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Abstract: Commercial rolled Mg-3Al-1Zn (AZ31) alloy sheet was used as the experimental material, an Mg-air battery based on its

rolling surface (RS) and cross-section surface (CS) were both prepared to study the effect of texture on the performance of Mg-air

battery. And the experimental samples had a similar surface roughness to practical application. The impedance spectroscopy (EIS)

was used to investigate the electrochemical behavior of the samples. The results show that CS surface has a higher corrosion

resistance compared with the RS surface. The battery performance was studied by constant current discharge test, and the results

show that the Mg-air battery based on the CS surface anode has higher anode efficiency (71.3%) compared with the Mg-air battery

based on the RS surface anode (65.7%). The surface morphologies of the magnesium alloy anodes substrate after discharged for 24 h

were observed by scanning electron microscope. The RS anode exhibits a magnesium alloy anode substrate with more holes and

gullies, which may contribute to its lower anode efficiency. Thus, the CS anode dominated by (1010), (1120) and (101 1) orientated

grains is more suitable to use on Mg-air battery.
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Owing to the growing concern on the energy crisis, more
151 Mg-air
battery is considered as a promising power source to replace

researchers began to study about new energy

traditional energy because of its high specific energy, light
weight and no pollution**”). However, Magnesium alloy has
a high self-corrosion rate in neutral salt solution. The further
development and commercial exploitation of Mg-air battery
was significantly restricted due to its low anode efficiency.
Considerable efforts have been devoted to improve the
anode efficiency of Mg-air battery. For example, Ma et al'®
investigated the corrosion and discharge behavior of Mg,
AZ31 and Mg-Li-Al-Ce in 3.5 wt% NaCl solution. They
found that using Mg-Li-Al-Ce as anode could improve the
performance of Mg-air battery, which reduces the capacity
loss and improves the anode efficiency. Yuan et al'® modified
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the electrochemical performance of Mg-3Al by Ga, In and Sn.
The results showed AI31 behaves good comprehensive
properties; the battery based on AI31 anode possesses the
capacity density (1382 mA‘h-g"') and power density (18.5
mW-cm?). As is well known, deformation texture can be
easily generated on Mg alloy and adjusted by various
processing methods”'?.  Song et al'®! found that
crystallographic orientation has a significant effect on the
corrosion behavior and electrochemical activity of AZ31 Mg
alloy. Its rolling surface dominated by crystallographic plane
(0001) exhibits a more negative electrochemical activity and a
faster corrosion rate. Xin et al''¥ investigated the influence of
the texture on corrosion rate of AZ31 Mg alloy in 3.5 wt%
NaCl. They found that the corrosion rate of AZ31 dramatically
increased as the (0001) texture intensity decreased and the
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(1010)/(1120) texture intensity increased. These studies
recover that crystallographic texture has a prodigious effect on
the electrochemical performance of Mg alloy, which may also
affect the performance of Mg-air battery. However, the
previous studies only investigated the influence of texture on
the electrochemical performance of Mg alloy with an
And how texture
corrosion behavior of magnesium alloy with a relatively rough

ultra-smooth surface. influences the
surface is not well understood. In practical application, Mg
alloy sheet was generally polished by abrasive belt grinding.
Most commercially used Mg alloy has a surface with higher
roughness compared with the test samples reported in the
previous two studies’>'*. On the other hand, the effect of
texture on the performance of Mg-air battery has
seldom been reported.

Hence, in the present study, an Mg-air battery based on
AZ31 alloy with different grain orientations was prepared.
The surface roughness of the test samples is similar to that of
practical application. The battery performance was studied by
X-ray diffraction patterns, electrochemical impedance
spectroscopy, constant current discharge test and scanning

electron microscopy.
1 Experiment

Commercial rolled AZ31 Mg alloy sheet was used as the
experimental material, which was cut along its rolling surface
and cross-section surface (Fig.1). Here, RD, ND and TD
represent the rolling direction, the normal direction and the
transverse direction of the rolled sheet, respectively. For the
EIS test, the specimens were cut into 20 mmx20 mmx2 mm
and ground with 400-grit SiC paper along the TD direction
subsequently. In industrial production of Mg alloy sheet at
present, the surface of sheet was ground with abrasive belt
ultimately which is similar to that used in the current
experiment. The samples for the discharge performance test
were also prepared by fine grinding the original specimen with
a dimension of 20 mmx30 mmx1.8 mm to a final thickness of
1.6 mm with 400-grit SiC paper along TD direction. The
optical microstructures of the samples were examined by
optical microscopy. The solutions were prepared using Analar
grade reagents and triply distilled water. All experiments were
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Fig.1 Schematic illustration of sample preparation

carried out at 25£2 °C in non-deaerated solutions and repeated
for three times.

