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Abstract: The effects of 0.01 wt.% Ga on microstructure and electrochemical performance of Al-0.4Mg—0.05Sn—
0.03Hg anodes in NaOH solutions were investigated. Potentiodynamic polarization, electrochemical impedance
spectroscopy, and galvanostatic discharge tests were used to assess the electrochemical performance of the
Al-Mg—Sn—Hg—Ga anodes. The results show that the addition of 0.01 wt.% Ga in Al-0.4Mg—0.05Sn—0.03Hg anode
enhances its corrosion resistance and discharge activity. It is benefited from the refined second phases and homogenous
microstructure of AlI-Mg—Sn—Hg—Ga anode, which restrains the local crystallographic corrosion and chunk effect.
Compared with AI-Mg—Sn—Hg anode, the corrosion current density and the mass loss rate of AlI-Mg—Sn—Hg—Ga
anode decrease by 57% and 93%, respectively. When discharging at the current density of 20 mA/cm’, the discharge
voltage, current efficiency and specific capacity of the single Al—air battery with Al1-0.4Mg—0.05Sn—0.03Hg—0.01Ga
anode are 1.46 V, 33.1%, and 1019.2 A-h-kg ', respectively. The activation mechanism of Ga on Al-Mg—Sn—Hg—Ga
anode materials was also discussed.

Key words: aluminum alloy; electrochemistry; corrosion; Al—air battery

commercial use of the aluminum fuel cells [§—10].

1 Introduction

With unique and desirable properties such as
negative standard electrode potential (—1.66 V vs
NHE) and high energetic capacity (2980 A-h-kg "),
aluminum is considered to be one of the most
popular anode materials for metal fuel cells [1-3],
which hold promise for the next-generation energy
storage technologies [4—7]. However, aluminum
fuel cells are not as popular as zinc fuel cells by far
as protective oxide film is formed spontaneously on
the anode surface in the neutral electrolyte, which
slows down the active dissolution of metal anode.
The severe self-corrosion of aluminum anode in
alkaline electrolyte also causes
efficiency during standby, which

low current
limits the

Doping Al anode materials with trace alloying
elements is believed to be an effective way to
reduce self-corrosion and enhance discharge
performances [11-14]. The appropriate amount of
Mg can improve the electrochemical activity and
accelerate the self-corrosion rate of Al alloys in
NaOH solution [15]. Hg can accelerate the
activation of the Al matrix and control
self-corrosion caused by Mg [16]. The second
phases containing Mg and Sn in Al alloys promote
pitting corrosion and anodic dissolution. The
addition of alloying elements such as Mg, Ga, Hg
and Zn in Al alloys can shift the potential towards
more negative values, causing the activation
dissolution of Al [17-22]. Meanwhile, Al-Mg—
Sn—Hg alloy has been reported as a promising anode
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material to be studied due to its negative electrode
potential and high electrochemical activity [16].
Alloying elements such as Pb, Hg, Zn and Sn with
high hydrogen over-potential can reduce the
cathodic hydrogen evolution reaction of aluminum
anode [23,24]. Ga is an attractive alloying element
that can activate the surface of aluminum by
causing thinning of the passive oxide film where Ga
is placed [25]. NESTORIDI et al [26] surveyed the
potential shift from —800 to —1500 mV when both
Ga and Sn were added to the aluminum anodes in
brine medium at room temperature.

In this work, Al-0.4Mg—0.05Sn—0.03Hg and
Al-0.4Mg—-0.05Sn—-0.03Hg—0.01Ga alloys were
prepared as anode material for the Al-air
battery. Their microstructure and electrochemical
performances in 4 mol/L NaOH solution are
investigated. The effects of Ga on discharge
properties of the Al—0.4Mg—0.05Sn—0.03Hg alloy
were discussed.

2 Experimental

2.1 Materials preparation

The nominal compositions of AlI-Mg—Sn—Hg
and Al-Mg—-Sn—Hg—Ga alloys were Al-
0.4wt.%Mg—0.05wt.%Sn—0.03wt.%Hg  (Alloy 1)
and  Al-0.4wt.%Mg—0.05wt.%Sn—0.03wt.%Hg—
0.01wt.%Ga (Alloy 2), respectively. Two alloys
were prepared by melting the ingots of pure Al
(99.99 wt.%), pure Mg (99.99 wt.%), pure Sn
(99.99 wt.%), Al-10wt.%Ga and Mg—20wt.%Hg
master alloy in a graphite crucible in an induction
furnace at 750 °C. The molten alloy was then
poured into a water-cooled steel mold and cooled
down to room temperature. Heat treatment of the
specimens was carried out at 350 °C for 30 min.
The as-cast alloy ingots were then rolled to the
sheets with a thickness of 0.5 mm at room
temperature. At last, the rolled alloys were annealed
at 300 °C for 2 h. The chemical composition of two
alloys was measured by inductively coupled plasma
emission spectroscopy (ICP). The results are listed
in Table 1. To investigate the morphology of
specimens,  Quanta-200  scanning  electron
microscopy (SEM) equipped with energy dispersive
spectroscopy (EDS) and JXA—8230 electron probe
microanalyzer (EPMA) were used. The phases of
prepared samples were identified using an X-ray
diffractometer (XRD; D/Max 2500) supplied by

Cu K, radiation. The scanning range of 20 was from
10° to 80° with a scan step of 8 (°)/min.

