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Abstract: The corrosion and discharge performances of binary Mg—xLa (x=0.2—0.8, wt.%) alloys as anode materials for
Mg-based batteries were evaluated. Microstructure, hydrogen evolution, mass loss, electrochemical behavior, and
half-cell discharge capabilities were characterized. The results show that the corrosion rate of the Mg matrix was
decreased by alloying with La, and this could be attributed to the formation of a protective La,O;-containing film on the
surface of the alloy. The Mg—0.2La alloy displayed the lowest corrosion rate, i.e., 2.4 mm/a in a 3.5 wt.% NaCl
solution, Furthermore, the discharge performance of Mg—0.4La alloy was superior to that of pure Mg and other Mg—La
alloys; this could be associated with the modified microstructure of the Mg—0.4La alloy, which decreased the

self-corrosion and accelerated the detachment of the discharge products.
Key words: Mg-based batteries; Mg—La alloys; corrosion rate; discharge performance

1 Introduction

Development anode
materials for magnesium (Mg) batteries such as Mg
sea-water battery [1,2] and Mg-air battery [3,4]
could help combat carbon pollution. Specially, the
Mg-air battery, as a type of metal-air batteries [5,6],
adopts the oxygen from the atmosphere as the
cathode and does not produce the CO, to the
environment. A high-performance Mg-based battery
requires an anode with both high discharge
potential and high anode efficiency [7,8].
Theoretically, Mg alloys can meet these
requirements because of their inherent negative
electrode potential (—2.37 V vs SHE), high specific
energy and high specific capacity [9—11]. The

of high-performance

electrolytes typically contain chloride ions [12,13],
which also tend to induce corrosion leading to the
formation of Mg(OH), as the main corrosion
product. Such spontaneous corrosion is an
undesirable side reaction, which results in a low
utilization efficiency [5,14].

The Mg anode has two intrinsically competing
requirements, i.e., stability to corrosion and rapid
anodic dissolution. Alloying may reduce the
parasitic corrosion loss, which leads to a large
energy loss for Mg batteries [8,15]. Among the
various elements studied, the rare-earth (RE)
elements effectively decreased the corrosion of
magnesium [16,17]. Initial studies were focused on
the effect of individual REs on the corrosion of
binary Mg—RE alloys [18,19]. A decrease in the
corrosion rate for small concentrations of RE and
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an increase in corrosion for larger concentrations of
RE were reported. Furthermore, the corrosion rate
of the AMG60 alloy was found to decrease by
alloying with Ce or La, which can be attributed to
the reduced micro-galvanic corrosion and a lower
amount of cathodic RE-containing phases [17,20].
Therefore, Mg—RE alloys provide the potential for
high values of utilization efficiency as anodes for
Mg batteries.

Among the most common RE elements,
lanthanum (La) is an environmentally friendly and
cost-effective element, which has a more negative
standard electrode potential than that of magnesium,
i.e., —2.52 V (vs SHE) [21]. La is more anodic than
Mg; thus, Mg—La alloys provide discharge voltage
lower than that of conventional Mg alloys. The
corrosion behavior of an extruded Mg—Al-Pb—La
alloy (AP65) has been studied as an anode for
a seawater-activated battery [22] and Mg-air
battery [23]. The AP65 alloy, a promising anode
material with good discharge behavior and high
anodic efficiency, contains lead which is harmful to
the environment. The influence of alloying Ca, Sm
and La with AZ91, on the performance of Mg-air
batteries was studied [24]. The combined alloying
with Ca, Sm and La was necessary for a high
discharge voltage and a low corrosion rate. In prior
works, Mg alloys alloyed with La as an additive
were studied. Therefore, it is important to identify
both the corrosion response and discharge behavior
for Mg alloys containing only La as an alloying
element.

Mg-La alloy is a promising candidate for
anode of Mg batteries; however, there is less
systemic research on its self-corrosion and
discharge properties in aqueous electrolyte. In this
work, Mg—La alloys containing low La content
were studied, to define an alloy with the optimum
La content that has a low corrosion rate and a
rapid anodic dissolution with a high utilization
efficiency.

