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Abstract: Mg-0.5 (wt.%)Ca alloys with different microstructures are prepared through casting
followed by different cooling rates. The impact of microstructure, especially second phase
morphology, on self-corrosion and discharge performance of Mg-0.5Ca alloys is investigated.
The water-cooled Mg-0.5Ca alloy shows a lower self-corrosion rate than the air-cooled one
and enables the Mg-air cell to possess increased utilization efficiency and enhanced energy
density. Intermittent discharge tests are performed to study the battery performance after no-
discharge intervals. All results indicate that the water-cooled Mg-0.5Ca cast alloy could be a
promising anode material for aqueous Mg-air batteries with long-term storage and under

intermittent discharge.
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1. Introduction

Agqueous primary Mg-air batteries have attracted attention for some time due to their
high theoretical energy density (6.8 kWh kg based on anode), discharge voltage (3.1 V),
volumetric capacity of metallic Mg (3832 mA h c¢m=, vs. 2061 mA h cm™ for Li) and
relatively low cost [1-3]. Despite these advantageous characteristics, the spread of this
technology is rather limited because of a number of critical obstacles related to the self-
corrosion and discharge kinetics of metallic Mg-based anodes. A number of research works
have been dedicated to overcoming the limitations of Mg-air batteries for practical
applications, such as poor self-corrosion resistance and surface blockage of the anode.
Performance boost for the primary Mg-air system can be achieved by developing novel
Mg anodes [4-7] as well as tailoring electrolyte compositions [8-13]. During the past
decades, several types of Mg alloys have been proposed for use in Mg-air systems, i.e., Mg-
Al-Zn [14, 15], Mg-Al-Pb [16], Mg-Al-Sn [17-19] and Mg-Li [20-22]. Nevertheless, the
practical voltage and specific capacity of such systems are still much lower than the
theoretical values. In addition, the Pb commonly used in Mg-Al-Pb alloys is harmful to the
environment despite its positive impact on the discharge voltage of Mg-air batteries.
Furthermore, in terms of Mg-Li anodes, quaternary or even quintenary alloys doped with
several alloying elements, like Zn, Y, Ce or Al, are necessary to ensure both a high voltage
and low self-corrosion rate. The large amount of alloying elements that have a higher density
than Mg would decrease the gravimetric capacity of the Mg anodes and substantially reduce
the technical tolerances, leading to a large increase in associated costs. In this context, novel
binary Mg-Ca anodes with a minor amount of Ca (less than 0.5 wt.%) were proposed in our
previous work [23], in which battery performance as a function of different anodes
was compared. The results demonstrate the application potential of Mg-Ca anodes due to
their superior discharge performance compared to that of high-purity Mg and some

commercial magnesium alloys.



It is well known that the microstructure, including the grain size, second phase morphology
and distribution, has a great effect on the corrosion resistance and electrochemical
performance of Mg alloys. Therefore, microstructure tuning through various processing
methods, e.g., heat treatment and plastic deformation, has become the most popular approach
to improve the discharge properties of Mg anodes [15, 24-27]. As demonstrated by Huang et
al. [14], an as-rolled AZ31 anode shows a higher discharge activity and voltage than the as-
cast material when acting as the anode for a Mg-air battery. Regarding Mg-Ca alloys, the
impact of microstructure on corrosion resistance has been widely investigated, but most
studies were performed on Mg-Ca alloys with high Ca contents (> 1 wt.%) and in biomedical
solutions [28-31]. Jeong et al. [31] studied the effect of microstructural refinement on the
corrosion resistance of Mg-Ca alloys by indirect extrusion. No improvement in the corrosion
resistance for a Mg-0.4 wt.% Ca alloy in Hank’s solution was found in this research, and they
attributed this to the competition between grain refinement and increased dislocation and twin

densities.

