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ABSTRACT

In this research, cast magnesium alloys AZ31-xGd are assessed as anode
material candidates for primary Mg-air batteries. The effects of Gd content in the
microstructure, discharge behavior and electrochemical properties of cast AZ31
as an anode are studied through microstructure characterization, electrochem-
ical measurements and battery discharge tests. Results indicate that the intro-
duction of Gd can refine a-Mg grains. The discharge and electrochemical
properties of magnesium alloys are improved by optimizing its composition.
We confirm that the Al,Gd can restrain the kinetics of hydrogen evolution
reaction. The acicular structure can connect the magnesium alloy matrix and
reduce the chunk spalling. The data suggest that AZ31-5.8Gd alloy has the best
self-corrosion resistance performance and discharge behavior among all pre-
pared AZ31-xGd alloys. AZ31-5.8Gd can output a high specific capacity of
1411.8 mAh g~' and a high energy density of 1153 mWh g™ ' at the current
density of 40 mA cm 2 The anode efficiency can reach up to 63.21%. The
addition of Gd properly can optimize magnesium alloy microstructure and
improve the discharge performance.
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Introduction The current dominance of lithium-ion batteries in the

The increasing demands for energy and serious
environmental pollution have promoted the devel-
opment of green and sustainable energy such as
hydropower, solar power, wind power and marine
energy [1, 2]. However, the popularization of green
energy is limited by its instability, unpredictability
and intermittency [3, 4]. The key to sufficient use of
renewable energy is efficient energy storage and
conversion technology, such as battery technology
[5]. Up to now, mobile electronic equipment, large-
scale energy storage and electric vehicles have bene-
fited from the improvement of battery technology
due to its effective storage and power conversion
capabilities [6-8]

In recent years, battery technology with low cost
and high energy density has become a research focus
on practical storage and use of renewable energy [4].

Table 1 Parameters and reactions of various metal-air batteries

market is mainly because of their high specific
capacity, long service life and lightweight structure
design [9, 10].

Since there are highly requirements in storing and
transforming energy as well as electrical transporta-
tion, the specific capacity and power density of
lithium-ion battery technology need to be advanced.
However, limited by the restriction of its theoretical
specific capacity and structural design, traditional
lithium-ion battery technology is approaching to its
theoretical ceiling [11-13]. At the same time, lithium-
ion battery technology is also limited by high man-
ufacturing costs, and other battery technologies are
booming. In the future, battery technology is not a
post-lithium era, but a coexistence era of multiple
batteries [14].

The fuel cell is an ideal energy conversion way due
to its high energy conversion rate and environmental
friendliness [15]. Metal-air battery has become a

Batteries Voltage  Theoretical energy density Theoretical specific capacity  Price ($ Reaction
V) (mWh g™ (mAh g™ kg™h)
Mg-air  3.09 6901 2233 2476 2 Mg + O, + 2H,0 — 2 Mg(OH),
Al-air 2.71 8070 2978 2.656 4Al1 + 30, 4+ 6H,O — 4AI(OH);
Li-air 2.96 11,497 3884 89.144 2Li + O, — Liy0,
Zn-air 1.65 1360 825 3.334 27n + O, — 27Zn0O
Na-air 2.33 2715 1165 3.200 2Na + O, — Na,0,
K-air 2.48 1704 687 17.524 K+ 0, - KO,
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Figure 1 The structure and working principle of Mg-air battery.

