Available online at www.sciencedirect.com
L 4

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 32(2022) 2510-2526

Transactions of
Nonferrous Metals
Society of China

i s Science
ELSEVIER Press

www.tnmsc.cn

Effect of yttrium and calcium additions on electrochemical behaviors and
discharge performance of AZ80 anodes for Mg—air battery

CrossMark

Yu-wen-xi ZHANG!, Lu HAN', Lin-bao REN?, Ling-ling FAN',
Yang-yang GUO?, Ming-yang ZHOU*, Gao-feng QUAN!

1. Key Laboratory of Advanced Technologies of Materials (Ministry of Education),
School of Materials Science and Engineering, Southwest Jiaotong University, Chengdu 610031, China;
2. Center for Advancing Materials Performance from the Nanoscale,
State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710049, China;
3. Xi’an Rare Metal Materials Institute Co., Ltd., Xi’an 710049, China;
4. Science and Technology on Reactor System Design Technology Laboratory,
Nuclear Power Institute of China, Chengdu 610213, China

Received 8 August 2021; accepted 1 April 2022

Abstract: The effects of yttrium (Y) and yttrium + calcium (Y+Ca) additions on the electrochemical properties and
discharge performance of the as-extruded Mg—8Al-0.5Zn—0.2Mn (AZ80) anodes for Mg—air batteries were
investigated. The results show that the addition of 0.2 wt.% Y increased the corrosion resistance and discharge activity
of AZ80 anode. This was attributed to the fine and spherical f-Mg;7Ali» phases dispersing evenly in AZ80+0.2Y alloy,
which suppressed the localized corrosion and severe “chunk effect”, and facilitated the rapid activation of a-Mg.
Combinative addition of 0.2 wt.% Y and 0.15 wt.% Ca generated grain refinement and a reduction of the f-Mgi7Al»
phase, resulting in a further enhancement in discharge voltage. However, the incorporation of Ca in Mg;7Al;; and ALY
compounds compromised the corrosion resistance and anodic efficiency of AZ80+0.2Y+0.15Ca anode. Consequently,
AZ80+0.2Y anode exhibited excellent overall discharge performance, with the peak discharge capacity and anodic
efficiency of 1525 mA-h-g! and 67% at 80 mA/cm?, 13% and 14% higher than those of AZ80 anode, respectively.
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solution, while lithium (Li) reacts acutely with
water [3]. However, the actual discharge voltage,
capacity, and power energy of Mg are lower than

1 Introduction

values due to its severe
negative difference effect, and

Mg is a promising anode material in the the theoretical
metal—air battery, attributed to its negative standard self-corrosion,

electrode (SE) potential of —2.37 V vs. standard
hydrogen electrode (SHE), which can produce a
high Faradic capacity of 2205 mA-h-g”', behind
lithium (—=3.04 V (vs SHE) and 3682 mA-h-g ') [1,2].
Additionally, the neutral saltine electrolyte is
adequate for the Mg—air battery due to Mg
comparative chemical stabilization in an aqueous

adherent passive corrosion products film on the
surface, impeding the ion transformation and
electrochemical reaction between anode and
electrolyte [4]. Thus, it is crucial to solving the
considerable voltage drop and poor anodic
efficiency in the Mg—air battery for its commercial
applications.
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Alloying in Mg has been reported to
effectively mitigate the above problems, such as Al,
Pb, Zn, Hg, Ga, Li, Ca, Mn, Sn and rare earth (RE).
Most of these elements play a role in decelerating
corrosion of Mg because of their internal nobler
potential and higher overpotential for hydrogen
evolution [5]. The purification effect on molten Mg
can significantly repress the parasitic corrosion
arising from Fe, Ni, Cu, etc. For instance,
0.2 wt.% Mn addition can passivate Fe by forming
intermetallic particles Al-Mn—Fe to the melted
bottom [6]. Al is a primary alloying element in the
Mg alloy systems with a similar low density to
enhance the mechanical properties, corrosion
resistance, and discharge properties of Mg alloys.
Al is generally added with other elements to
achieve higher overall performance. Mg—Al-Li
alloy is a satisfactory anode material because
Li possesses the highest SE potential [2].
Unfortunately, the existing preparation problems
and the extreme electrochemical activity of
Li-containing alloys distinctly limit the Mg—Al—-Li
alloy development in metal—air batteries. The
Mg—Al-Pb alloy also performs excellent discharge
properties, especially at large current density [7—9].
Nevertheless, the anodes containing Pb element
cannot be widely applied in the power source for its
biological toxicity, the same as that of Hg and Ga
elements [10].

Mg-Al-Zn (AZ) alloys, as
structural Mg alloys, have attracted a lot of
attention to be used as anode materials in Mg
batteries, such as AZ31 [11-13], AZ80 [14—-16],
and AZ91 [17,18]. In comparison, the corrosion rate
of AZ80 alloy is relatively low attributed to the
higher Al alloying and the continuous network-like
distribution of f-Mgi7Ali», which serves as a barrier
to impede the corrosion expansion [19]. With the
further rise of Al content (exceeding 8§ wt.%), the
corrosion potential becomes even nobler, and the
discharge activity is greatly weakened [20]. Hence,
AZ80 alloy might be the optimal anode material for
the relative equilibrium in corrosion rate and
kinetics of the electrode reaction. However, the
discharge voltage and anodic efficiency of
Mg—Al-Zn ternary alloys cannot satisfy the
increased demand for Mg—air batteries. Many
researchers attempted to further improve the
discharge properties of Mg—Al-Zn alloys by
alloying with more elements. CHEN et al [15]

commercial

reported that adding 1-3 wt.% Sm to AZ80 alloy
can facilitate the anode discharging since small-
sized AlLbSm particles promote grain refinement,
uniform dissolution of the matrix, and easier
stripping of discharge products. LIU et al [13,18]
studied the influence of multiple alloying with Ca,
Sm, and La on the electrochemical behavior of
AZ31 and AZ91 alloys, and found that combinative
addition of RE elements and Ca is a more effective
method to enhance the discharge properties of Mg
alloys. Ca is an electrochemically active element
with more negative SE potential (—2.87 V vs. SHE)
than Mg, which is conducive to improving the
discharge activity of Mg and its alloys [21,22]. The
grain refinement and the alleviation of hydrogen
evolution reaction brought about by the addition of
RE elements can effectively restrain the localized
corrosion [12].