Table 1 Actual chemical compositions detected by
ICP-OES (wt.%)

Alloy Mg Sn Hg Ga Al
1 0.407  0.050  0.033 - Bal.
2 0.410  0.052  0.031 0.010  Bal.

2.2 Determination of self-corrosion rates

The samples were encapsulated in epoxy resin
to expose only a flat working surface (10 mm X
10 mm), ground with abrasive paper and then
cleaned with doubly distilled water, dehydrated
using ethanol, and dried with a hairdryer. The
samples were immersed in 4 mol/L NaOH solution
for 150 min to estimate the corrosion rate. The mass
of the samples before and after immersion was
measured after cleaning the corrosion products
formed on sample surface. The corrosion products
were cleaned out in solutions of 2% CrO; +
5% H;PO, for about 5 min, then rinsed with
distilled water and ethanol, and dried by hot airflow.

The mass loss rate (Am) was calculated using
the equation:

Am=(my—m,)/(S-t) (N

where mj is the initial mass before immersion, m; is
the final mass after immersion, S is the surface area,
and ¢ is the time.

The mass loss rate can be converted to an
average corrosion rate (Py) using the equation [27]:

P, =87.6Am/ p )

where p is the metal density.

2.3 Electrochemical measurement

A CHI660D electrochemistry workstation
equipped with a classical three-electrode cell was
adopted to measure the polarization curves and
electrochemical impedance spectra (EIS) of all
specimens. Each of them was sealed with epoxy
resin except for an exposed surface of 10 mm X
10 mm. A saturated calomel electrode (SCE) was
served as a reference electrode, a Pt sheet was used
as the counter electrode, and the specimen acted as
the working electrode. The working surface was
ground with SiC abrasive paper from 400 to 1200
grit. All measurements were carried out in 4 mol/L
NaOH solution at room temperature ((25+2) °C).
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The potentiodynamic polarization curves were
measured at a scanning rate of 5 mV/s. The
electrochemical impedance spectrum measurements
with perturbation amplitude of 10mV were
conducted at open-circuit-potential (OCP) over a
frequency range from 100 kHz to 0.01Hz.

2.4 Battery performance test

The performances of Al-air batteries were
studied via galvanostatic discharge at 10 and
20 mA/cm” for 1200 s using the LAND test system.
The electrolyte was 4 mol/L NaOH solution; Alloy
1 and Alloy 2 were used as the anodes and the air
cathode was a commercial gas diffusion electrode
with MnQO, catalyst. The anodic efficiency (1) was
calculated using the following equation [28]:

7=9.01t/(m'-F) 3)

where [ is the discharge current, m' is the mass loss
after discharge, and F is the Faraday constant. The
surface morphology of the anodes after discharge
was observed with the SEM (Quanta—200) using
the secondary electron (SE) image. To obtain good

=
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Fig. 1 SEM images of alloys: (a, c) Alloy 1; (b, d) Alloy 2
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reproducibility of the data, all electrochemical
measurements and battery tests were conducted in
triplicate under the same conditions [29].

3 Results and discussion

3.1 Microstructure

The SEM images in Fig. 1 present the
morphologies of Alloy 1 and Alloy 2. With the
addition of 0.01 wt.% Ga, the amount and size of
the second phases decrease. The lump and granular
second phases distribute non-homogeneously in
Alloy 1, and some lump phases are crushed in the
local area. Banded structures along the rolling
direction can be observed. In comparison, elongated
and less crushed second phases with smaller size
occur in Alloy 2, showing relatively homogeneous
microstructure.