research hotspot due to the specific capacity much
higher than traditional lithium-ion batteries because
of the unique semi-open structure [16]. Table 1 shows
the current parameters and reactions of most metal-
air batteries. Although lithium-air batteries have
higher discharge performance, lithium metal is not
widely used due to its high price and scarce supply.
The aluminum air battery also has good discharge
performance, but the dense passivation film on the
surface of the metal aluminum will hinder the dis-
charge of the aluminum electrode. The magnesium-
air battery has attracted attention because of high
theoretical specific capacity, high energy density and
low manufacturing cost [17-20]. Magnesium anode is
a desired anode material for its low standard elec-
trode potential (—2.37 V vs. SHE) and high theoretical
energy density (6800 mWh g~') [21-23]. Figure 1
shows the schematic diagram of magnesium-air bat-
tery. The anode material is pure magnesium or
magnesium alloy, the electrolyte solution is NaCl
solution, and the oxygen in the air serves as the
cathode [24]. The self-corrosion of hydrogen evolu-
tion caused by the negative differential effect will
reduce the anode efficiency of magnesium-air battery
and reduce the battery life [25, 26]. In addition, fac-
tors such as slow cathode redox reaction kinetics,
anode polarization and discharge products accumu-
lation can lead to lower battery voltages [27-31].

To make magnesium anode material reach the
required level for power applications, it is crucial to
find a way to improve the discharge performance
[32]. Some studies have shown that alloying can
adjust the microstructure of magnesium alloy,
enhance the corrosion resistance under open circuit
potential, activate its discharge and improve the
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continuous discharge capability by strengthening the
discharge products spalling [33-35]. Gd is widely
used in the modification of magnesium alloys due to
its special atomic structure. However, most
researchers mainly study the effect of Gd on the
mechanical properties of magnesium alloys [36-38].
Recently, Liu reported the positive effect of Al,Gd
particles in extruded magnesium alloy on anodic
discharge [39]. Chen et al. have reported the effect of
rare earth elements La and Gd in cast AZ80-La-Gd
magnesium alloy and LPSO structure in Mgos s
Gdj75Zny oo after heat treatment on discharge and
electrochemical properties[40, 41]. However, the
effects of as-cast alloy and Gd content on the per-
formance of air anode are rarely reported. It is
meaningful to research the effect of the introduction
of Gd on the shape and distribution of the second
phase in cast magnesium alloys as well as the influ-
ence of the microstructure on the discharge
performance.

In this research, AZ31-xGd(x =0, 1, 2.5, 5.8, 7.5)
were prepared. The above magnesium alloys are
applied to assemble magnesium-air batteries. The
microstructure and properties of cast magnesium
alloys with different Gd contents were studied. The
goal of this paper is to explore the effect of Gd con-
tent on the microstructure of cast AZ31 magnesium
alloy and discuss the relationship between
microstructure and discharge properties. This work
also aims to test the reliability of the optimized cast
AZ31-Gd magnesium alloy as an anode and provide
a new thought for the development of high specific
capacity and high energy density magnesium-based
alloy anode materials for Mg-air batteries.

Table 2 Chemical composition of experimental alloys (wt.%)

Alloys Al Zn Mn Si Ce Mg

AZ31 2.834 1118 0354 0.147 0 Bal
AZ31-1Gd 2.852  1.135 0310 0.124 0.845 Bal
AZ31-25Gd 2.716 1.004 0.357 0.151 1995 Bal
AZ31-58Gd 2.637 1.006 0.292 0.179 4.654 Bal
AZ31-7.5Gd  2.650 1.088 0.236 0.099 6.376 Bal
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Experimental
Preparation of alloys

Five types of magnesium alloy anodes were made by
commercially available AZ31 magnesium alloy (Mg-
3.1A1-0.82Zn-0.33Mn), pure aluminum (99.90%), pure
zinc (99.995%) and Mg-25Gd alloy as raw materials.
AZ31 magnesium alloy was melted in a mild steel
crucible by heating in a resistance furnace to 740 °C.
Then the magnesium gadolinium alloy, pure alu-
minum and pure zinc were added. After 15 min of
heat preservation, the mixed melt was heated to 780
°C.Then the mixture is refined, scraped, stirred,
cooled to 720 °C rapidly and poured into the graphite
mold preheated to 200 °C. The above steps were
carried out in the atmosphere of CO, + SF. Finally,
the cast magnesium alloy is cooled at room temper-
ature. The size of the columnar ingot is ®28 x 165
mm. The samples for analysis were cut from the cast
magnesium alloys by CNC EDM wire-cutting
machines. The composition of cast Mg alloy was
analyzed by the X-ray fluorescence analyzer (PANa-
lytical). The composition of the magnesium alloy is
listed in Table 2.