Y is also an influential RE element in
improving the corrosion resistance of Mg alloys.
Trace addition of Y (0.5—1 wt.%) in Mg—Li anodes
can enhance the cell voltage and power density of
Mg—H,0, semi-fuel cells by expediting spalling of
corrosion products [23]. WANG et al [24] found
that adding 0.2wt% Y and 0.2 wt.% Ce into
Mg—AI-Pb alloy can refine the microstructure and
generate a significant fraction of tiny y phases
(Al,Ce and ALY), which activates the electrode
reaction and promotes anode dissolving uniformly.
Nevertheless, the effect of sole Y addition on the
discharge performance of Mg—Al-Zn alloy anodes
is still unclear. Whether the combined addition of Y
and Ca would greatly accelerate the discharge of
Mg anodes has not been investigated. Therefore,
this work aims to investigate and compare the
effects of sole Y addition (0.2wt.%) and
combinative addition of Y and Ca (0.2Y+0.15Ca,
wt.%) on the electrochemical behaviors and
discharge properties of AZ80 anodes.

2 Experimental

2.1 Materials preparation

AZ80, AZ80+0.2Y, and AZ80+0.2Y+0.15Ca
magnesium alloys were served as experimental
anode materials in this work. The chemical
compositions were measured using an inductively
coupled plasma optical emission spectrometer
(ICP-OES), and the results are listed in Table 1.
The cast ingots were prepared by resistance furnace



2512 Yu-wen-xi ZHANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 25102526

Table 1 ICP results for actual chemical composition of
investigated alloys (wt.%)

Alloy Al Zn Y Ca Mn Mg
AZ80 8.09 094 - - 0.27 Bal
AZ80+0.2Y 8.09 0.98 021 - 0.11 Bal

AZ80+0.2Y+0.15Ca 8.03 0.94 0.20 0.15 0.18 Bal

melting pure Mg (99.95 wt.%), pure Al (99.99
wt.%), pure Zn (99.99 wt.%), Mg—30Y (wt.%), and
Mg—20Ca (wt.%) master alloys in a mild-steel
crucible. The molten alloys were protected from
oxidation by a covering flux and CO + 2 vol.% SFs
mixed gas. The melt was stirred at 1033 K with a
refining agent (JMDJ) to remove impurities and
homogenize the alloy composition. Then, the melt
was poured into d95 mm steel die after holding at
1013 K for 50—60 min, which was preheated at
473 K. The billets were machined into d90 mm
round bars and homogenized for 8 h at 693 K. In
order to make the grain size and second phase as
fine and uniform as possible to obtain better
corrosion resistance and discharge performance, we
employed the extrusion process. The extruded
round bars of 16 mm in diameter were gained by
hot extrusion at 623 K, with the extrusion ratio and
extrusion rate of 32:1 and 0.3 mm/s, respectively.
As a result, all specimens had detection sections
parallel to the extruding direction (ED).

2.2 Microstructure characterization

The samples were ground with silicon carbide
(SiC) papers from 400 to 2000 grits, then polished
to a mirror-like finish, and etched using a solution
of 5 g picric acid, 5 g acetic acid, 10 mL distilled
water and 100 mL ethanol. The microstructure
characterization was conducted on the optical
microscope (OM) (Zeiss Axio Lab. Al). A linear
intercept method was employed to measure the
average grain size, and the precipitation area
fraction in alloys was measured by Image-Pro Plus
6.0. Scanning electronic microscopy (SEM) image
was obtained at a voltage of 2.7 kV in Quanta FEG
250 SEM. The chemical elements analysis was
conducted in the energy disperse
spectrometer (EDS). The phase composition was
determined by X-ray diffraction (XRD) in
PANalytical X'Pert Pro with Cu K, radiation
(4=0.154 nm), and the selected parameters were
30kV, 50 mA at 298 K with the angle range of

X-max"

26=20°-90° (scan step size 0.033°, time per step
12 s, and continuous scan).

2.3 Electrochemical tests

The electrochemical behavior of investigated
alloys was analyzed by open-circuit potentials
(OCPs), polarization curves, and electrochemical
impedance spectra (EIS), using a classical three
electrodes system and 3.5 wt.% NaCl electrolyte. A
platinum foil (1 cm® surface area) and a saturated
calomel electrode (SCE) served as the counter and
reference electrodes, respectively. The studied
alloys served as the working electrode with an
exposed surface of 10 mm x 10 mm, and other
areas were sealed with epoxy resin. Before each test,
the sample was polished after being ground by 2000
grade SiC papers, degreased by ethanol, cleaned in
distilled water and ethanol, and followed by drying
in cold flowing air. The OCPs were recorded during
1 h immersion, and polarization curves were
obtained with a scan rate of 1 mV/s from cathodic
potentials to anodic potentials after 10 min
immersion to acquire relatively steady OCPs. Both
of them were tested by CorrTest (CS) electro-
chemistry  workstation. The electrochemical
impedance spectra (EIS) were measured by the
Zahner Zennium electrochemical workstation with
the stable value of OCP. The scanned frequency
range was from 100kHz to 0.01 Hz, and the
voltage amplitude was 5 mV. Then, the obtained
EIS curves were fitted using Zahner analysis
software with the acceptable fitting error lower than
5%. All electrochemical
repeated five times, and the results were averaged.