Table 1 Chemical compositions of Mg—xLa alloys (wt.%)

2 Experimental

2.1 Materials

Mg—xLa (x=0.0, 0.2, 0.4, 0.6 and 0.8, wt.%)
alloys were melted in an electric resistance furnace.
The raw materials included commercially pure Mg
(99.9 wt.%) and Mg—20wt.%La master alloy. The
furnace was maintained at 720 °C for 30 min to
melt the alloy, protected by a flow of 99% CO, and
1% SF¢. The molten alloy was adequately stirred
and poured into a round (20 mm in diameter)
stainless steel mould and preheated to 250 °C.
Table 1 presents the chemical compositions of the
Mg—xLa alloys determined by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES).
The composition deviation of La was lower than
0.1 wt.%. Additionally, Fe and Cu, two common
impurities in Mg [25,26], were found to be less
than 0.005 wt.%, which is below their tolerance
limits [27]. Thus, the chemical composition
indicated that the alloys were of high-purity.

2.2 Microstructure analysis

The Mg—La alloy samples were successively
ground using different grades of SiC abrasive
papers and etched using an acetic—picric acid
solution to reveal the grain boundaries. The samples
were observed using optical microscopy (OM,
ZEISS, Axiovert 40 MAT) and scanning electron
microscopy (SEM, TESCAN VEGA 3 LMH SEM)
of the backscattered electron mode (BSE) and
analyzed using energy dispersive spectroscopy
(EDS). An X-ray diffractiometer (XRD; D/Max
2500X, Rigaku, Japan) using Cu K, radiation was
employed to identify the phase compositions. The
scan range of 26 was from 10° to 80°, and the scan
rate was 4 (°)/min.

2.3 Corrosion test
The self-corrosion behaviors of the Mg—La

Material La Fe Cu Si Al Zn Mn Mg
Pure Mg 0.0 0.0012 0.0002 0.0039 0.0004 0.0010 0.0011 Bal.
Mg—0.2La 0.1703 0.0025 0.0002 0.0024 - - 0.0009 Bal.
Mg—0.4La 0.4173 0.0023 0.0002 0.0031 0.0003 0.0001 0.0015 Bal.
Mg-0.6La 0.6061 0.0041 0.0003 0.0051 0.0007 0.0003 0.0025 Bal.
Mg—0.8La 0.8191 0.0047 0.0005 0.0051 0.0014 0.0008 0.0020 Bal.
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alloys were examined using an immersion test and
electrochemical impedance spectroscopy (EIS). All
the measurements were performed in a 3.5 wt.%
NaCl solution at the open circuit potential (OCP).
The specimens were encapsulated in resin leaving
an area of 15 mm % 15 mm exposed to the NaCl
solution and were ground using SiC papers up to
2000 grit before exposure to the solution. The
immersion test was conducted at ambient
temperature using a device described by SONG
et al [28], i.e.,, an inverted funnel and burette
assembly was placed above the corroding
specimens to collect hydrogen gas. During the tests,
the volume of the evolved hydrogen was recorded
once every hour. The mass loss of each sample,
after immersion for 72 h, was measured after
corrosion products were removed ultrasonically by
a boiling solution of 200 g/l CrO; and 10 g/L
AgNO;, as proposed by WANG et al [29] and CAO
et al [30]. The corrosion rate was evaluated as
follows [30]:

r=2.1Am/(S"t;)

where r, is the corrosion rate (mm-a '), Am is the
mass loss (mg), S is the surface area (cm?) and  is
the time of immersion (d). The surfaces after
corrosion without the corrosion products were
characterized using SEM secondary electron (SE)
images. The composition of the corrosion products
was identified by XRD analysis of the surfaces of
all the alloys after immersion in NaCl solution for
S5h.

EIS was measured using a Princeton
PARSTATTM 4000A workstation and a three-
electrode cell. The counter electrode was a platinum
sheet with size of 20 mm x 20 mm. The reference
electrode was a saturated calomel electrode (SCE).
The working electrodes were mounted in resin,
leaving an exposed area of 1 cm’. Electrochemical
impedance spectra were recorded at the OCP after
the electrodes had been immersed in the electrolyte
for 20 min. The sine perturbation was 5 mV. The
measuring frequency range was 100 kHz—0.01 Hz,
with 7 points per decade.