Microstructure characterization

The microstructure samples were sanded by various
specifications of SiC sandpapers, then polished with
diamond paste and ethyl alcohol. Finally, the surface
was etched by a solution of nitric acid and alcohol.
The microstructure observation was implemented
with the optical microscopy (OLYMPUS). The phase
composition was analyzed by the X-ray diffraction
(XRD, PANalytical X'Pert PRO MPD). The phase
morphology and distribution were observed by the
field emission scanning electron microscope (FE-
SEM, JEOL JSM-7200F) coupled with energy-disper-
sive spectrometer (EDS, Oxford Max50).

Mg-air battery performance test

The capacity of anode was studied by using a simple
assembly cell model. The anode was magnesium
alloy for research. The catalyst for the air cathode was
MnQO,, and the current collector was nickel mesh. The
distance between magnesium alloy anode and air
cathode was 14 mm, and the reaction area of air
cathode and magnesium-based alloy anode was 1
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cm®. And the electrolyte solution between the anode
and cathode was 5 ml of 3.5 wt.% NaCl solution. The
battery performance of magnesium-air battery at
different current densities was tested with a constant
current discharge system. The test time was 3 h, and
the current densities were, respectively, 5, 10, 20 and
40 mA cm 2. After the discharge process, the mag-
nesium alloy anode sample was cleaned with boiling
chromium trioxide solution (200 g L™'). And the
discharged surface topography was studied by the
scanning electron microscopy. The actual anode effi-
ciency and specific capacity of the studied anodes
were obtained by mass loss method.

Electrochemical measurements

Magnesium alloy samples for electrochemical tests
were ground by the 2000 grit SiC paper and tested on
CORRTEST CS350H electrochemical workstation.
The test was conducted by a conventional three-
electrode method. The working electrodes were
magnesium alloys to be tested, and the exposure area
is 1 cm® A platinum net with an area of 15 x 20 was
used as the counter electrode. The SCE was used as a
reference electrode. The electrolyte was a NaCl
solution with a concentration of 3.5 wt.% and a vol-
ume of 250 mL. All measurements were maintained
at 298 £5 K. When the electrochemical samples
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Figure 2 XRD patterns of the researched Mg anodes.
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Figure 3 Microstructures of Metallographlc lmage

the Mg alloy anodes.
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reached a stable state through soaking in the elec-
trolyte for 5 min, the electrochemical impedance
spectroscopy (EIS) was began. During the EIS anal-
ysis, the scanning frequency was set from 100,000 Hz
to 0.01 Hz with a 10 mV driving voltage. From — 0.5
V to+05 V (vs. OCR), the potentiodynamic

SEM image

polarization curves were tested and the scan rate was

0.3333 mV-s™ L.
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Results and discussion element in AZ31 magnesium alloy. For example,
when the Gd element content is 1 wt.%, the second
Microstructure phase is part of Mg;yAl;; phase and Al,Gd phase