measurements were

2.4 Corrosion tests

The corrosion rate was examined by hydrogen
evolution and mass loss measurement. Specimens
were prepared with the same route as electro-
chemical measurement and immersed in 3.5 wt.%
NaCl solution for 58 h at room temperature. The
hydrogen gas was collected by a burette above the
specimen. Before the test, samples were weighed
using an electronic balance (accuracy of +0.1 mg)
to record the initial mass. Moreover, after 58 h
immersion, the corroded samples were cleaned by
the chromic acid solution (200 g/L CrO; + 10 g/L
AgNQO3) to remove the corrosion products on the
surface, flushed by distilled water and ethanol,
dried by the cold wind, and then the finial mass was
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weighted. The corrosion rate was evaluated
according to
Am
v=—r (1)
S-t

where v is corrosion rate (mg-cm 2-d"'); Am is mass
loss (mg); s is surface area (cm?); ¢ is immersion
time (d).

2.5 Mg—air battery tests

The discharge process of AZ80 based anodes
for Mg—air battery was monitored using the
NEWARE battery testing system. The tested anodic
materials with an exposed area of 1cm’ were
ground with 3000 grade SiC paper and then
installed in a homemade Mg—air battery unit, using
the MnO,/C catalyst (Changzhou YOU TE KEI
New Energy Technology Co., Ltd.) as the cathode,
and 3.5 wt.% NaCl aqueous solution as the
electrolyte. The tested area of the air—cathode is
2 mm X 3 mm and 200 mL of electrolyte was added
to Mg—air battery device in the test. The discharge
curves were recorded at different current densities
of 2.5, 5, 10, 20, 40 and 80 mA/cm? for 10 h at
room temperature (298 K). The anodic efficiency 7
(%), specific capacity O (mA-h-g™"), and specific
energy £ (mW-h-g ') were calculated [25]:

Wi
=—1%9 x100% 2
=2 0 (2)
VVtheo: ].tl (3)
X, "N
F- i i
Z[ m; j
I-1,
=——x1000 4
0 AW “)
E=U-Q (5)

where AW and Wi, represent actual and theoretical
mass loss (g) before and after the discharge test,
respectively; F' is Faraday constant (96485 C/mol);
x:, n;, and m; are mass fraction, ionic valence, and
molar mass of component i, respectively; / is the
impressed discharge current (mA); # is the
discharge time (h); U is the discharge voltage (V).
The mass loss of the anodes before and after the
discharge tests was measured after removing the
discharge products using the chromic acid solution.
At least three replicates were tested to ensure
reliability. In addition, the discharge morphology
was examined using SEM.

3 Results and discussion

3.1 Microstructures

Figure 1 shows the SEM micrographs and
XRD patterns, together with the corresponding EDS
results in Table 2, to analyze the phase composition
and distribution of the intermetallic compounds in
as-extruded AZ80 based alloys. The irregularly
shaped phase in AZ80 alloy (Fig. 1(a)) was mainly
[-Mgi7Alz (Point A), which was discontinuously
distributed around the grain boundaries. There were
some additionally oblate particles, identified as
Al-Mn phase by EDS analysis (Point B). In
Fig. 1(b), p-Mg7Al;; phases in AZ80+0.2Y alloy
became tinier and rounder, and was dispersed in
grain boundaries and interior (Point C). Several
large bright white particles (Point D) observed in
AZ80+0.2Y alloy were Al,Y phases, mostly located
in trigeminal grain boundaries. With the further
addition of Ca, in Fig. 1(c), spherical f-Mgi7Ali»
particles were transformed into slender shapes, and
the composition of f-Mgi7Ali; phase (Point F)
incorporated trace Ca about 7.8 wt.% from EDS
results. It has been reported by MINGO [6] that
Mg atom of f-Mgi7Ali; could be replaced by Ca
for Ca-containing Mg—Al alloys. Besides, ALY
phase containing 14.3 wt.% Y and 23.0 wt.% Ca
was detected in AZ80+0.2Y+0.15Ca alloy (Point E),
as Aly(Y,Ca) compound, whose size was smaller
than that of ALY phase in AZ80+0.2Y alloy.

It is worth noting that only a-Mg and
[-Mgi7Ali, were identified by XRD in Fig. 1(d),
while AlY and Aly(Y,Ca) compounds were absent
in XRD pattern, associated with the low contents of
Y and Ca, 0.2 wt.% and 0.15 wt.%, respectively. In
addition, the volume fraction of p-Mgi;Al2
phase was 3.68% in AZ80 alloy, which decreased to
3.17% and 2.92% in AZ80+0.2Y and AZ80+0.2Y+
0.15Ca alloys, respectively. The reduction of
[-Mg7Al;; was ascribed to the preferential
formation of ALY and Alx(Y,Ca) intermetallic
compounds, because Al and Y/Ca have a relatively
large difference in electronegativity [26,27].
Furthermore, the solid solution of Y increases the
solid solution ability of Al [28]. Therefore, a
smaller quantity of Al participates in the eutectic
reaction (L—a-Mg + f-Mg7Alz) led to a content
decrease of f-Mgi7Al» phase.
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Fig. 1 SEM micrographs for as-extruded AZ80 (a), AZ80+0.2Y (b), AZ80+0.2Y+0.15Ca (c) alloys, and corresponding

XRD patterns for studied alloys (d)

Table 2 EDS results of Points A—G in Fig. 1

Point Content/wt.%

Mg Al Zn Mn Y Ca
A 58.08 39.28 2.64 - - -
B 233 5379 - 43.89 - -
C 68.01 29.85 2.13 - - -
D 3.11 3590 - - 60.99 -
E - 62.60 — - 1430 23.0
F 4770 44.60 — - 7.80
G 270  36.10 - - 60.90 0.30