2.4 Discharge test

The discharge activity of the electrodes was
investigated using a CHI660E electrochemistry
workstation with the half-cell method to obtain the
discharge curves at constant current density and a

three-electrode cell was employed. The electrolyte
was 3.5 wt.% NaCl solution. The surface area of
each working electrode exposed to the electrolyte
was 10 mm x 10 mm. The potential-time curves
were evaluated by applying anodic current densities
of 10 and 20 mA/cm® to the working electrodes.
After discharge, the anodic efficiency and specific
capacity of the Mg—xLa alloys were calculated after
removing the discharge products from the surfaces
using chromic acid as demonstrated by previous
studies [10,31]. The discharged surfaces, with and
without discharge products, were recorded using
SEM secondary electron (SE) images. An anodic
polarization test was also measured in the
three-electrode cell system at a scan rate of 1 mV/s
after achieving stable open circuit potentials
(OCPs).

All the self-corrosion and electrochemical tests
were measured in triplicate to ensure good
reproducibility and accuracy of the data under
identical conditions. The values of all the results
reported were the averages of the three tests.

3 Results and discussion

3.1 Microstructures

Figure 1 shows the microstructures of the
as-cast Mg—xLa alloys. Mg—La alloys, with low
La content (<0.6 wt.%), had large columnar grains
of millimeter-scale length and width. Mg—0.8La
had coarse dendrites because of the low solubility
of La (approximately 0.74 wt.%) in Mg [32]. These
results indicate that the micro-alloying did not
refine the grain size of the cast alloys with La. In
addition, the interiors of the a-Mg grains of the
Mg-La alloys were decorated with some
intermetallic compounds, as shown by the back-
scattered electron (BSE) micrographs, in Fig. 2;
while Mg—0.2La had only some fine particles
distributing uniformly in the matrix. In addition,
Mg-La alloys with La content >0.4 wt.% contained
rod-like eutectic phases. Increasing the volume
fraction of the intermetallic compounds increased
the corrosion rate of Mg—RE alloys [19]. The
volume fraction of the precipitate phase was
evaluated by the Image-Pro Plus 5.0 software, for
the BSE images in Fig. 2, and was found to be 0.3%,
1.3%, 3.8% and 5.2% in Mg—0.2La, Mg—0.4La,
Mg—-0.6La and Mg—0.8La, respectively. The
amount of the second phase was found to increase
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Fig. 1 Optical micrographs of Mg—xLa alloys: (a) Pure Mg; (b) Mg—0.2La; (c) Mg—0.4La; (d) Mg—0.6La;

(e) Mg—0.8La

(a)
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Fig. 2 Backscattered SEM images and EDS spectra of intermetallic compounds: (a) Pure Mg; (b) Mg—0.2La;

(c) Mg—0.4La; (d) Mg—0.6La; (¢) Mg—0.8La

with increasing La content. The compositions of
representative intermetallic compounds in Fig. 2
were analyzed by EDS, all of which corresponded
to Mgj,La. In addition, XRD patterns qualitatively
identified the phase constitution of the Mg—La
alloys, as shown in Fig. 3. Only the diffraction

peaks of the a-Mg phase were present for pure Mg,
whereas the precipitate phase, Mgj,La, was present
in the La-containing Mg—La alloys [19]. The
intensity of the Mg;La peaks increased with
increasing La content, which indicated an increase
of Mgj,La phase content with increasing La content.
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Fig. 3 XRD patterns of Mg—xLa alloys
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3.2 Self-corrosion