The electrochemical impedance spectra (EIS) measure-
ments were performed for approximately 30 min after
immersion of the sample to ensure the stability of the system.
A three-electrode electrochemical cell was designed, the
working electrode was the RS and CS anodes, the counter
electrode was platinum electrode and the reference electrode
was saturated calomel electrode. The measurements of the
electrochemical impedance spectra (0.1~10°Hz, 5 mV, at open
circuit potential) were performed in neutral 3.5 wt% NaCl
solution with a PARSTAT 2273 system. A Zview software was
then used for fitting the EIS results.

An Mg-air battery consisting of anode, cathode and
electrolyte was prepared where the anodes were RS and CS
samples, the cathode was air anode with MnO, catalyst and
the electrolyte was neutral 3.5 wt% NaCl solution. The
constant current discharge test was accomplished at a current
density of 10 mA-cm” using a battery testing system
(BTS-MPTS, China). The mass of consumed Mg was used to
calculate the anodic efficiencies of the batteries. The anodic
efficiencies were calculated using Eq. (1) ">

Anodic efficiency (%)=(i X A Xt X M)/(2QF X W)X 100% (1)
where i is the current density (A-cm™), 7 is the total discharge
time (h), F is the Faraday constant (96 485 C-mol™), 4 is the
surface area (cm’), M, is the atomic mass (g'mol™) of the
specimens and W, is the mass of consumed Mg alloys.

The texture components of the RS and CS samples were
confirmed by X-ray diffraction (XRD) patterns using a
Rigaku-DMax/2500PC (Japan). The product films on the
magnesium alloy substrate after discharged for 24 h were
cleaned in 200 g/L CrO; + 10 g/L AgNO; solution, and then
the surface morphologies of the magnesium alloy substrate
were observed using a TESCAN VEGA-3 LMH scanning
electron microscope (SEM).

2 Results and Discussion

2.1 Electrochemical behavior analysis

Fig.2 shows the optical microscopic images of the RS and
CS surfaces. It can be found that the RS and CS surface exhibit
an almost identical grain size distribution, with an average
grain size of 25.0 and 25.1 pm, respectively. Thus, the grain
size difference is not responsible for the corrosion and
discharge performance difference in this study. Fig.3 displays
the EIS plots of the RS and CS surfaces. Both of the plots
consist of a capacitive loop at high frequency and a
relatively-small capacitive loop at low frequency. The high
frequency capacitive loop is resulted from charge transfer and a
film effect, and the low frequency capacitive loop is resulted
from a mass transport relaxation in the surface layer!'”'®. The
equivalent circuits of the EIS plots are shown in Fig.4. A
constant-phase element representing a shift from an ideal
capacitor was used instead of the capacitance itself, for
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Fig.2 Optical microscopic images of RS sample (a) and

CS sample (b)
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Fig.3 EIS plots of the AZ31 samples measured in neutral 3.5 wt%
NaCl solution
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Fig.4 Equivalent circuits of the EIS plots in Fig.3

simplicity. In Fig.4, R represents the solution resistance, CPEy
represents the electric double layer capacity, R, represents the

charge transfer resistance, CPE; represents the film capacity
and R; represents the film resistance. The EIS fitting results are
listed in Table 1. The reciprocal of R, reflects the corrosion
resistance of the RS and CS samples, which is 180.5 and 242.4
Q-cm’, respectively. The results demonstrate that the CS
surface has a higher corrosion resistance compared with the RS
surface.

However, the RS surface has a higher corrosion resistance
than the CS surface according to the reported studies!>'],
which is opposite to the result in this study. The reasons are as
follows. Fig.5 shows the texture components of the samples.
The RS surface mainly consists of (0001) orientated grains, and
the CS surface mainly consists of (1010), (1120) and (1011)
orientated grains instead. Thus, on an ultra-smooth surface
similar to the reported studies'™'¥, the RS surface mainly
consists of crystallographic planes (0001) and the CS surface
mainly consists of crystallographic planes (1010), (1120) and
(1011). In this study, the surfaces of all the samples are
covered over by small gullies approximately parallel to the RS
surface, which can be seen from the SEM photographs in
Fig.6. Thus, the crystallographic planes exposed on the
material surface change dramatically. The RS surface mainly
consists of cylindrical planes and pyramidal planes, and the
CS surface mainly consists of basal planes and pyramidal
planes. That is, the crystallographic planes on the alloy surface
in this study has a great difference with that exposed on a
ultra-smooth surface similar to the reported studies'™'* in
rolled Mg alloy sheet.