Nevertheless, the influence of second phase morphology and distribution in Mg-Ca alloys
with a low Ca content is still unclear. To the best of our knowledge, no research has revealed
the effect of the microstructure on the discharge properties of Mg-Ca anodes for primary Mg-
air systems. Therefore, the aim of this work is to investigate the effect of the microstructure,
especially the second phase morphology and distribution, on the self-corrosion rate of binary
Mg-Ca alloys as well as their capability as an anode material. In addition, the application
prospect of Mg-Ca alloys is also studied when serving as anodes for aqueous Mg-air batteries
with long storage times under intermittent discharge. The Mg-0.5 wt.%Ca alloy was chosen as
the research object in this work to ensure a relatively high content of the second phase
because the effect of the second phase morphology is the emphasis here. This composition is
still in the range of the optimized alloy composition of binary Mg-Ca anode, i.e., Mg-(0.1~

0.5) wt.%Ca,



as concluded in our previous work [23], which indicated only a slight difference between the

discharge properties of Mg-0.1Ca and Mg-0.5Ca alloy anodes.

2. Experimental procedures
2.1 Materials preparation

Mg-0.5Ca alloys with nominal composition of Mg-0.5 wt% Ca were prepared
through conventional casting with a pure Mg ingot (99.96 wt. %) and pure Ca chips (99.0 wt.
%). The raw materials were placed in a steel crucible protected by Ar and SFs mixed gas and
then heated to 760 °C. Before casting, the melting metal was stirred for 5 min to ensure
composition homogeneity. Afterwards, to obtain Mg-0.5Ca alloys with identical
compositions but different microstructures, the melt was cast into two moulds with different
cooling methods, i.e., in air and in water. The mould for air cooling was cylindrical with
a diameter of 18 mm and a thickness of 10 mm, while the mould for water cooling was
cylindrical with a diameter of 60 mm and a thickness of 6 mm. The bottom and top portions
for each prepared ingot with a length of 20 mm were discarded due to the possible
accumulation of impurities and oxide. Specimens for all experiments were extracted from the
rest of the ingots after removing the surface oxide. The chemical composition of the prepared
materials is presented in Table 1. Ca was detected with atomic absorption spectroscopy,
while other elements were measured by optical emission spectrometry. The content of
impurities, which have a substantial influence on Mg corrosion [13, 32, 33], were low and
below their tolerance limitations. The two alloys that were air cooled and water cooled are

referred to as AC and WC alloys, respectively.
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2.2 Microstructure observation

The corresponding microstructures of the prepared alloys were characterized via
optical microscopy (OM) and scanning electron microscopy (SEM). To obtain samples
with a high quality, all the specimens embedded in epoxy were ground with 4000 grit silicon
carbide paper followed by a polishing process with the assistance of a water-free SiO>
oxide polishing suspension (OPS). All the specimens after polishing were immersed in
ethanol and cleaned by ultrasonication. Afterwards, an acetic-picric acid solution was used
for sample etching before optical microscopy analysis. The grain sizes were determined
through the average grain intercept (AGI) method. In the case of both alloys, five pictures
were collected with OM and then utilized to calculate the average grain size. Additionally,
element analysis for second phase particles was carried out with energy dispersive X-ray

spectrometry (EDX).
2.3 Immersion tests

The corrosion rates of the Mg-0.5Ca alloys were evaluated at a free corrosion potential and
room temperature using the hydrogen collection method after immersion in a 3.5 wt.% NaCl
solution. The experimental configuration used here is similar to that commonly used for
studying Mg corrosion [17, 34]. An inverted burette with a funnel covering the
corroding sample was used to collect the evolved hydrogen during the immersion period.
Each sample with a surface area of nearly 8 cm? was suspended and completely exposed
in the solution through a fishing line and a plastic screw with a diameter of 2.5 mm.
Crevice corrosion was avoided with this specimen configuration that was proposed by Shi
et al. [35]. Before the hydrogen evolution test, each sample was ground with SiC
sandpapers up to 1200 grit. The weight loss of each specimen after the immersion test
was measured after removing the corrosion products in a diluted chromic acid solution
(200 g L™). In addition, the surface morphology of each alloy after immersion for a short

time was also recorded with SEM to



study the origination and propagation of the corrosion. Before exposure to the solution, each
sample was polished to remove most scratches. Samples after the hydrogen evolution

measurement were also observed with SEM after removing the corrosion products.
2.4 Electrochemical impedance spectroscopy (EIS)