Hydrogen evolution indicates self-corrosion of
the Mg anode in the electrolyte, which is the key
factor that decreases the utilization efficiency of an
Mg battery during discharge. Therefore, there exists
a clear need to investigate the self-corrosion
behavior of the Mg anode. The hydrogen evolution
curves and the corrosion rates of the Mg anodes are
depicted in Fig. 4. Mg—0.2La showed a hydrogen
evolution rate much lower than that of pure Mg.
However, the hydrogen volume increased at higher
content of La (Fig. 4(a)). Figure 4(b) indicates that
the hydrogen evolution rate and corrosion rate
decreased as the La content increased from 0 to
0.2 wt.%, and increased with further increasing La
content. The measured corrosion rate for pure Mg
was 122 mm/a, whereas the measured corrosion
rate was 2.4 mm/a for Mg—0.2La. Hence, it is
proposed that the role of the La alloying was to
stifle the hydrogen evolution at Mg, and the
optimum La content was found to be less than
0.6 wt.%.

The surface morphologies of specimens after
different durations of immersion are presented in
Fig. 5 to investigate the dissolution mechanisms of
the Mg—xLa alloys. The surface morphologies after
exposure in 3.5 wt.% NaCl solution for 5h are
shown in Figs. 5(a—e). Figure 5(a) shows that the
reflective surface of the Mg specimen was lost, and
extensive damage had spread over the surface.
However, there was a lower level of surface
attack together with a corrosion product film for
the Mg—La alloys with different La contents
after immersion in NaCl solution. Additionally, a
large proportion of the Mg—0.2La surface remained
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Fig. 4 Data for immersion test in 3.5 wt.% NaCl solution
for Mg—xLa alloys: (a) Hydrogen evolution curves in

first 12 h; (b) Hydrogen volume and corrosion rate from
mass loss over 72 h

unaffected, and there were only a few discrete
corrosion sites marked with an ellipse on the
surface of the alloy. The density of corrosion sites
on the surface of the alloy increased with increasing
La content, and localized corrosion appeared when
the La content was higher than 0.4 wt.%. This was
similar to the trend of increasing the quantity of
second phases with increasing La content. After
exposure to the NaCl solution for 72 h, the surface
of pure Mg was covered with a thick corrosion
product film, whereas the surface of Mg—0.2La
remained essentially unaffected, indicating that the
corrosion film provided good protection. In
addition, localized corrosion continued and spread
out over the entire specimen when the La content
reached 0.8 wt.%.

As previously reported, corrosion in Mg can
be effectively decreased in the presence of La [18].
In this work, hydrogen evolution, mass loss, and
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Fig. 5 Corroded surface appearances of Mg—xLa alloys after immersion testing at open circuit potential (OCP)
in 3.5wt.% NaCl solution for 5 h (a—e) and 72 h (f): (a, ) Pure Mg; (b, g) Mg—0.2La; (c, h) Mg—0.4La;

(d, 1) Mg—0.6La; (e, j) Mg—0.8La

surface morphologies indicated that the corrosion
rates of the Mg—La alloys were lower than those of
pure Mg on immersion for 72h and could be
attributed to the formation of protective films on the

surface of the Mg—La alloys. XRD patterns, as
shown in Fig. 6, was employed to investigate the
composition of the corrosion products of the
Mg—xLa alloys after immersion in NaCl solution
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Fig. 6 XRD patterns of surface of Mg—xLa alloys after
immersion in 3.5 wt.% NaCl solution for 5 h

for 5h. There was only one kind of corrosion
product, i.e., Mg(OH), (JCPDS PDF No. 44-1482),
on the surface of the pure Mg, which can provide
some corrosion protection [22], but it is susceptible
to be attacked by even small quantities of chloride
ions [33]. For the Mg—La alloys, the XRD patterns
revealed two phases in the corrosion products. i.c.,
Mg(OH), and La,O; (JCPDS PDF No. 54-0213).
Therefore, it is suggested that the stable La,0O;, as
the corrosion barrier, contributed to the decrease of