(Fig. 3d). When the Gd element content is 2.5 wt.%,

Figure 2 shows the XRD pattern of prepared mag-  pe Mgi7Al;, phase disappears, and the second phase
nesium alloy anode. The main phase of AZ31 mag- g A1,Gd, which is acicular and concentrated (Fig. 3f).
nesium alloy is o-Mg. There are no j peaks in the When the addition of Gd is 5.8 wt.%, the acicular
XRD curve of AZ31 magnesium alloy. It is caused by A1,Gd aggregates into clusters (Fig. 3h). And the
the low B content. The introduction of Gd produces  jntroduction of Gd can refine the grains of the mag-
the second phase of Al,Gd. The electronegativity — pegium alloy (Fig. 3c). With the increase in the con-
difference between Gd and Al is relatively large, and  tent of Gd, the degree of grain refinement becomes
AlGd has a higher melting point. It is the first to  more obvious (Fig. 3e). The degree of grain refine-
precipitate during the casting and solidification of the | ,ent has reached a high level while the Gd content
alloy, and the content is higher. With the increase in  1eaches 5.8 wt.% (Fig. 3g). And with the continuous
addition Gd element, the characteristic peak of ALGd addition of Gd, the crystal grains will still be refined,
increases, indicating that the content of AlGd but the trend is no longer obvious (Fig. 3i), and the
increases accordingly. volume fraction of acicular Al,Gd decreases, and
Figure 3 shows the metallographic and scanning  there will be massive Al,Gd precipitation when the
electron micrographs of five researched magnesium  addition is 7.5 wt.% (Fig. 3j). With the introduction of
alloys. The grains are coarse on AZ31 magnesium  Gd element, the number of B phase is reduced, and a
alloy (Fig. 3a). A small amount of phase B is dis-  pew second phase is precipitated at the grain
tributed on the o magnesium matrix (Fig. 3b). The boundary. The newly generated phase is Al,Gd,
volume of Al,Gd particles increases and the volume  y hich is proved by EDS composition analysis and
of Mgi,Al,, particles decreases by introducing the Gd  xRrp phase analysis. This is because the
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Figure 4 Discharge voltage of the investigated Mg-based anodes for Mg-air batteries in 3.5 wt.% NaCl solution.
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electronegativity disparity between Gd and Al is
larger than that of Mg and Al, which causes Al,Gd to
precipitate first during the solidification of the alloy.

Mg-air battery performance

In Fig. 4, the constant current discharge performance
of studied magnesium alloy anodes for magnesium-
air battery was studied at current densities of 5, 10, 20
and 40 mA cm 2. For instance, the Fig. 4a shows that
the discharge current density is 5 mA cm 2. In the
first 1000 s of discharge test, the initial voltage is
AZ31 < AZ31-1Gd < AZ31-2.5Gd < AZ31-5.8Gd <
AZ31-7.5Gd. It can be inferred that the Gd addition
would boost the discharge voltage of magnesium
alloy. It is noteworthy that the voltage drops extre-
mely fast during the first 1000 s of the discharge
process. The reason is that the surface morphology
changes rapidly at the beginning of discharge
behavior. The rate of discharge product shedding is
lower than a generation, resulting in a reduction
active material, which makes discharge voltage
decrease. The formation and shedding of discharge
products are balanced, and the rate of discharge
voltage decrease slows down with the reaction. The
introduction of Gd can optimize the voltage reduc-
tion at the initial stage of magnesium anode dis-
charge and improve the discharge stability of
magnesium alloy anode.

The discharge current density is 10 mA-cm™
which is shown in Fig. 4b. The voltage at the begin-
ning of the discharge phase increases with the Gd
content increasing, and AZ31 magnesium alloy

2
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Figure 5 Specific capacity and energy density of the five
researched Mg anodes.
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exhibits an unstable and large decrease during dis-
charge reaction. This phenomenon is alleviated with
the addition of Gd. For example, the voltage decrease
and fluctuation are the smallest when the Gd content
is 5.8 wt.%. While the AZ31-7.5Gd also has a higher
discharge voltage, which almost coincides with
AZ31-5.8Gd, there is a small amount of fluctuation,
which may be caused by uneven peeling of the block
second phase. Figure 4c shows the voltage changes of
five investigated magnesium alloy anodes while the
current density is 20 mA cm 2. The discharge voltage
of AZ31 magnesium alloy shows a significantly
fluctuating state after the discharge time exceeds 7000
s, and the voltage drops considerably. The voltage
fluctuation decreases after introducing Gd element,
and with the increase of it, the voltage drop of
magnesium alloy anode decreases. The discharge
voltage of five researched magnesium alloy anodes
become very unstable until the current density is 40
mA cm_z(Fig. 4d). For example, AZ31 and AZ31-1Gd
magnesium alloys terminate the discharge reaction
after voltage drops to 0 V after 8000 and 9078 s. After
a long-term discharge, the discharge voltage of AZ31-
2.5Gd also becomes unstable and decreases greatly.
The anode discharge performance of magnesium
alloy tends to be stable when the Gd content contin-
ues to increase. The discharge potential of AZ31-
5.8Gd is the most stable among five magnesium
alloys. On the contrary, the voltage potential of AZ31-
7.5Gd with higher Gd content becomes wider after
6000 s of discharge. The phenomenon indicates that
the discharge voltage fluctuates significantly in a
short time and the surface of AZ31-7.5Gd magnesium
alloy anode changes remarkable after long-term dis-
charge. The discharge products fall off unevenly.
Through the above analysis, the proper addition of
Gd will improve the discharge stability of magne-
sium alloy anode, especially in a high current den-
sity, and the discharge voltage is the most
stable when the Gd content is 5.8 wt.%.