EIS measurements after discharge were performed with a potentiostat (Gamry, USA) to
compare the discharge activity of the Mg-0.5Ca alloys. A typical three-electrode system was
applied with the specimen serving as the working electrode. The reference and counter
electrodes were saturated Ag/AgCl and Pt plates, respectively. After the specimens were
ground with 1200 grit sandpaper, they were exposed to the solution with a working surface
area of 1 cm?. The samples were scanned from a high frequency (100 kHz) to a low frequency
(0.01 Hz), and the sinusoidal excitation voltage was 10 mV rms. Three separate samples of

each Mg-0.5Ca alloy were used for EIS measurement to ensure reproducibility.
2.5 Mg-air battery tests

A full cell constructed in the laboratory was used to compare the discharge properties of the
magnesium-air system using the Mg-0.5Ca alloys as the anode. A conventional air cathode
comprising a gas diffusion layer, a C/MnO- catalyst layer and a nickel mesh current collector
layer was utilized. A 3.5 wt.% NaCl solution was adopted as the electrolyte. The working
surface area of the anode for all discharge tests was approximately 2.5 cm?. Discharge curves
at different current densities, i.e., 2 mA cm? and 10 mA cm, were recorded using a Gamry
interface 1000 potentiostat. After discharge, the corrosion products on the anode surface were
removed in a 200 g L chromic acid solution. Afterwards, the specific energy density (based
on the anode only) as well as the anode utilization efficiency were calculated. The following

equations were used [36, 37]:

Utilization efficiency (%) = =2 x 100% 1)
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where U (V) represents the instantaneous cell voltage corresponding to discharge time t (h), I
(A) is the applied current, AW (kg) represents the specific anode mass loss during each
measurement, and Wy., (kg) is the theoretically consumed anode mass attributed to the
faradaic process. The value of AW was obtained via the measured weight of the specimens
before the discharge test and after removal of the discharge products. The theoretical weight

loss Wy, Was obtained via the equation [38, 39]:
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where F is the Faraday constant (26.8 Ah mol™); and m; (g mol™), n; and x; are the atomic
mass, number of exchanged electrons and mass fraction relevant to Mg and each alloying
element, respectively.

Surface morphologies and corresponding corrosion sections of samples after discharge were
recorded with SEM as well. In addition, an intermittent discharge test was also carried out for
Mg-air batteries with both Mg-0.5Ca anodes at 2 mA cm™. In each cycle, the discharge
process lasted for 10 hours followed by a no-discharge period of 5 hours. Five cycles were

tested to evaluate the stability of Mg-Ca relevant batteries during long-term usage.

3. Results
3.1 Microstructure

Two different microstructures were obtained by the different cooling methods, as indicated
by Fig. 1. The optical images (see Fig. 1(a, d)) show that water cooling slightly decreases (by
ca. 16%) the grain size of this alloy compared to air cooling. The calculated grain size is 577

+ 180 pum for the AC alloy and 438 + 53 um for the WC alloy (average of three samples from



(8)

Mg (wt.%) Ca (wt. %) Si (wt. %)

A 82.1 9.4 8.5
B 91.3 8.5 0.2
c 56.3 23.7 20.0
D 92.0 7.8 0.2

Fig. 1. Optical and SEM images of Mg-0.5Ca alloys: (a, b, ¢) AC; (d, e, f) WC. (b, e) SEM
images of ingot horizontal plane; (c, f) SEM images of ingot vertical plane. Table g is the

EDX results for particles marked A, B, C and D.

different locations). Furthermore, the morphology and distribution of the second phase, which
is generally an a-Mg/Mg.Ca eutectic aggregate [23, 40, 41], also varied with different
cooling methods, as demonstrated by the scanning electron microscopy images (see Fig. 1(b,
c, e, ). It is noteworthy that for both materials, the second phase morphology corresponding
to the ingot horizontal plane and vertical plane are identical. For the AC material, a large
number of fine second phase particles is distributed uniformly in the matrix. In contrast, for
the WC material, except for a few second phase particles in the grain interior, most of the
second phase is relatively continuous and is distributed along grain boundaries as dendrites.
Nevertheless, the grain boundaries are not fully populated by the second phase because of its
insufficient amount due to the relatively low Ca content. In other words, grains in the