Figure 2 depicts the optical microstructure
(OM) and grain size distribution of the investigated
alloys. Three alloys were all composed of the
dynamically recrystallized (DRXed) grains after
extrusion, accompanied with the fine second phases
along the extrusion direction as the black stripe.
There was almost no difference of grain size and
distribution between AZ80 and AZ80+0.2Y alloy,
while the grain size of AZ80+0.2Y+0.15Ca alloy
was 17% smaller than that of AZ80 alloy. The grain
refinement effect was derived from the low
diffusivity of Ca solute so that the constitutional

undercooling appeared in a diffusion layer ahead of
the advancing solid/liquid interface [29]. In AZ80
alloy, the gray Al-Mn particles with uniform grain
size were observed in OM image. The electric
potential difference of Al-Mn phase versus Mg was
great, about 380 mV [30], causing strong cathode to
accelerate the galvanic corrosion of Mg alloys. In
modified AZ80 alloy with 0.2Y and 0.2Y+0.15Ca,
however, no such a large amount of Al-Mn phase
was found.

3.2 Electrochemical analysis

The open-circuit potentials (OCPs) can reflect
the kinetic features without electric current for the
electrochemical reaction of alloys. As shown in
Fig. 3(a), all OCPs curves of investigated alloys
increased rapidly to the peak value in the first 100 s
and then decreased to the steady values during the
overall 3600 s immersion test in 3.5 wt.% NaCl
solution. This phenomenon was attributed to the
surface passive film transformation from oxide to
thicker hydrated film when exposed to the aqueous
solution, along with the film destruction for the
existence of Cl” in the electrolyte [31]. The OCP
curves for the micro-alloyed AZ80 alloys remained
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Fig. 2 Optical micrographs of as-extruded AZ80 (a), AZ80+0.2Y (b), AZ80+0.2Y+0.15Ca (c) alloys, and grain size

distribution for studied alloys (d)

more negative than those for AZ80 alloy after
1000 s stabilization. Table 3 presents the average
potentials (¢ocp) in the steady stage. AZ80+0.2Y+
0.15Ca alloy possessed the maximum @ value
of —1.612V (vs SCE), implying the highest
electrochemical activity.

The polarization curves of three alloys show a
similar tendency in Fig. 3(b), composed of two
parts: anodic branch and cathodic branch, referring
to the anode oxidation (Eq.(6)) and hydrogen
evolution reaction (Eq. (7)) process, respectively:

Mg—Mg*'+2e (6)
H,O+e—1/2H,+OH~ (7)

The inflection points observed in three anodic
branches (Fig. 3(b)) were well-connected with the
deposition and breakdown of corrosion product
Mg(OH), film on the anode surface, as a kinetic
barrier effect. Mg(OH); is slightly soluble in water,
which enables the anode surface under protection
for a short time, and easily destroyed with
increasing current [32]. It can be seen that although
the addition of Y and Y+Ca in AZ80 would not
change the inner evolution feature of Mg(OH),
during the polarization process, the combinative

addition of Y and Ca decreased the potential of the
inflection point to more negative value, suggesting
the easier dissolution of Mg(OH)s.

Table 3 lists the electrochemical parameters
derived from polarization curves. The corrosion
current density, Jeorr, Was evaluated using the Stern—
Geary equation [33]:

Jo=—bb B 8)
23R, (B, =P R,
where £, is the anodic Tafel slope, f. is the cathodic
Tafel slope of an appropriate polarization curve, and
B is a constant involving the Tafel slopes. The
corrosion potential (¢corr) indicates a tendency to
corrode, while the corrosion rate (veorr) of the anode
is proportional to the current density. AZ80+0.2Y+
0.15Ca alloy possessed the most negative @corr Of
—1.562 V (vs SCE), followed by AZ80+0.2Y and
AZ80 alloy, —1.527 and -1.499V (vs SCE),
respectively, which is consistent with the OCP
results. The corrosion current density of
AZ80+0.2Y alloy was 33.60 uA/cm?® lower than
that of AZ80+0.2Y+0.15Ca, whereas AZ80 alloy
had the highest corrosion current density of
48.86 nA/cm?. Consequently, AZ80+0.2Y alloy
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Fig. 3 Electrochemical properties of investigated alloys
in 3.5 wt.% NaCl solution: (a) Open circuit potential,
(b) Polarization curves; (¢) Anodic branches of
polarization curves in (b)

displayed the lowest corrosion rate of 0.35 mm/a
from the fitting results. The addition of Y into AZ80
alloy could refine, sphere, and disperse f-Mgi7Ali»
phases, which prevents acute localized corrosion.
According to the reports of JIA et al [30], the
potential difference between a-Mg and S-Mgi7Al»
would be narrowed by Y alloying by 19-25mV,
thereby weakening the anode polarization. Mg
spontaneously dissolving and producing Mg*" ions
together with two electrons during the anode
polarization process is similar to the Mg anodes
consumption in the discharge process of Mg—air
battery. Figure 3(c) demonstrates that the anode
polarization curves shifted to the higher current
density region after adding Y and Ca into AZ80
alloys, indicating an enhancement of anode kinetics.
In terms of the above electrochemical analysis, the
addition of 0.2Y and 0.2Y+0.15Ca was conducive
to boosting the anodic activity and restraining the
cathodic kinetics, thus hindering the corrosion rate
of AZ80 alloy.