Figure 5 shows the specific capacity and energy
density of five researched anodes at different ampere
densities. Table 3 shows the anodic efficiency. The
specific capacity of five researched electrodes at low
current density is not much different. The actual
specific capacity is 980.39 mAh g~' for AZ31-2.5Gd,
and the lowest is 920.25 mAh g~ for AZ31-7.5Gd
(theoretical specific capacities are 2198.67 and 2112.43
mAh g~ separately). The anode efficiency of them is
43.896 and 41.203%. The enhancement of the
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Table 3 The anodic efficiency

Magnesium alloys 5 mA cm > 10 mA cm™2 20 mA cm™> 40 mA cm ™2
AZ31 41.457% 47.463% 47.772% 53.372%
AZ31-1Gd 41.331% 48.940% 51.189% 56.438%
AZ31-2.5Gd 43.896% 51.862% 52.649% 55.399%
AZ31-5.8Gd 42.631% 55.221% 61.573% 63.210%
AZ31-7.5Gd 41.203% 41.205% 44.552% 51.464%

-1.0
— AZ31
—— AZ31-1Gd
12 A731-25Gd
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»
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§ 16}
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Figure 6 Polarization curves of AZ31, AZ31-1Gd, AZ31-2.5Gd,
AZ31-5.8Gd and AZ31-7.5Gd alloy in 3.5 wt.% NaCl solution.

discharge current density is beneficial to the specific
capacity of anode [42]. So the specific capacity of
research electrode is also increasing with the
enhancement of the current density. It is worth not-
ing that at high current densities, such as 20—40 Ma
cm 2, the increase in specific capacity begins to slow
down. It is also shown in the figure that the energy
density of five magnesium alloy anodes increases
firstly and then decreases. The energy density reaches
the highest value at 10 mA cm ™2 The AZ31-5.8Gd
magnesium alloy owns the highest energy density,
which can reach 1284 mWh g~ '. The energy density is
accompanied with the continuous rising of current
density. The energy density of AZ31-5.8Gd is still the
highest when the current density reaches 40 mA
cm ™2, and it can maintain at 89.9% of the peak energy
density. At this time, the anode efficiency can reach

63.210%. From the above analysis, the specific energy
increase is no longer significant under high current
density, but the energy density will decrease. Con-
sidering the trend of specific energy and energy
density comprehensively, AZ31-5.8Gd magnesium
alloy is an anode and enjoys promising future in air
batteries.