Since there are no intermetallic compounds in
Al-Sn and Al-Hg alloys according to their binary
diagrams [30], the second phase particles with more
Sn and Hg contents are expected. The element
contents of different phases in Fig. 1 determined by

HV mag WD det spot| mode 200 ym

FE| Quanta-200 CSU

HV mag WD det spot| mode 20 ym

FE| Quanta-200 CSU
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EPMA are given in Table 2 and the alloying
element distributions in Alloy 2 are shown in Fig. 2.
The second phases mainly contain Mg, Hg and Sn
elements in these two alloys. With the addition of
Ga, the contents of Mg in the second phases
increase from 17.31% to 25.06%, the contents of Sn
increase from 6.18% to 14.66%, while the contents
of Hg decrease dramatically from 10.23% to 2.55%.
This implies that the addition of Ga promotes the
distribution of Mg and Sn in the second phases,
while decreases the content of Hg in the second
phases. On the contrary, Hg has a solid solution of
0.23% in the Al matrix in Alloy 2, which indicates
that the addition of Ga promotes the homogeneous
distribution of Hg. The content of Ga in the Al
matrix is 0.25 wt.%, close to 0.16 wt.% in the
second phases. It can be inferred that Ga elements
uniformly distribute in the matrix and the second
phase in Alloy 2. The above results are confirmed in
Fig. 2, where Mg and Sn are enriched in the second
phases, and Hg and Ga distribute relatively
uniformly in Alloy 2. The different distributions of
alloying elements in the Al matrix and second
phases play a vital role in the activation of the
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Fig. 2 Distributions of alloying elements in Alloy 2
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Table 2 Element contents of different phases in Al alloys
identified by EPMA (at.%)

Alloy Point Al Mg Sn Hg Ga

A 98.73 1.27 - - -
: B 66.28 1731 6.18 1023 -

C 9784 1.68 - 023 0.25
2 D 57.57 25.06 14.66 255 0.16

anodes. Hg and Ga have a relatively low melting
point. The low-melting-point elements present
liquid states and show excellent fluidity at the
operating temperature of the Al—air batteries. Thus,
they can destroy and separate the continuous
distribution of the oxide film on the Al anode
surface, which indicates enhanced electrochemical

performance [31-33].

3.2 Polarization behavior

The potentiodynamic polarization curves of
the samples are shown in Fig. 3. It can be observed
that the alloys remain active over whole potential
range. The anodic and cathodic branches of the
alloys are not symmetrical, and cathodic branches
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Fig. 3 Polarization curves of alloys in 4 mol/L NaOH

solution

exhibit good linearity. Thus, the corrosion current

densities are obtained by Tafel extrapolation [34,35].

The calculated corrosion potential (@) and
corrosion current density (J.o) of the specimens are
listed in Table 3. The corrosion current density is
converted into thickness loss rate (P;) using the
following equation:

P=87600.J,,.-M /(pnF) (4)

where M is the average molar mass, and » is the
mean effective ion charge.

The corrosion potentials of Alloy 1 and Alloy
2 are both approximately —1.76 V. Generally, the
corrosion potential of Al alloys in alkalinity
solutions is complex, including the oxidation of
aluminum, the reduction of water, and the growth of
aluminum hydroxide layer, which reflects the
corrosion tendency of aluminum to some extent.
The reactions are as follows [34,36]:

Al+30H —AI(OH); | +3e (5)
2H,0+2e—H,+20H" (6)
Al(OH);+OH — AI(OH); (7)

Although having similar corrosion potential,
the two alloys show a noteworthy difference in
corrosion resistance. Compared with Alloy 1, the

Ze-hang ZHUANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2558—2569

corrosion current density of Alloy 2 decreases by
57% from 14.12 to 6.05mA/cm’. The better
corrosion resistance of Alloy 2 is closely related to
its microstructure. The second phases, containing
activation elements of Sn, Hg and Ga, express
cathodic properties in corrosion galvanic cells with
an aluminum matrix. As shown in Fig. 1, with the
addition of Ga, less amount and smaller size
cathodic second phases improve the corrosion
resistance.

According to Table 3, with the addition of
0.01 wt.% Ga, mass loss rate decreases significantly
by 93% from 39.06 to 2.48 mg-cm >-h”'. This
indicates that the element Ga greatly improves the
corrosion resistance. It is consistent with the
polarization curves. In addition, the mass loss
rate of Alloy 2 is apparently lower than that of
the reported ones (Al-1Mg—1Zn—0.1Ga—0.1Sn:
5.69mg-em >h™'  and  Al-1Mg—0.1Ga—0.1Sn:
13.19 mg-cm >-h ™' [34]).

The corrosion rates deduced from current
corrosion density and mass loss rate (P; and Py) are
also listed in Table 3. Apparently, two corrosion
rates of an alloy are different, and P, is larger than
P;. The results may be due to the side reactions
during the immersion test, which results in higher
corrosion rates. At open circuit potential, the main
corrosion type of Al alloy is self-corrosion due to
the electric negativity difference. However, in
polarization curves test, the corrosion current
density is calculated from the Tafel equation. The
strong polarization status with a constant scanning
rate in polarization tests restrains other side
corrosion reactions, leading to less P; than P,,.

