then increasing.

(2) In the discharge performance test, the AZ91

solution-treated at 415oC+12 h has the strongest dis-

charge activity and higher discharge voltage; it has

excellent discharge performance compared with the

other three alloys.

(3) The proportion and distribution of the second

phase have a direct impact on the discharge perfor-

mance of the alloy.
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