the corrosion rate, especially for Mg—0.2La, in
which most of the La dissolved into the Mg matrix.
Generally, the corrosion of cast metal anodes and
the self-peeling of corrosion products are mainly
affected by the grain size [10] and second phase
particles [13]. As depicted in Fig. 1, with the
addition of La, the degree of grain refinement was
not significant, but the grain boundaries still
increased. These added boundaries were favorable
to inhibit hydrogen evolution [34]. As a result, the
corrosion resistance of the Mg—La alloys would be
improved.  Furthermore, the corrosion of
magnesium alloys was closely associated with the
potential difference between the phases, which
induced a micro-galvanic reaction [17]. The Mg,La
phase is nobler than a-Mg [19], indicating that the
intermetallic compound is cathodic and causes
galvanic corrosion between the Mgj,La phase and
a-Mg matrix. Increasing La content increases the
volume fraction of the Mgj,La phase, which
increases the micro-galvanic corrosion. Therefore,
increasing La content tends to increase the galvanic
corrosion in the Mg—La alloys and thereby
increases the corrosion rate.

Figure 7 shows the surface morphologies of
these specimens after immersion for 72 h and after

Fig. 7 Surface morphologies of Mg—xLa alloy with corrosion products removed: (a) Pure Mg; (b) Mg—0.2La;

(c) Mg—0.4La; (d) Mg—0.6La; (e, f) Mg—0.8La



1986 Yan SONG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1979—1992

removal of the corrosion products. The pure Mg
suffered serious corrosion with some substantial
cavities, as shown in Fig. 7(a), attributed to the
absence of any alloying elements which can inhibit
the corrosion reactions. The concentration of the
impurity phase of Fe, measured by ICP-AES, is
given in Table 1. At a mean of 0.0012 wt.% or
lower than that in Mg anodes containing La, no
corrosion response was observed [9,35]. Therefore,
it is reasonable to indicate that Fe or a Fe-rich
second phase could be an important site of cathodic
hydrogen evolution reaction for pure Mg.
Figure 7(b) shows that uniform corrosion with some
small corrosion cavities, occurred in Mg—0.2La
alloy. The Mg—0.2La alloy showed a lower
dissolution rate over the 72 h exposure period,
attributed to the protective film which suppressed
the propagation of galvanic corrosion. However,
Mg—La alloys, with higher La content (>0.4 wt.%)
experienced some localized corrosion, with a
and bright intermetallic
compounds remaining intact, as shown in magnified
SEM image with BSE mode in Fig. 7(e). The
Mg,La phase particles tend to impart a high
tendency for galvanic corrosion, creating a large
driving force to damage the surface film. The
negative effect caused by MgLa particles on
increasing the corrosion rate was counteracted by
the positive effect caused by both the formation of
the protective film and the refined grains. Thus, the
corrosion rate of the Mg—La alloys increased with
La content but was still lower than that of pure Mg.

The self-corrosion performances of the
Mg—xLa alloys were also investigated with EIS
measurements at the open circuit potential, and the
Nyquist plots are shown in Fig. 8. The impedance
curves for the as-cast Mg—xLa alloys were
characterized by two well-defined capacitive loops.
All EIS diagrams were similar with a high-
frequency capacitive loop and a low-frequency
capacitive loop. The Mg—La alloys exhibited larger

number of cavities
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Fig. 8 EIS results of Mg—xLa alloys at OCP in

3.5 wt.% NaCl solution: (a) Nyquist plots; (b) Equivalent
circuit after fitting

loops than pure Mg in both high- and low-
frequency regions. The equivalent circuit [22] fitted
by the Z-view software is shown in Fig. 8(b), and
the fitted values are presented in Table 2. All these
curves were fitted well (4*<107). In this equivalent
circuit, R, represents the solution resistance. The
first capacitive loop at high frequency is attributed
to the charge transfer process at the electrode/
electrolyte interface, where the equivalent
component consists of a charge transfer resistance
(R.) parallel to an electric double layer capacitance
(CPEy). The low-frequency capacitive loop is
related to the metal oxide film present on the
surface of the alloy. The Ry and CPE; represent
corresponding parameters for film resistance and
film capacitance, respectively.