As is well known, crystallographic planes (0001) has the
biggest surface atomic density in Mg alloy, and a closed
packed plane has a low surface energy. The surface energy for
Mg (0001), (1010) and (1120) surface is 1.808, 1.868, and
2.156 eV/nm’, respectively. The metal with a low surface
energy has a high corrosion resistance'' ", According to Song
et al™l the theoretical dissolution rates of crystallographic
planes (1010) and (1120) are 18~20 times higher than that of
the crystallographic planes (0001). Consequently, the CS
surface has a higher corrosion resistance than the RS surface.
2.2 Battery performance

Fig.7 shows the discharge behavior of the Mg-air battery
with the RS and CS anodes. The two batteries show a similar
discharge voltage. However, the CS battery has a higher anode
efficiency (71.3%) compared with the RS battery (65.7%).

In the preliminary stage, the surfaces of the magnesium alloy
substrates are covered over by small gullies produced
during the sample preparation course. Owing to the discrepancy
of the crystallographic planes exposed on the surface of the
magnesium alloy substrate, the CS sample has a higher charge

Table 1 EIS fitting results of the AZ31 samples measured in neutral 3.5 wt% NaCl solution

Samples  R/Q-cm’  CPEy-T/uF-cm? CPEy-P/ng R/Q-cm? CPEy/pF-cm™ CPEP/n; R/Q-em’
RS 9.92 40.83 0.97 180.5 5859 0.49 31.34
CS 9.75 27.75 0.94 242 4 10 620 0.99 11.02
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Fig.5 XRD patterns of RS surface (a) and CS surface (b)
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Fig.6 SEM micrographs of RS surface (a;, a;) and CS surface (b, bs)
ground with 400-grit SiC paper along TD direction

transfer resistance according to the analysis above. So, the CS
battery has a slower corrosion rate.

Subsequently, the gullies on the magnesium alloy substrate
surface produced during the sample preparation course are
dissolved gradually. Fig.8 shows the surface morphologies of
the magnesium alloy substrates after discharged for 24 h. The
magnesium alloy substrates still show a surface with a high
surface roughness, which may be caused by the local
corrosion and discharge performance of the Mg anodes. On
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Fig.7 Discharge curves of the Mg-air battery at a current density of
10 mA-cm™

Fig.8 Surface morphologies of Mg alloy substrates after discharge
for 24 h at a current density of 10 mA-cm™: (a) RS sample and
(b) CS sample

the other hand, the RS anode has a high roughness magnesium
alloy substrate surface, which may give rise to the lower
specific discharge capacity of the RS battery. Because of the
strong (0001) basal texture of Mg alloy, the c-axis of most
grains in Mg alloy is perpendicularto the RS surface.
However, the c-axis of a small number of grains is parallel to
the RS surface, and the crystallographic planes (1010) or
(1120) of these grains are approximately parallel to the RS
surface. Crystallographic planes (1010) and (1120) have
lower corrosion resistant than crystallographic planes (0001)
in Mg alloy. Thus, the RS anode has a faster corrosion and
discharge rate parallel to the normal direction in these areas,
which gradually evolves into small holes or gaps. A small
surface parallel to the RS surface is also formed in the holes
and gaps, which mainly consists of crystallographic planes
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(0001) with low corrosion resistance. The corrosion rate of the Hydrogen Energy[J], 2013, 38(21): 8888
RS anode in the holes and gaps is further accelerated owing to 6 MaYB,LiN, LiDY etal Journal of Power Sources[J], 2011,
the increased negative difference effect. On the other hand, the 196(4): 2346
portal of the holes and gaps is gradually blocked by the 7 LiWY,LiCS, Zhou CY et al. Angewandte Chemie[J], 2006,
corrosion and discharge product. Thus, the discharge process 118(36): 6155
can hardly take place in the holes and gaps, which leads to the 8 Yuan S Q, Lu H M, Sun Z G et al. Journal of The
lower anode efficiency of the RS battery. As a result, the CS Electrochemical Society[J], 2016, 163(7): A1181
battery has a higher anode efficiency (71.3%) compared with 9 Zhang H, Yan Y, Fan J F et al. Materials Science and
that of the RS battery (65.7%). Engineering A[J], 2014, 618: 540
3 Conclusions 10 Choi S H, Shin E J, Seong B S. Acta Materialia[J], 2007, 55(12):
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