Figure 4 shows the EIS in Nyquist plots
and the corresponding equivalent circuit of the
investigated alloys under open-circuit conditions. In
Fig. 4(a), the Nyquist plot of AZ80 alloy displayed
the typical characteristic, agreeing with other
studies [14,15], characterized by a high-frequency
capacitive loop and a low-frequency inductive loop.
The high-frequency capacitive loop represents the
charge transfer process at the metal anode/
electrolyte interface, where an electric double layer
is formed [34]. The corresponding equivalent
circuit can be depicted by the parallel connection of
charge transfer resistance (Rc) and constant phase
elements for the electric double layer (CPEq4). CPE
is a non-ideal capacitor associated with the
non-homogeneity in the electrochemical system,
composed of the magnitude parameter Y and
deviation parameter n from 0 (pure resistance) to 1
(pure capacitance). The low-frequency inductive
loop is caused by the adsorbed reaction
intermediates, implying the ion exchange on the

Table 3 Electrochemical parameters evaluated from OCP and polarization curves

®ocp(Vs SCE)/  @corr (vs SCE)/ Jeon/ Lo/ B/ Ry Veorr/
Anode alloy _ _ _ _

\Y% \Y% (uA-cm?) (mV-dec!) (mV-dec!) (Q-cm?) (mm-al)
AZ80 —1.584 —1.499 48.86 81.37 188.00 756.23 0.54
AZB0+0.2Y -1.597 —1.527 33.60 67.10 216.68 1144.62 0.35
AZ80+0.2Y+0.15Ca -1.612 —1.562 43.91 74.83 202.05 861.57 0.47
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naked
represented by the inductance (L) and its resistance
(Rp) in series [35]. However, for AZ80+0.2Y and
AZ80+0.2Y+0.15Ca alloys, the inductive loop
disappeared and turned into a capacitive loop at low

surface of the Mg anode, which is

frequency, which is described by the corrosion
products film resistance (Ry) in parallel with CPEx.
Figures 4(b, c) show the simulated equivalent
circuit diagram, and the fitted results are
summarized in Table 4. The solution resistance (R;)
is indispensable in equivalent circuits, 5—6 Q-cm?
for investigated alloys in the same test system.
AZ80 alloy had the lowest Ry (1350 Q-cm?)
compared with AZ80+0.2Y (3500 Q-cm?) and
AZ80+0.2Y+0.15Ca (1990 Q-cm?) alloys. Ry and
Ry correspond to the diameters of the high-
frequency and low-frequency loops, respectively,
reflecting the corrosion resistance of Mg alloys [36].
AZ80+0.2Y+0.15Ca alloy exhibited the lower Ry,
suggesting that more porous and thinner products
films are formed on its surface, which is beneficial
to maintaining electrochemical reactivity. The sum
of R and Ry for AZ80+0.2Y alloy was the highest,
in agreement with the results of polarization that
AZ80+0.2Y alloy possessed the best corrosion

2517

resistance. The substitution of inductor for the
surface capacitor in AZ80 alloy signifies that its
corrosion layer was not as protective as the
modified alloys under open-circuit conditions.

The hydrogen evolution and mass loss
measurements under the condition of OCPs can be
utilized to illustrate the corrosion resistance of
investigated alloys in storage; on the other hand, the
self-corrosion resistance during discharge can also
be predicted by that without applying current [37].
Figure 5(a) demonstrates that the modified alloys
were corroded slowly at the initial stage, possibly
from the protective oxide/hydroxide film on the
surface. With increasing the immersion time, the
hydrogen evolution rate increased gradually with
the breakdown of protective film, and the volume of
hydrogen of AZ80 was larger than that of the other
two alloys. The mass loss histogram in Fig. 5(b)
also illustrates that AZ80 alloy had a comparatively
high corrosion rate of (16.86+2.21) mg-cm-d™",
while those of AZ80+0.2Y and AZ80+0.2Y+0.15Ca
were (5.88£0.17) and (6.46+0.08) mg-cm *-d',
respectively. Consequently, the micro-alloyed AZ80
alloys exhibited better corrosion resistance than
AZS80.

4000
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Fig. 4 Electrochemical impedance spectra of investigated alloys in 3.5 wt.% NaCl solution at OCPs: (a) Nyquist plots;
(b) Equivalent circuit of AZ80; (c) Equivalent circuit of AZ80+0.2Y and AZ80+0.2Y+0.15Ca

Table 4 Electrochemical parameters of fitted equivalent circuits

Anode alloy R/ R/ 7 Y(n{ ) i R/ 7 Yf{ ) Ry/ Overall
(Q-cm?) (Q-cm?) (Q-em2s7!) (Q-em?) (Ql-emZs!) (Q-cm?) error/%
AZ80 5.15 1350 1.14x107  0.992 - - - 9800 11600 4.92
AZ80+0.2Y 5.84 3500 9.71x107%  0.942 2230 6.97x10*  0.751 - - 2.99
AZ80+0.2Y+0.15Ca 5.77 1990 8.93x10°%  0.945 619 1.08x1073  0.820 - - 2.92
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3.3 Discharge performance of Mg—air batteries
Discharge curves of assembled Mg—air
batteries with different anodes in 3.5 wt.% NaCl
solution at different current densities from 2.5 to
80 mA/cm? are illustrated in Fig. 6. The discharge
voltages of modified alloys were higher than those
of AZ80 throughout the measuring process, and this
superiority expanded with shifting the current
density to larger values. AZ80+0.2Y+0.15Ca anode
with the highest cell voltage presented the best
discharge ability, consistent with the highest
electrochemical activity from the results of OCPs
and polarization curves. The voltage gradually
decayed with the elapsed discharging time and
became aggravated as the current density increased.
This is ascribed to the augmentation of internal
resistance of batteries, electrode polarization, and
discharge product covering on anode surface
shrinking electrode reaction, etc [38]. When the
current density reached 80 mA/cm? the discharge
curves started to fluctuant with intermittent
sawteeth. AZ80 alloy anode presented the most

potent voltage drop of about 35 mV/s at 80 mA/cm?.
It can be interpreted by the broken equilibrium in
deposition—desorption of surface products where
the violent electrode reaction boosts depositing rate,
but the detaching rate remains unchanged. The
Mg(OH); products covering on the surface impeded
the electrolyte contacting with Mg anode, leading to
dramatic voltage loss during discharge and
substantial ~ fluctuation with peeling-off of
Mg(OH),. Adding Y or Y+Ca in AZS80 alloy
improved the discharge potential owing to the
structure optimization and adjustment of the second
phase.