Mg-0.5Ca WC alloy



are not completely surrounded by continuous second phases. Specimens from the centre and
edge of the WC alloy ingot also exhibit the same second phase morphology, indicating good
ingot homogeneity. The only difference is the slightly larger grain size of the specimen from
the edge (485 + 122 um) compared to that from the ingot centre (381 = 65 um). In addition,
except for the o-Mg/Mgz.Ca eutectic phase, some small impurity-rich particles with
compositions of Mg-Ca-Si or Mg-Ca-Si-Fe are also found in both materials. This is consistent
with the description on the microstructure of the Mg-0.8 wt.% Ca alloy by Mohedano et al.
[41] and Mg-0.54 wt.% Ca alloy by Zeng et al. [42]. As shown in Fig. 1(g), the EDX results
of points A and C, as marked in the SEM images, also prove the existence of Mg-Ca-Si
particles. Mg-Ca-Si-Fe particles are not noted here because of their low quantity due to the
low Fe content in both alloys. Particles B and D with larger sizes are regular a-Mg/Mg.Ca

eutectic phases, as shown by the EDX results.
3.2 Hydrogen evolution

Fig. 2 presents the hydrogen evolution results of the Mg-0.5Ca alloys obtained with
different cooling methods. Two samples of both materials were tested in parallel under
the same experimental conditions to ensure the reproducibility of the results. At the
initial stage of immersion (nearly three hours), the WC alloy suffers a higher hydrogen
evolution rate, indicating a faster corrosion rate than the AC alloy. Thereafter, the hydrogen
evolution rate of the WC alloy slows down and is surpassed by that of the AC alloy. During
the later immersion period, both materials show relatively stable hydrogen evolution rates.
Concerning the whole 7-day immersion test, the WC alloy evolved less hydrogen than the AC
alloy, showing that the former had a lower average corrosion rate than the latter in the 3.5 wit.
% NaCl solution. With the hydrogen evolution rate, the self-corrosion rate of these two
materials can be deduced according to the equation Py (mm y?) = 2.088 Vi (ml cm? d?)
[43]. The average corrosion rate obtained from hydrogen evolution data is 0.15 mm y* for

the WC Mg-0.5Ca alloy and



0.26 mm y* for the AC material. It should be noted that the corrosion rate could be
underestimated with the hydrogen evolution method, especially for Mg alloys with a high
corrosion resistance [44, 45]. In this case, corrosion rates of these alloys were also
determined according to results of weight loss measurement via the conversion Pw (mm y1) =
2.1 AW(mg cm d1) [43]. The measured corrosion rate is 0.20 mm y* for the WC alloy and
0.31 mmy?

for the AC alloy, both are lower than the corrosion rate of most Mg alloys in similar
solutions, as summarized by Cao and co-workers [46]. A low corrosion rate of the anodes
during the no-discharge period is crucial for the aqueous primary Mg-air system to increase
its service life. Therefore, the remarkably low overall corrosion rate enables Mg-0.5Ca alloys
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Fig. 2. Hydrogen evolution of Mg-0.5Ca alloys in 3.5 wt.% NaCl solution (unbuffered, pH

5.6).

3.3 Mg-air battery properties

The cell voltage and specific energy density of the battery based on different Mg-0.5Ca
anodes were tested and are presented in Fig. 3. A drastic difference is not found between the

cell voltages of the electrochemical system with these two anode materials, except that the



battery with AC anode shows gradually increasing voltage, while the voltage for that with WC
material is relatively stable. Nevertheless, apparent differences can be found regarding the
utilization efficiency as well as the specific energy density based on the anode materials during
the discharge process (see Fig. 3b). The WC anode shows higher utilization efficiency than the
AC anode at both current densities. Compared to that of the ordinary air cooling, the water
cooling increases the utilization efficiency of the Mg-0.5Ca anode from 37.1% to 44.5% at a
low current density of 2 mA cm. At a higher current density, i.e., 10 mA cm, the increase in
the utilization efficiency is less pronounced, approximately 5.7%. In the case of specific energy
density, the variation is similar. The battery system based on the WC anode supplies a higher

energy density than that based on the AC material, especially at lower current density.
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Fig. 3. Mg-air battery performance corresponding to Mg-0.5Ca anodes: (a) cell voltage; (b)
utilization efficiency and energy density. 3.5 wt.% NaCl solution is adopted as the electrolyte,

while C/MnO: acts as catalyst in the air cathode.