Electrochemical performance

Figure 6 shows the potentiometric scanning curve of
five research electrodes in 3.5 wt.% NaCl solution.
The AZ31 magnesium alloy has the highest positive
corrosion potential. The corrosion potential decreases
after the introduction of Gd. The cathodic hydrogen
evolution reaction (HER) kinetics decreases with the
increase in Gd addition. The Tafel slope of AZ31
magnesium alloy and AZ31-1Gd magnesium alloy
have an obvious transition at the anode end of the
polarization curve. The transition of AZ31-1Gd
magnesium alloy is smaller than that of AZ31 mag-
nesium alloy. As the Gd increases continuously, the
Tafel anode branch slope of Tafel polarization curve
of magnesium alloy will not change suddenly. This
transition point shows a protective surface film forms
on the surface of magnesium alloy. When potential
exceeds this transition point, the surface film rup-
tures and the corrosion current density increases
sharply [43]. The introduction of Gd can inhibit for-
mation of magnesium alloy surface film and improve
the anode activity. Table 4 shows the calculation of
corrosion parameters of magnesium alloys in 3.5
wt.% NaCl solution by the cathode Tafel extrapola-
tion method. Due to the negative difference effect
(NDE), the slope of the anode branch of the Tafel

Table 4 Corrosion parameters

of AZ31, AZ31-1Gd, AZ31- Magnesium alloys AZ31 AZ31-1Gd AZ31-2.5Gd AZ31-5.8Gd AZ31-7.5Gd
i;?f’%?dljlf&fn?‘sl wiv,  BemV _124.63 -109.32 -96.197 ~86.81 ~129.1
Nl comte fmym SRR Jeorr/A-em™2 32262E-5  2.8313E-5  2.5963E-5 1.1935E-5 2.6397E-5

“ Ecorr (vs. SCEYV ~ —1.4782 ~1.5170 ~1.5851 ~1.6183 ~1.6095

polarization curves
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Figure 7 a EIS patterns and fitting curves of AZ31, AZ31-1Gd,
AZ31-2.5Gd, AZ31-5.8Gd and AZ31-7.5Gd alloy in 3.5 wt.%
NaCl solutions. (b) Equivalent circuit of EIS of pure AZ31 alloy in
3.5 wt.% NaCl solutions. (c) Equivalent circuit of EIS of AZ31-
1Gd, AZ31-2.5Gd, AZ31-5.8Gd and AZ31-7.5Gd alloys in 3.5
wt.% NaCl solutions.

polarization curve does not have a good current
relationship, so the fitting calculation is carried out
through the cathode branch of the Tafel polarization
curve [44]. The smallest corrosion current density is
AZ31-5.8Gd magnesium alloy. It shows that AZ31-
5.8Gd has better corrosion resistance at open circuit
potential. In the anode branch, the introduction of Gd
element can increase the corrosion current density of
magnesium alloys. At the same time, AZ31-5.8Gd can
be obtained by Table 3 with higher anode efficiency.
It can be concluded that the introduction of Gd ele-
ment can reduce the parasitic corrosion phenomenon
of magnesium anode. In summary, AZ31-5.8Gd has

Table 5 EIS simulated values

12797

good electrochemical activity and high anode effi-
ciency due to the introduction of Gd element.

The EIS curves of samples are shown in Fig. 7a. The
EIS curves of different magnesium alloys have a loop
in the low-frequency region and high-frequency
region, respectively. The EIS curve of AZ31 magne-
sium alloy is different in the high- and low-frequency
regions, which is a capacitive semicircle and an
inductive semicircle separately. There is a capacitive
reactance semicircle in the high-frequency and low-
frequency regions after introducing Gd element. The
appearance of AZ31 magnesium alloy inductive
semicircle is due to the intermediate product of
electrode reaction. This intermediate product is
adsorbed on electrode surface to produce the
adsorption complex. Figure 7b is an equivalent circuit
model which is the simulation of this process. The
state of electrode surface changed after the intro-
duction of Gd. The curve of high-frequency region is
connected to the oxide film on the surface of AZ31
magnesium alloy, while the curve of middle fre-
quency region is connected to the charge transfer
process [45]. The adsorptive substance produced by
the electrode reaction is precipitated on the electrode
surface and covered on the compact electric double
layer, which has a certain capacitive impedance. The
corrosion product film is connected with the electric
double layer in series to form an impedance spectrum
with two time constants. The first capacitive semi-
circle of magnesium alloy anode is significantly
increased after the introduction of Gd element, which
explains that the introduction of Gd can effectively
enhance corrosion resistance of magnesium alloys.
While the Gd addition is 5.8 wt.%, the capacitive
semicircle radius is the largest, indicating that the
alloy possesses the best corrosion resistance. The
results are in good agreement with the polarization
curve analysis. Figure 7c shows an equivalent circuit
model which is the simulation of this process.