In addition to the cell voltage, the anodic
efficiency, specific capacity, and energy density are
the critical judging criteria for assembled Mg—air
batteries, as-summarized in Fig. 7. According to the
computational formula (Egs. (2)—(5)), the anodic
efficiency and specific capacity are both dependent
on the mass loss before and after discharge once
the discharge current density and duration are
determined. As applied current density increases,
the mass loss caused by the self-corrosion will
decrease due to the inhibited negative difference
effect, and the anodic efficiency together with
specific capacity will be compromised. The specific
energy density, as a product of voltage and specific
capacity, demonstrates an overall downward trend
together with the cell voltage, indicating that the
applied current density has a greater impact on the
cell voltage than on the anodic efficiency. In other
words, the slight increase in anodic efficiency could
not compensate for the loss in cell voltage drop
with the increase of the current density.

In summary, AZ80+0.2Y+0.15Ca anode
possessed the highest discharge voltage, while
AZ80+0.2Y anode performed the supreme anodic
efficiency, specific capacity, and energy density.
The tiny and uniform S-Mg;7Al, globular particles
in AZ80+0.2Y alloy are beneficial to discharge
activation as well as uniform dissolution. And the
refined microstructure of AZ80+0.2Y+0.15Ca alloy
is conducive to expediting the electrode reaction
kinetics since the augment of grain boundaries can
improve atomic diffusion rate and electron activity
during the discharge process [39]. Table 5 lists the
precise parameters of these three anodes after
discharging at 10 mA/cm? for 10 h for comparison.
All of the anodic efficiencies investigated are less
than 60% at 10 mA/cm?, in which AZ80 possessed



Yu-wen-xi ZHANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 25102526

1.6
(a)
1.5
>
g 147
°
>
= 13}
3
: —o— AZ80
1.2 —— AZ80+0.2Y
—— AZ80+0.2Y+0.5Ca
1.1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Time/h
1.5
(©
1.4 k.(
o
%) 13 N T e S T S
& M
= .
>
= 12f
&
—o— AZ80
1.1F —— AZ80+0.2Y
—— AZ80+0.2Y+0.5Ca

Z
5]
s
o
>
5
Q
—o— AZ80
0.8 —o— AZ80+0.2Y
—— AZ80+0.2Y+0.5Ca
0.7 1 1 1 1 1 1 1 1 L
o 1 2 3 4 5 6 7 8 9 10
Time/h

Cell voltage/V

Cell voltage/V

Cell voltage/V

2519

1.6
(b)
1.5F
N
14 P o T~
.~~—7’.Mﬂ~_s—..'=_'~"‘~'= M_
1.3F
—ao— AZ80
1.2+ —— AZ80+0.2Y
—— AZ80+0.2Y+0.5Ca
1.1 1 1 1 1 1 1 1 1 1
0o 1 2 3 4 5 6 7 8 9 10
Time/h
1.4
(d
1.3F
..
uf 2?%umm~
e
L1} o
—— AZ80
1.0+ —o— AZ80+0.2Y
—— AZ80+0.2Y+0.5Ca
0.9 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10
Time/h
0.8
(03]
.
N
0.7} \'\\\
0.6 -
0.5
0.4r —— AZ80+0.2Y
—— AZ80+0.2Y+0.5Ca
003 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10
Time/h

Fig. 6 Discharge curves of investigated anodes in 3.5 wt.% NaCl solution at different current densities: (a) 2.5 mA/cm?;
(b) 5 mA/cm?; (c) 10 mA/cm?; (d) 20 mA/cm?; (e) 40 mA/cm?; (f) 80 mA/cm?

the lowest anodic efficiency of 48.55%. The
unsatisfactory discharge properties of the AZ80
anode at all current densities were associated with
abundant p-Mg7Al;; phases and coarse Al-Mn
phases. At 80 mA/cm?*, AZ80+0.2Y anode realized
the peak anodic efficiency (67%) and specific
capacity (1524 mA-h-g™"), which also displayed the
highest specific energy density (1671 mW-h-g™") at
5 mA/cm?* due to the obvious reduction of discharge

voltage at a large current density.

It is worth noting that the cell voltage of
AZ80+0.2Y+0.15Ca anode was the highest at
different current densities, but the anodic efficiency
and specific capacity were lower than those of
AZ80+0.2Y anode. On the one hand, alloying Mg
with the electrochemically active element Ca could
activate the alloy and improve its discharging
voltage. On the other hand, Ca incorporated in the
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Fig. 7 Discharge properties of assembled Mg—air
batteries with different anodes: (a) Average cell voltage
and anodic efficiency; (b) Discharge capacity and
specific energy

Table 5 Discharge parameters of investigated anodes at
10 mA/cm? for 10 h

Average Anodic
Alloy .
voltage/V efficiency/%
AZ80 1.268 48.55
AZ80+0.2Y 1.306 55.03
AZ80+0.2Y+0.15Ca 1.337 51.06
Specific Specific energy
Alloy capacity/ density/
(mA'h'gfl) (mW'h'gfl)
AZ80 1109 1405
AZ80+0.2Y 1255 1640
AZ80+0.2Y+0.15Ca 1165 1557

S-Mgi7Al > phase could increase the Volta potential
difference between [-Mgi7Al; and a-Mg [40];
although the increase is slight, it is still deleterious
to corrosion resistance. Besides, the Al,Ca phase is

a relatively strong galvanic cathode phase [41].
When Al,Ca is combined with the ALY phase to
form Aly(Y,Ca) intermetallics, the micro-couple
corrosion might be enhanced. Furthermore, the
grain refinement from Ca alloying, where more
grain boundaries are attacked preferentially during
the discharge and corrosion process, can enhance
the discharge activity and corrosion rate
simultaneously. Accordingly, AZ80+0.2Y anode
with excellent overall discharge performance has
the great potential for battery anode material.