The intermittent discharge behaviour of the batteries operating with the AC and WC alloy
anodes at 2 mA cm are presented in Fig. 4. Similar to the results presented in Fig. 3a, the cell
voltage based on the AC anode increases gradually during every discharge period. However,
its average voltage is found to decrease with increasing number of discharge cycles. For
instance, the average voltage in the first discharge cycle is 1.506 V, while in the fifth discharge

cycle it is 1.485 V. Such change is not as obvious for the intermittent discharge of the battery



based on the WC anode. The average voltage is 1.499 V for the first discharge cycle, while it
is 1.490 V for the fifth cycle. In other words, this battery system can maintain a stable voltage
even after several closed/opened circuit cycles, which is important for the practical
application of battery systems concerning sporadic switch-on and switch-off operation. In
addition, the OCV of the battery with the AC anode is higher than that based on the WC

anode in all intervals between the discharge processes.
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Fig. 4. Intermittent discharge curves of lab-made Mg-air cells adopting Mg-0.5Ca anodes with
applied 2 mA cm2 current density. 3.5 wt.% NaCl solution is adopted as the electrolyte, while

C/MnO; acts as catalyst in the air cathode.
4. Discussion
4.1 Effect of microstructure on corrosion behaviour

It is well known that a faster solidification rate leads to finer grains due to the increased
nucleation rate and decreased time for grain growth [47-49]. Therefore, the Mg-0.5Ca sample
prepared with water cooling shows a smaller grain size than that prepared through air cooling.
In addition, the solidification rate can also significantly affect the second phase morphology.

For the alloy prepared with air cooling, the a-Mg solid solution is saturated with Ca atoms at a



high temperature. During the slow solidification process, the Ca distributed uniformly in the
Mg matrix and precipitated as Mg>Ca particles due to the low solid solubility of calcium in a
magnesium matrix at low temperature. By contrast, when prepared with water cooling, the
faster cooling rate caused a greater segregation of the solute atoms [50] (Ca atoms in this study)

and that led to the precipitation of Ca as a coarse a-Mg/Mg.Ca eutectic structure.

The surface morphology after immersion for different times was recorded and is presented
in Fig. 5 to demonstrate the dissolution process of the Mg-0.5Ca alloys. To observe the
dissolution process at the very initial stage, diluted NaCl solution with a concentration of 0.5
wt.% was utilized. The surface morphologies after exposure in 0.5 wt.% NaCl solution for 5
min and 30 min are demonstrated in Fig. 5(a-d). It can be seen that the corrosion of both
materials begins at some preferential points, in which impurity particles exist, as proven by the
inserted EDX maps. This is reasonable because these impurity-rich particles have a large
potential difference with the Mg matrix [41] and become the driving force for galvanic
corrosion. Thereafter, the Mg.Ca phases undergo corrosion due to their higher negative
potential than the Mg matrix [30, 51, 52], which renders the Mg.Ca to be the anode that
preferentially undergoes corrosion in the micro-galvanic cell coupled with Mg matrix. After
exposure to a 3.5 wt.% NaCl solution for 24 hours, both Mg-0.5Ca alloys show surfaces
covered with thin but compact oxide films with few micro-cracks, in addition to some coarse
corrosion products in the sites that experienced galvanic corrosion (see Fig. 5e and f)). As
reported, Ca-containing Mg alloys typically exhibit a protective calcium carbonate film on the
surface after immersion [53]. Furthermore, the surface morphologies of both alloys after
immersion for 7 days and removal of the corrosion products are also shown in Fig. 5g and h.
Scratches left by the mechanical grinding are still apparent on the surface of both alloys even
after 7 days of immersion, which is further evidence of the low self-corrosion rates of these

two Mg-0.5Ca alloys prepared via different cooling routes. However, the AC alloy experienced



5 minutes

30 minutes

24 hours

7 days

Fig. 5. Surface morphology of Mg-0.5Ca alloys after immersion for different time in: (a-d) 0.5
wt.% NacCl solution; (e-h) 3.5 wt.% NaCl solution. The surfaces after 7-days immersion are
recorded after removing corrosion products. The inserted image in (b) is the EDX mapping for

Fe, while in (g, h) it is corresponding enlargement of marked area.



localized corrosion to some extent, leaving a number of cavities and one corrosion strip on the
surface, as shown in Fig. 5g. In contrast, the corrosion is more general and uniform on the WC
alloy. The Mg.Ca phases are still visible in the dendrites along the grain boundaries (see the

inserted enlargement in Fig. 5h).