of AZ31, AZ31-1Gd, AZ31- Magnesium alloys AZ31 AZ31-1Gd AZ31-2.5Gd AZ31-5.8Gd AZ31-7.5Gd
2.5Gd, AZ31'5'8G§ and Rg/Q 2.206E1 2.304E1 2.305E1 2.259E1 2.260E1
AZ31-7.5Gd alloy in 3.5 wt.%
NaCl solution C,/F 1.520E-5 8.528E-6 8.925E-6 7.787E-6 9.969E-6
Ry/Q 1.087E2 8.322E2 7.585E2 8.534E2 5.170E2
L/H 2.533E2 - - - -
R /Q 3.882E1 - — - -
C,/F - 8.9279E-6 7.860E-5 2.269E-4 1.756E-3
R,/Q - 2.462E3 4.085E2 4.296E2 2.435E2
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Figure 8 The surface morphologies of magnesium-based anodes after discharge at different current densities.

Table 5 reveals the simulated EIS values of five
researched magnesium alloys in 3.5 wt.% NaCl
solution, where Rg represents solution resistance, C,
represents electric double layer capacitance, Ry rep-
resents charge transfer resistance, L and R;, respec-
tively, represent the adsorption and decomposition
process of the intermediate formed on the electrode
surface, C, and R, respectively, represent the
capacitive reactance and resistance of the adsorbent
material covering the electrode surface produced by
the electrode reaction. Generally, the exchange cur-
rent is directly contented with the electrochemical
process of corrosion [46]. The introduction of Gd
content can enhance the corrosion resistance. The

@ Springer

capacitive reactance C, of adsorption film on the
electrode surface of electrode reaction product
improves with the increase in the amount of Gd
added. The thickness of the adsorption film increases
with Gd addition. High R, indicates the high corro-
sion resistance and low dissolution rate [47]. When
the Gd content is 5.8 wt.%, magnesium alloy has the
best corrosion resistance. Under the open circuit, Gd
can effectively make the electrode reaction product
adhere to electrode surface, reduce the dispersion
effect of electrode in electrolyte and improve its cor-
rosion resistance.
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Electrode surface analysis after discharge