In addition, the polarization resistance (R,) is
given by R,=R.+Ry. A larger R, value represents a
lower corrosion rate of the Mg anode. The value of
R, for Mg—0.2La was larger than that for pure Mg,

Table 2 EIS parameters extracted from Fig. 8 using equivalent circuit

Sample  RJ/(Q-em®) RJ/(Q-em®) RJ/(Q-em®’)  CPEG/(Q '-cm *s) CPE/(Q 'cm 2-s) Pa

Pure Mg 14 96 4 2.5%107° 2.8x1072 1.8x10°*
Mg—0.2La 24 649 353 1.9x1073 1.6x107° 7.7%x10°*
Mg—0.4La 25 488 184 2.0x107 2.4x107° 3.9x10°*
Mg—0.6La 24 318 42 4.2x107 3.7x107° 1.9x107*
Mg—0.8La 24 230 29 3.2x107° 8.2x107* 1.3x107*
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and was found to decrease with increasing La
content. However, the value was consistently
greater for the Mg—La alloys than for pure Mg in
this study. These results indicate that a low La
content decreased the corrosion rate of the Mg
anode in the NaCl solution because of the high
value of R;. However, the corrosion rate increased
with increasing La content, partly due to the
decrease of the Ry, which was greater for all the
Mg—La alloys than for pure Mg. This observation is
consistent with the mass loss results. In addition,
the charge transfer resistance, R, also plays an
important role during Mg anode dissolution.
Figure 8 shows that the behavior of R, was similar
to that of R. Alloys with smaller R, could not be
stored in the cell containing electrolyte, while
alloys with larger R, possessed weak discharge
activities since the charges could not escape the
anode surface easily. Therefore, the alloy with a
proper R inhibits self-corrosion at the OCP and
can provide a negative potential in the course of
discharge [36].

3.3 Discharge activity evaluation
Chronopotentiometric responses in a half-cell
were used to investigate the discharge activity of
the magnesium anodes at anodic current densities of
10 and 20 mA/cm®. The discharge potential of the
anode was more negative in the half-cell test, which
is also in favor of a higher discharge voltage during
a full battery test [10]. An imposed current density
of less than 20 mA/cm® was used to evaluate the
discharge performance of the Mg anode for a long
term low-power seawater activated battery and an
air battery [29]. Figure 9 depicts the evolution of

-1.30
B0

-1.35

-1.40
Pure Mg

=145+

-1.50 Mg-0.8La
-155 Mg-0.2La

Mg-0.6La—_
-1.60 L—’—’/-(_‘

Mg-0.4La
1000

Discharge potential (vs SCE)/V

600 800

Time/s

0 200 400 1200

1987

the discharge potential for the Mg—xLa alloys. The
discharge potentials of all the alloys remained
relatively stable during the discharge tests at
10 mA/ecm® (see Fig. 9(a)), implying that these
alloys exhibited good depolarization during
discharge at a small current density. However, a
larger current density of 20 mA/cm’ increasingly
shifted the discharge potential to the positive
direction, with increasing duration for each anode
(see Fig.9(b)). In addition, the La content had a
significant influence on the discharge potential. The
average discharge potentials at 10 and 20 mA/cm®
for 1200 s are presented in Table 3. It is shown that
all the Mg—La alloys in this study had a more
negative discharge potential than pure Mg, even
though the potential became less negative with
increasing La content. The most negative half-cell
potential was achieved by Mg—0.4La at both
constant current densities, i.e., —1.601V (vs
Hg/HgCl,) compared with —1.438 V for pure Mg at
10 mA/cm?. In addition, the dissolution behavior of
the Mg—La anodes during discharge may be
understood from the anodic polarization behavior
using the three-electrode half-cell shown in Fig. 10.
The Mg—La alloys exhibited different anodic
polarization curves. With increasing the potential,
the current density of Mg—0.4La increased more
rapidly than that of pure Mg and other Mg—La
alloys. This result indicates the Mg—0.4La alloy
exhibited the most significant anodic dissolution
behavior at the imposed anodic polarization.
Accordingly, Mg—0.4La was more active not only
during galvanostatic discharge but also under
anodic polarization. Thus, Mg—0.4La alloy is
suitable as the anode for Mg-based battery.
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Fig. 9 Galvanostatic discharge curves of Mg—La alloys in 3.5 wt% NaCl with different current densities:

(a) 10 mA/cm?; (b) 20 mA/cm?
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Table 3 Discharge performances of half-cell with Mg—xLa alloy anodes

Average discharge potential (vs SCE)/V

Anodic efficiency, /%

Anode 5 2 2 2
10 mA/cm”, 1200 s 20 mA/cm®, 1200 s 10 mA/cm”, 10 h 20 mA/cm®, 10 h
Pure Mg —1.438 —1.428 40 51
Mg—0.2La —1.557 —1.513 66 68
Mg—0.4La —1.601 —1.573 60 62
Mg—0.6La —1.582 —1.551 54 62
Mg—0.8La -1.512 —1.496 52 52
55 occurred, and its deposits were found on the surface
R of the magnesium electrodes (Eq. (2)). For pure Mg,
'g 20l significant decrease of anodic polarization current
Q:E density (Fig. 10) occurred when the potential was
< 15t more positive than —1.35 (vs SCE), implying the
§ rapid deposition of surface product. Accordingly,
g 10+ the surface of pure Mg (Fig. 11(a)) showed a dense
g Mg-0:6La Pure Mg deposition of discharge products, which reduced the
j=3 L
S 3 reaction area between the anode and electrolyte and
ol —— Mg-0.8La impeded the discharge. In contrast, the discharge

-1.7 -16 -15 -14 -13 -12
Potential (vs SCE)/V

Fig. 10 Anodic polarization curves of Mg—xLa anodes in
half-cell

The enhanced discharge potential of the
Mg-La alloys was due to the composition and the
microstructure. La (—2.52V vs SHE) is more
anodic than Mg (—=2.372 V vs SHE). This improved
the electrochemical activity of the Mg—La alloys.
Thus, the discharge potential of the Mg—La alloys
was more negative than that of pure Mg. In addition,
the MgpLa particles decreased the spalling
resistance of the discharge products [36]. This
phenomenon was corroborated by SEM for pure
Mg and Mg—La alloys after a half-cell discharge of
10 mA/cm® for 1200 s in Figs. 11(a—e). Generally,
the electrochemical reactions of the Mg alloy anode
in the NaCl solution can be described by the
following reaction mechanisms [1,37]:

Mg—Mg*+2e (1)
Mg*+2H,0—Mg*+20H +H,1—
Mg(OH),|+H,1 (2)

These reactions may appear like the oxidation
of Mg during discharge (Eq.(1)) and corrosion
(Eq. (2)). However, when the surface of the anode
was saturated with Mg®", the precipitation of the
main insoluble discharge product, i.e., Mg(OH),

products for the Mg—0.2La alloy were loose, and
the Mg substrate was exposed by many micro-
cracks. These phenomena were more pronounced
on the surface of Mg—0.4La, which provided an
easy contact between the electrode surface and the
electrolyte solution. The Mg—0.4La alloy supplied a
larger reaction space than pure Mg and Mg—0.2La,
thus resulting in negative potentials during the
discharge. This result indicates that micro-alloyed
La effectively retarded or restricted the occurrence
of the reaction shown in Eq. (2). A similar tendency
was also observed in the case of self-corrosion
resistance. However, for Mg—La alloys with higher
La content, the discharge deposits shielding the
electrode surface increased gradually because of the
rapid conduct of the reaction (Eq. (2)) induced by
the increase in the amount of the Mgj,La phase,
leading to a high diffusion over-potential. The
positive effect on the spalling of discharge products
caused by the Mgj,La phase was counteracted. The
increasing La content caused the positive shift of
the discharge potential.