In conclusion, both the hydrogen evolution and surface morphologies indicate that the
corrosion rates of Mg-0.5Ca alloys decrease after immersion for several hours due to the
protective oxide/hydroxide film that formed on the alloy surface. The Mg-0.5Ca alloy
processed with water cooling has a slower average corrosion rate than the AC alloy after a long
immersion time, even though it reverses at the initial stage of several hours. Grain size is not
the crucial factor for the different corrosion rates of the Mg-0.5Ca alloys because the grain
refinement caused by water cooling is slight. Instead, the morphology and distribution of the
second phases act as key factors for the various corrosion behaviours of the Mg-0.5Ca binary
alloys. Concerning the initial exposure period in solution, the WC alloy shows a higher
dissolution rate due to the presence of the continuous active Mg.Ca phases along grain
boundaries. Compared to the fine Mg.Ca particles distributed uniformly in the AC alloy, the
large second phases in the WC alloy expose a larger surface area of the anodic phases to the
solution, leading to a faster overall hydrogen evolution rate. With increasing immersion time,
the formation of a protective film suppresses the corrosion rates of both the WC and AC Mg-
0.5Ca alloys. However, the corrosion rate of the AC material becomes higher than that of the
WC material. This can be attributed to the propagation of pitting or localized corrosion caused
by more impurity-rich particles and smaller MgzCa particles in the AC alloy. As stated by
Seong and Kim [54], there is a greater probability of isolated corrosion pits left by the

dissolution of small Mg.Ca particles that connect to form large and deep pits.

4.2 Effect of microstructure on utilization efficiency and energy density



The experimental results shown in the previous section indicate that both the utilization
efficiency and energy density of the WC Mg-0.5Ca alloy are higher than those of the AC alloy
at different current densities. Generally, the energy density of the Mg-air battery relates to the
utilization efficiency of the electrodes as well as the cell voltage. In the case of this research,
the battery voltage corresponding to the AC and WC alloy anodes has no significant difference,
so the energy density depends only on the utilization efficiency of the anodes. According to
equation (1), the utilization efficiency is inversely proportional to the actual weight loss of the
anode during discharge. Actually, the weight loss during discharge consists of three parts,
namely, the weight loss caused by impressed discharge current, the weight loss by self-
corrosion of the Mg anodes and the weight loss due to the detachment of undissolved grains
(known as the “chunk effect”) [16, 23, 55, 56]. The chunk effect is also a kind of self-corrosion
process occurring via different mechanisms. Therefore, the lower corrosion rate of the WC
alloy measured in 3.5 wt.% NaCl solution at OCP could partly contribute to its higher
utilization efficiency than that of the AC anode. To explore the contribution of the chunk effect,
the surface morphologies of these two materials after discharge are shown in Fig. 6. It is
remarkable that the surface of the AC anode after discharge and removal of the discharge
products is rugged (see Fig. 6a), while the surface of the WC anode is more even in spite of
some relatively small cavities (see Fig. 6b). From the cross-section presented in Fig. 6¢, some
undissolved grains can be found in the discharge product layer of the AC anode. These
undissolved grains can detach from the anode surface into the solution along with the falling
down of discharge products. In this way, they do not participate in the discharge process of Mg
anodes and therefore decrease the utilization efficiency. In contrast, few undissolved grains can
be found for the WC material (see Fig. 6d), indicating a slight impact of the chunk effect. In
addition, for both anodes, there are some discharge cracks penetrating down into the anode

substrate, as shown by the enlarged BSE images of the marked areas. These cracks or discharge



channels are most likely along the grain boundaries, as demonstrated by the presented
corresponding optical images. The discharge channels in the AC anode appear broad and

shallow, while in the WC anode, the channels appear narrow and deep into the matrix.

Fig. 6. Surface morphologies and cross sections of Mg-0.5Ca alloys (a, ¢) AC, (b, d) WC after
discharge in 3.5 wt.% NacCl solution at 2 mA cm for 16 hours: (a, b) surface after removing
discharge products; (c, d) cross-section with discharge products. Corresponding SEM and OM

images of marked areas are also presented.