Figure 8 is the SEM photographs of five kinds of
magnesium alloys to study the discharge morphol-
ogy under different current densities. Figure 8a, b
shows that the surfaces of AZ31 magnesium alloy
anode react locally at low current density, producing
pits and bumps. Their presence increases the contact
area between anode surface and electrolyte. How-
ever, the actual specific capacity and anode efficiency
are much lower than the theoretical value due to the
well-known negative difference effect [25]. Reasons
for the decrease in anode efficiency are the self-cor-
rosion of hydrogen evolution of magnesium alloy
and the thin bonding part between protruding part
and substrate, which is easy to break and fall off at
the root. As the current density increases, the area
and depth of pits become smaller, and the convex
particles also decrease. When the current density
reaches 40 mA-cm~2, the anode surface is flat
(Fig. 8c). The low discharge current density makes
anode self-corrosion phenomenon severe. Increasing
discharge current density can reduce the unevenness
of surface, reduce anode reaction area, reduce dis-
charge voltage and increase power density slowly.
However, the phenomenon of particle shedding on
the surface of magnesium anode is alleviated to a
certain extent, and the efficiency of magnesium
anode is improved. Combining the discharge per-
formance with a voltage of 0 V after severe fluctua-
tions, it can be inferred that the discharge product of
AZ31 magnesium alloy will cover the surface of
anode and terminate discharge reaction when the
current density is 40 mA cm ™% With the introduction
of Gd, acicular Al,Gd phase formed by combination
of Al and Gd is distributed on a-Mg matrix. The
content of Al,Gd is very small when Gd addition is 1
wt.%, and there are still more pits and bumps at low
current density (Fig. 8d). The acicular Al,Gd phase
will connect protrusions produced on o-Mg matrix
during discharge reaction. The protrusions produced
on o-Mg matrix are connected (Fig. 8e). Acicular
Al,Gd phase may penetrate through o-Mg matrix
(Fig. 8f). The number of Al,Gd increases when Gd
addition reaches 2.5 wt.%. The reduction of bumps
indicates that Al,Gd can effectively suppress the
occurrence of uneven local reactions at low current
densities (Fig. 8g). It can be observed from Fig. 8h, i
that anode surface is relatively flat, which suggests
that Al,Gd can promote the discharge reaction
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process of magnesium anode to proceed uniformly.
When the amount of Gd added reaches 5.8 wt.%,
some bumps can still be seen under low current
density. But because the acicular Al,Gd is connected,
the bumps are not easy to fall off, and the chunk
spelling is reduced (Fig. 8j). Since the electrode
potential of Al,Gd is slightly higher than that of a-
Mgl[48, 49], the evenly distributed Al,Gd can accel-
erate the consumption of convex part and promote
the uniform reaction of anode without forming large
hydrogen evolution self-corrosion. It is worth noting
that only a small amount of Al,Gd is observed in
Fig. 8k. The reason is that the discharging product
generated during discharge reaction will adhere to
acicular Al,Gd and fall off with Al,Gd, so that the
discharge reaction is sustainable. When the Gd
addition continues to increase to 7.5 wt.%, Al,Gd
precipitates as a massive second phase as can be
observed in in Fig. 8m, n, o. The agglomerated bulk
Al,Gd not only fails to promote the uniform dis-
charge of Mg matrix, but also falls off from the matrix
easily, making the chunk spelling severer. It does not
contribute to the specific capacity of magnesium alloy
anode and reduces the anode efficiency of magne-
sium alloy anode.

The dispersed and uniformly distributed ALGd
second phase not only provides protection for the
surface of magnesium alloy anode, but can also
promotes the uniform consumption of a-Mg matrix
around Al,Gd. The acicular second phase can also
adsorb discharge reaction products, accumulate the
discharge products and promote the shedding of
discharge products on anode surface, so that the
discharge reaction can proceed uniformly and last-
ingly. Therefore, the discharge performance of mag-
nesium alloy anode containing acicular Al,Gd phase
is better than that of AZ31 magnesium alloy, which
has certain guidance for the further research of
magnesium-based alloy anode.

Conclusion

This work has studied in detail the as-cast AZ31-xGd
magnesium alloy anode for magnesium-air batteries
and the effect of Gd addition on the discharge and
electrochemical properties of cast magnesium alloy
anode. Compared with AZ31 magnesium alloy, the
AZ31-Gd magnesium alloy anode has better dis-
charge performance, and the discharge performance
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is best when the addition amount of Gd reaches 5.8
wt.%. AZ31-5.8Gd can output a high energy density
of 1284 mWh g ' and a high specific capacity of
1411.8 mAh g~ ' at a current density of 10 mA cm™2
The excellent performance of AZ31-5.8Gd magne-
sium alloy anode should be attributed to the acicular
Al,Gd uniformly distributed on o-Mg matrix. The
presence of them can inhibit the kinetics of hydrogen
evolution reaction. The special acicular structure can
reduce the loss of anode efficiency caused by partial
loss of uneven local consumption. The evenly dis-
tributed AlL,Gd promotes the dissolution of o-Mg
matrix uniformly and accelerates shedding of dis-
charge products, so that the voltage is maintained in
a stable state. When the current density exceeds 10
mA cm 2, the specific capacity and energy density of
AZ31-5.8Gd exceed other four researched magne-
sium alloys. The addition of a proper amount of Gd
can  effectively optimize magnesium alloy
microstructure, perfect discharge reaction process
and increase its capacity at high current density.
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