The anodic efficiencies of pure Mg and
Mg—La alloys, during galvanostatic discharge at
10 and 20 mA/cm?, are listed in Table 3. The higher
anodic efficiencies imply that more electrons per
unit mass were generated under the applied current.
Similar to the self-corrosion resistance, the
utilization efficiency was improved by the alloying
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Fig. 11 SEM images of surface of Mg—xLa alloys after discharge at current density of 10 mA/cm? for 1200 s (a—e) and
anode surfaces without discharge products discharged at 10 mA/cm?® for 10 h (f—j): (a, f) Pure Mg; (b, g) Mg—0.2La;
(c, h) Mg—0.4La; (d, i) Mg—0.6La; (e, j) Mg—0.8La (The inserts are corresponding cross sections, where the dark region

is the resin and the other is the Mg matrix)

of 0.2 wt.% La, but decreased with the further
alloying of La in the Mg—La alloys. For example,
Mg—0.2La exhibited the highest

efficiencies, 1.e., 66% and 69% at

utilization
10 and

20 mA/cm?, respectively, compared with 41% and
51%, correspondingly, for pure Mg. Furthermore,
the efficiency of the Mg—0.4La alloy at 10 mA/cm®
also reached 60%, which was higher than that of
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the AP65 series alloys [31] and the Mg—Ca binary
alloy [10] under the same test condition. One of the
factors responsible for the utilization efficiency of
magnesium anodes is self-corrosion. The self-
corrosion side reactions resulted in low anodic
efficiency and supplied no useful energy [38]. This
phenomenon is common for all the alloys studied
in this work. Therefore, the better self-corrosion
resistances of the Mg—La alloys contribute to higher
utilization efficiency than pure Mg—OLa. Another
critical factor which can reduce the utilization
efficiency is the “chunk effect”, i.e., the detachment
of some metallic particles which do not participate
in the discharge process.

To investigate the magnitude of the “chunk
effect” and understand the dissolution mechanism
of the anodes during discharge, the surface and
corresponding cross-sections after discharge at
10 mA/cm? for 10 h are presented in Figs. 11(f-g).
Figure 11(f) indicated localized and deeply
corroded pits in the case of the pure Mg. Such deep
pits in the surface of the pure Mg could be said to
have resulted from the severe self-corrosion, as
shown in Fig. 7(a), leading to the reduction of
anodic efficiency. In contrast, the surface
morphology of the Mg—0.2La alloy after discharge
showed uniform dissolution on both front view and
section view during the discharge, with some
secondary phases distributing on the surface.
Thereby, the utilization efficiency for the Mg—0.2La
alloys was less susceptible to the “chunk effect”,
even though some small cavities (indicated by
ellipses) were observed around the second phase on
the alloy surface. These cavities were induced by
the galvanic corrosion between the Mg matrix and
the Mgj,La phase. However, after discharge, these
cavities increased gradually with an increasing
amount of the Mgj,La phase, with increasing La
content in the Mg—La alloys, leading to the
detachment of some metallic pieces [31,39].
Therefore, the discharged surface became rough
(see cross-sections in Fig. 11(g)) after the uneven
consumption and a suffered severe “chunk effect”,
leaving many holes in the Mg—0.8La anode as
marked by ellipses, which deteriorated the anodic
efficiency. Hence, with the self-corrosion resistance
and the slight “chunk effect”, Mg—La alloys with
low La content (<0.6 wt.%) had higher utilization
efficiency, whereas Mg—La alloys with a high La
content showed severe self-corrosion and the

“chunk effect”, low utilization

efficiencies.

resulting in

4 Conclusions

(1) The alloying with La decreased the
corrosion rate of the Mg—La alloys. This can be
attributed to a lower content of Fe-particles and the
incorporation of La,O; in the corrosion product
film. However, with increasing La content, the
protection properties of the surface film on the
Mg-La alloys deteriorated. There was an increase
in the micro-galvanic corrosion reaction induced by
an increasing amount of the intermetallic Mg ,La
phase; nevertheless, all the Mg—La alloys had
corrosion rates less than pure Mg. The lowest
corrosion rate, i.e., 2.4 mm/a, was exhibited by the
Mg—0.2La alloy.

(2) The Mg-La alloys displayed better
discharge performance than pure Mg at small
current densities in the half-cell test, which can be
attributed to the higher electrochemical activity of
La. The Mg—0.4La anode gave the most negative
discharge potential, with an anodic efficiency of
60% at a current density of 10 mA/cm?”. Therefore,
Mg-La alloys with low La content (less than
0.6 wt.%) were attractive candidates of high-
performance anode material for the Mg-based
battery.
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