To investigate the formation process of these two different discharge morphologies, the
surfaces and corresponding cross-sections after discharge at 2 mA cm for different times, i.e.,
30 min, 2 hand 6 h, are presented in Fig. 7. For both Mg-0.5Ca alloys, discharge cracks appear
after discharge for 30 min (see Fig. 7(a, b)). After that, these cracks show extraordinarily
different propagation behaviours. In terms of the AC alloy, these cracks become large and deep

with increasing discharge time (Fig. 7c). Gradually, these growing cracks connect with each



other (Fig. 7e), and some matrix grains start to detach from the anode surface because of the
connection of the large cracks (see cross-sections in Fig. 6 and Fig. 7). In the case of the WC
anode, no large discharge cracks are found in Fig. 7(d, f). Instead, most of these discharge
cracks prefer to penetrate deeply into the anode matrix along the grain boundaries (see Fig.
6d). Therefore, the surface after discharge is more even. The utilization efficiencies of these
two anodes after discharge for different times are also calculated and presented in Fig.
8. A discussion of the difference between the calculated utilization efficiency after a
0.5-hour discharge is not meaningful since an experimental error may exist due to the small
amount of weight loss after a short discharge. The changing utilization efficiency after
long-term discharge deserves more discussion to evaluate the discharge behaviour of these
two anode materials. The WC anode shows increased utilization efficiency from a 2-hour
discharge to a 6-hour discharge, which could be attributed to the increased surface area after
the discharge process. In principle, an increased surface area leads to a decreased applied
current density, i.e., a weakened polarization. It is well known that Mg and Mg alloys
under polarization suffer from fast self-corrosion because of the negative difference effect
(NDE) [33, 57, 58]. The self-corrosion rate is related to the extent of polarization or
anodic current density. A positive correlation relationship is expected. Therefore, to some
extent, self-corrosion of the WC anode might decrease with prolonged discharge time due to
the reduced current density caused by the increased surface area. After that, the WC anode
can maintain a relatively stable utilization efficiency with increasing discharge time, owing
to the balance between the slightly increased surface area and the weak chunk effect. By
contrast, the utilization efficiency of the AC anode is similar to that of the WC anode after
discharge for 2 hours but becomes much lower after a long discharge period. This is most
likely due to the emergence of a severe chunk effect after long-term discharge, as shown in
Fig. 6 and Fig. 7. The positive effect of an increased surface area on the utilization efficiency

is counteracted.



Mg-0.5Ca AC Mg-0.5Ca WC

30 minutes

2 hours

6 hours

: = o -oo um ’ -50
Fig. 7. Surface morphologies of Mg-0.5Ca alloys after discharge in 3.5 wt.% NaCl solution at

2 mA cm? for different time and removing discharge products. The inserted images are

correspongding cross sections, in which the dark area is resin and the gray area is Mg substrate.

Based on the aforementioned discussion, a schematic illustration is proposed to describe the
propagation of discharge cracks originating in the Mg-0.5Ca anodes, as shown in Fig. 9.
Regarding the AC anode, crack propagation can be described as follows. (1) After application
of the loading current, dissolution preferentially occurs along the grain boundaries because of
the existence of active Mg.Ca particles as well as the possibility of grain boundaries

functioning as local anodes with respect to the Mg matrix [54, 59, 60]. Therefore, some