3.4 Surface morphologies after discharge

To further understand the various discharge
performances, the surface morphology of three
anodes after discharge is taken into account.
Figure 8 displays the surface morphologies before
the removal of reaction products after discharging
at 2.5 and 10mA/cm® for 10h. The surface
products of Mg anode in the aqueous electrolyte are
generated by discharge reaction (Eq.(9)) and
self-corrosion reaction (Eq. (10)) synchronously:

Mg+1/20,+H,0—~Mg(OH), )]
Mg+2H20_’Mg(OH)2+H2 (10)

The structure of products Mg(OH), is loose
and porous, which cannot provide corrosion
protection, but hinder the direct contact between the
electrolyte and Mg matrix. It can be seen that the
AZ80 anode surface was covered by dense and
integrated discharge products both at 2.5 and
10 mA/cm? in Figs. 8(a, b). In comparison, there
were more obvious cracks exiting in the
AZ80+0.2Y anode surface in Figs. 8(c, d), and
some products were spalled from the substrate in
the magnified figure of Fig. 8(c). This phenomenon
illustrates that the sole addition of 0.2 wt.% Y in
AZ80 anode can promote the breaking up and
exfoliation of discharge products, leading to a
sufficient discharge reaction. Additionally, the
refined and homogeneously-dispersed [-Mgi7Al2
phases in AZ80+0.2Y anode contributed to the
uniform dissolution of the Mg matrix, accompanied
by the products being apt to be peeled off.
Interestingly, for AZ80+0.2Y+0.15Ca anode, some
micron holes on the surface were observed in
Fig. 8(e). The inner wall of the hole is smooth and
inverted horn-shaped, suggesting these holes are
possibly hydrogen stomata. Although the fraction of
[-Mgi7Al> was reduced after the addition of Y and
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Fig. 8 Surface morphologies with discharge products of AZ80 (a, b), AZ80+0.2Y (c, d) and AZ80+0.2Y+0.15Ca (e, f)
anodes after discharge in 3.5 wt.% NaCl solution at 2.5 mA/cm? (a, c, €) and 10 mA/cm? (b, d, ) for 10 h

Ca, the incorporation of Ca in f-Mgi7Al;; and ALY
phase boosted the partial corrosion reaction. As a
result, the enhanced hydrogen evolution destroyed
the integrality of corrosion products and attracted
the electrolyte to the surface of the fresh Mg matrix
through the stomata channel to maintain the
discharge reaction. Moreover, in Fig. §(f), the
surface of AZ80+0.2Y+0.15Ca anode shows rising
micro-cracks after a discharge process at
10 mA/cm? so that the electrolyte can smoothly
penetrate the discharge products and react with the
Mg substrate.

After removing the discharge products, all of
the anodes displayed the island structure, consisting
of slightly dissolved flat zones and seriously
dissolved depleted zones, as seen in Figs. 9(b, e, h)

and 9(c, f, 1), respectively. AZ80 anode showed the
extremely uneven morphology in Fig. 9(a), and
the flat zone was almost free of dissolution in
Fig. 9(b), characterized by a few shallow micro-
cracks (marked by red arrows) in the matrix and
lamellar S-Mgi7AlL; (marked by white arrows)
along the grain boundaries. The depleted zone
exhibited the distinctly rugged morphology in
Fig. 9(c), where some metal blocks were about
to split off around the edge, namely “chunk
effect” [42]. This “chunk effect” is ascribed to
the abundant discontinued p-Mgi7Ali> phases
agglomerated in the grain boundaries, boosting the
dissolution of the surrounding Mg matrix along the
grain boundaries. Once the consumption of a-Mg
is complete along the boundaries, the undissolved
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Fig. 9 Surface morphologies after removal of discharge products of AZ80 (a—c), AZ80+0.2Y (d—f), and AZ80+
0.2Y+0.15Ca (g—i) anodes after discharge in 3.5 wt.% NaCl solution at 2.5 mA/cm? for 10 h

metal blocks entrapped in the discharge products
will detach from the surface to the electrolyte and
cannot contribute to effective discharge reaction.
The Al-Mn phases in AZ80 alloy accelerating the
severe accumulated corrosion of Mg matrix is
another reason for the decrease of AZ80 discharge
efficiency.

In the flat zone of AZ80+0.2Y anode, some
fine B-Mgi7Al, particles were observed in the
etched pits in Fig. 9(e) where a-Mg around these
particles was consumed partially. As the dissolution
proceeds, the fine f-Mgi7Al;; particles will fall off
easily without the support of the Mg matrix, thus
activating Mg dissolution and impeding the severe
partial corrosion. The integrated ALY particle
remained on the knap of the dissipative matrix after
severe dissolution in Fig. 9(f), suggesting that ALY
is more electrochemically stable than f-Mgi;Ali2
and cannot bring grievous parasitic corrosion,
similar to Ref. [24]. Figures 9(g—i) demonstrate
that AZ80+0.2Y+0.15Ca alloy experienced more
evident dissolution compared with only 0.2 wt.%
Y-modified alloy, which is related to the