discharge cracks originate underneath the anode surface. (2) Thereafter, because of the
discontinuity of the Mg.Ca particles, the extension of discharge cracks slows, and the
dissolution develops towards the interior area of the Mg matrix, leading to shallow but spacious
cracks. (3) With increasing discharge time, these large cracks connect with each other, resulting
in separated grains in the centre of the cracks. These undissolved grains then detach from the
anode surface and do not participate in the discharge process. In the case of the WC anode,
discharge cracks originate for the same reason. However, because the active Mg.Ca phases are
distributed relatively continuously along the grain boundaries, the cracks continue growing
along the grain boundaries due to the preferential dissolution of the anodic second phases. In
this case, the discharge cracks in the WC anode prefer to penetrate deep into the bulk anode
instead of becoming spacious towards the interior area of the grains. It is worth noting that, in
fact, grains in the WC Mg-0.5Ca anode are not completely surrounded by the a-Mg/Mg.Ca
eutectic (see Fig. 1(e, f)) because of the low content of Ca (volume fraction of second phase is
not high enough). Therefore, most cracks that surround grains are not completely connected
with each other. In other words, during discharge, most grains are not fully surrounded by
cracks in every dimension because of the partially continuous second phases. These single
grains can still keep contact with the bulk anode in some positions, contributing to the
immobility of grains in the top layer. Consequently, the dissolution of the WC anode is uniform
with little detachment of the grains. It was reported previously that in Mg-Ca anodes with a
high Ca content, grains would detach from the anode matrix because of the preferential
dissolution of Mg.Ca phases fully surrounding these grains [23]. Note that these two
propagation processes merely predominate in Mg-0.5C anodes prepared via air cooling and
water cooling, respectively, which means they also happen in the other anode material to some

extent.
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4.3 Effect of microstructure on discharge voltage

The intermittent discharge curves show that the Mg-air cell utilizing the AC alloy as the

anode has an enhanced OCYV than that based on the WC anode, but their discharge voltages



have no apparent difference. This result could be attributed to the different discharge activities
of these two anodes that can be determined by EIS spectra measured after discharge. Fig. 10
shows EIS Nyquist plots of both anodes after discharge at 2 mA cm for 1 hour. The WC anode
shows a lower resistance than the AC anode, indicating a higher dissolution activity (or lower
overpotential) during discharge. Therefore, the battery system with the WC anode shows a
similar cell voltage to that based on the AC anode. It is well known that a current or polarization
applied to Mg anodes could cause a rupture of the oxide film on the metal surface [61, 62].
Hence, with a low protection of the oxide film, the WC Mg-0.5Ca anode could exhibit higher
dissolution activity owing to the relatively continuous a-Mg/Mg.Ca phases. In addition, the
unstable discharge voltage of the cell incorporating the AC alloy anode may be ascribed to the

increasing surface area caused by the large discharge cracks.
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Fig. 10. Nyquist plots of the EIS spectra of Mg-0.5Ca anode after discharge at current density

of 2 mA cm for one hour in 3.5 wt.% NaCl solution.

5. Conclusions



In this work, Mg-0.5Ca alloys with various microstructures are prepared through different
cooling routes. Afterwards, the effect of microstructure on the corrosion performance of Mg-
0.5wt.%Ca binary alloys is studied through immersion tests combined with surface
morphology analysis. Moreover, the discharge properties of primary Mg-air batteries using
Mg-0.5Ca alloy anodes are measured to study the influence of the microstructure. The

following conclusions are obtained from this work:

(1) The Mg-0.5Ca air-cooled alloy shows fine Mg»Ca particles dispersing uniformly in Mg
matrix and grain boundaries. After water-cooling, the grain size of Mg-0.5Ca alloy decreases
slightly, and the second phases are distributed relatively continuously along the grain

boundaries. In addition, more impurity-rich particles are found in the air-cooled alloy.

(2) Both Mg-0.5Ca alloys show remarkably low overall corrosion rates, enabling them to be
attractive anode materials for aqueous Mg-air batteries with long-term storage. The corrosion
rate of the water-cooled alloy is lower than that of the air-cooled material, because of the greater
general corrosion behaviour. The localized corrosion of the air-cooled alloy is due to a large

number of fine Mg»Ca particles and more impurity-rich particles.

(3) During discharge, the water-cooled Mg-0.5Ca anode has a higher utilization efficiency
and specific energy density than the air-cooled anode, attributed to the lower corrosion rate and
low amount of detached undissolved grains. Discharge cracks in the air-cooled anode tend to
become larger and then promote the emergence of the chunk effect. By contrast, discharge
cracks in the water-cooled anode tend to penetrate along grain boundaries, leading to uniform

discharge.

(4) Mg-air batteries fabricated with these two Mg-0.5Ca anodes show similar cell voltages

as a result of the higher OCV of the air-cooled anode and higher discharge activity of the water-



cooled one. The water-cooled alloy could be a better anode material for Mg-air batteries under

intermittent discharge due to the stable discharge voltage.
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