enhancement of electrochemical activity after Ca
addition. However, the substrate of Ca-containing
alloy was etched evenly by sodium chloride
solution at 2.5 mA/cm”in Figs. 9(h, i). In addition,
many micro-cracks emerged in the dissolved
surface, which is favorable for improving the
electrochemical reaction area with electrolytes.
According to Fig. 10, all anodes presented the
heavily rugged discharge morphologies at larger
current densities of 10 mA/cm?” after removing the
discharge products. There were substantial deep
cavities and nearly no undissolved area on the test
surface. The magnified images of Figs. 10(b, d, f)
illustrated relatively uniform dissolution behavior
compared with 2.5 mA/cm? attributed to the
escalating dissolution rate of the anode with the
increase of current density. In addition to several
large holes in the AZ80 anode (Fig. 10(a)), some
geometrically irregular holes were also observed in
dissolution ruins marked by green arrows in
Fig. 10(b), which is caused by the mechanical
desquamation of metallic particles as ‘“chunk
effect”. However, AZ80+0.2Y and AZ80+0.2Y+
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Fig. 10 Surface morphologies after removal of discharge products of AZ80 (a, b), AZ80+0.2Y (c, d), and AZ80+
0.2Y+0.15Ca (e, 1) anodes after discharge in 3.5 wt.% NaCl solution at 10 mA/cm? for 10 h

0.15Ca alloys demonstrated the smoother magnified
morphologies, implying more even dissolution for
modified anodes. The surface morphology of
Ca-containing alloy was featured with dense tiny
hydrogen holes after discharging at 10 mA/cm?
for 10 h in Fig. 10(f), which is different from the
large and sparse hydrogen holes on the surface
with discharge products at 2.5 mA/cm?. Although
hydrogen evolved from the self-corrosion reaction
is deleterious to the anodic efficiency, the released
hydrogen can accelerate the rupture and spalling of
discharge product to maintain anode interacting
with electrolyte.

To clarify the impact of the chunk effect on
different anodes, the backscattered electron (BSE)
images of the cross-section are presented in Fig. 11.

AZ80, AZ80+0.2Y, and AZ80+0.2Y+0.15Ca
anodes all experienced severe dissolution during
10 h discharge at 10 mA/cm?. The test surfaces of
three anodes were covered by thick discharge
products, in which some undissolved matrix could
be seen, surrounded by discharge products and lost
the contact with the bulk matrix, a typical chunk
effect to destroy the anode utilization. Apart from
the abundance of undissolved metallic portions, in
AZ80 alloy, extra dissolution pits in the matrix
indicated that more serious partial dissolution took
place on the other side, gradually developing into
chunk effect, as shown in Fig. 9(c). According to
Figs. 11(b, ¢), more homogeneous dissolution and
reduced metallic particles were found in micro-
alloyed anodes, implying the weakened chunk
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Fig. 11 Cross-sectional morphologies of AZ80 (a), AZ80+0.2Y (b), and AZ80+0.2Y+0.15Ca (c, d) anodes after

discharge in 3.5 wt.% NaCl solution at 10 mA/cm? for 10 h

effect. In Fig. 11(d), the magnified morphology
with EDS line scanning curves suggests that the
precipitation of the AI-Mn phase caused a partial
chunk effect, which played a considerable role in
utilization efficiency loss. Hence, the strong
cathodic phase should be circumvented in anode
materials design.

4 Conclusions

(1) The sole addition of 0.2 wt.% Y into AZ80
alloy significantly refined and sphered the
p-Mgi7Al 1, phase, which dispersed more uniformly
in the matrix. The combinative addition of 0.2 wt.%
Y and 0.15 wt.% Ca brought 17% grain refinement
and reduced the fraction of the f-Mgi;Al; phase
from 3.68% to 2.92%. Ca participated in the
Mg7Al; and ALY phase to replace partial Mg and
Y atoms in phase composition, respectively.

(2) The refined, spherical, and reduced
[-Mgi7Al; phase in modified alloys inhibited the
severe localized corrosion, and stimulated a more
even electrochemical reaction, resulting in an
alleviated chunk effect and enhanced anode
utilization. AZ80+0.2Y+0.15Ca alloy possessed the
highest electrochemical activity owing to the
activation and grain refinement from Ca, but its

corrosion resistance was inferior to AZ80+0.2Y
alloy since the incorporation of Ca in Mg;7Al;» and
AlY compounds accelerated the galvanic corrosion.

(3) In the Mg—air battery test, AZ80+0.2Y+
0.15Ca anode exhibited the highest discharge
voltage at all current densities. The plentiful
hydrogen evolution in AZ80+0.2Y+0.15Ca anode
promoted the Mg(OH), products desorption, which
was beneficial to improving the reaction activity,
but compromised the anodic efficiency. AZ80+
0.2Y anode provided peak specific capacity
(1524 mA-h-g’") and anodic efficiency (67%) at
80 mA/cm?, 13%, and 14% higher than those of
AZ380 anode, respectively.
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1 VUSRS MR 5 TR R MR EBOR A M S =, #R 6100315
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W OE: WREY). ZHE5(Y+Ca) xS S It B A B Mg—8A1-0.5Zn—0.2Mn(AZ80) & 4x BLAL 24T A
FUBCREERE IR . S5 RER, W0 0.2%(F R E0 M Y 0] LLEE TR AZ80 PHAR [ i th v R e iE o IXOR KA
TE AZ80+0.2Y & & kA o3 A 45 41/ INTREBURIERTE B-MgizAlio A8, 7T LA ™ 25 (0 JR 3 S R “ HotR sk s, i
FIT o-Mg FIBRE A . (RIS N 0.2% Y F10.15% Ca(ii & 73 #0) E fn ki i il . p-MgirAl #ig>, SEURHH
JEaE— iR o SR, AZ80+0.2Y+0.15Ca FHAR HIMR il It A1 BH AR R AN AZ80+0.2Y , iX - 2 5 MgirAl Al ALY
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