3.3 Corrosion morphology

The corrosion morphologies of Alloy 1 and
Alloy 2 after immersion in 4 mol/L NaOH solution
for 150 min with and without the corrosion
products are shown in Fig.4. From Fig. 4(a),
the corrosion product on the surface of Alloy 1 is

Table 3 Corrosion parameters of different anode materials in 4 mol/L NaOH solution

Mass loss rate/

Sample Peors (Vs SCE)V  Joon/(mA-cm™?)  Py/(mm-a") (mg-cm >h) P,/(mm-a")
Alloy 1 -1.75 14.12 153.86 39.06 1268.45
Alloy 2 -1.76 6.05 65.92 2.48 80.54
Al-1Mg—0.1Ga—0.1Sn [36] -1.70 6.75 73.75 13.19 429.50
Al-1Mg—1Zn—0.1Ga—0.1Sn [36] -1.76 6.17 67.00 5.69 184.15
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Fig. 4 Corrosion morphologies of Al alloys after immersion in 4 mol/L. NaOH solution for 150 min with (a, b) and

without (c, d) corrosion products: (a, c) Alloy 1; (b, d) Alloy 2

porous and loose, while the corrosion product on
the surface of Alloy 2 is piled and thick. This
reveals that Alloy 2 has a relatively compact
protective film to hinder the corrosion reaction on
the Al matrix. By removing the corrosion product,
two alloys show general corrosion morphology.
Especially, crystallographic corrosion with {100}
facets exists in Alloy 1, as shown in Fig. 4(c). The
geometric facet corrosion can be explained by
the fact that the attack occurs according to
well-defined crystallographic directions, which is in
agreement with other authors [35]. In Fig. 4(d),
Alloy 2 shows flat general corrosion morphology.
This phenomenon is attributed to the homogeneous
distribution of second phases and elements in Alloy
2. As seen in Fig. 1 and Fig. 2, no coarse second
phase precipitates at the grain boundary in Alloy 2
and the second phases rich in Mg and Sn elements
are dispersed homogeneously in the grain. This
leads to restrained grain boundary corrosion [37].
Moreover, the annealing process also decreases the
dislocation density, stress, and distortion energy at
the grain boundary. The grain boundary in the

thermodynamic equilibrium state is not necessarily
the weak corrosion area [38]. Meanwhile, the
second phases generally act as the cathode center
during the corrosion process. Thus, the corrosion
starts around the second phase in the grain and
develops to general corrosion in Alloy 2, which is
in agreement with other authors [21].

The corrosion behavior of Al alloys is related
to the microstructure features. Alloy 2 expresses
better corrosion resistance than Alloy 1 for the
following reasons. Firstly, the solid solution of
element Ga in the Al matrix can suppress the
hydrogen evolution rate and decrease the
self-corrosion rate of aluminum due to its high
hydrogen evolution over-potential. Secondly, the
addition of element Ga decreases the amount and
size of the second phases, showing a relatively
homogeneous microstructure compared with Alloy
1, as shown in Fig. 1. The effect of micro-galvanic
corrosion in Alloy 2 is inhibited, resulting in the
enhancement of the corrosion resistance. Thirdly,
the addition of Ga leads to the homogeneous
distribution of element Hg in the Al matrix and
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second phases, as seen in Table 2 and Fig. 2(b). Hg
has a positive standard electrode potential (0.79 V
vs SCE) and acts as a strong cathode in Al alloys.
Hg also has high hydrogen evolution over-potential
as Ga. The homogeneous distribution of element Hg
in Alloy 2 further hinders the micro-galvanic
corrosion and suppresses the hydrogen evolution of
the alloy. However, it is reported that the addition of
gallium in Al-Mg—Sn-based alloy results in severe
intergranular corrosion of the alloy anode [21]. As a
result, a synergistic effect is found between Hg and
Ga in AlI-Mg—Sn alloy.

3.4 Electrochemical
(EIS) results
Figure 5 shows the EIS of Alloy 1 and Alloy 2

at OCP. The EIS of Alloy 2 in 4 mol/L NaOH

solutions is characterized by a high-frequency (HF)
capacitive loop and an unobvious low-frequency

(LF) capacitive loop. As for Alloy 1, the EIS plot

reveals a middle-frequency (MF) inductive loop

impedance spectroscopy

and two capacitive loops at HF and LF,
respectively.
2.0
= Alloy 1
16k o Alloy2
: Fitted results
E 12}
s
=
TI\] 0.8
04r
0— 1 1 1 1

0 05 10 15 20 25 30 35
Z'l(Q+cm?)
Fig. 5 EIS curves and fitted results of Alloy 1 and
Alloy 2 in 4 mol/L NaOH solution

The equivalent circuits in Fig. 6 for simulating
the process are used, and the fitted values obtained
via ZVIEW software are listed in Table 4. R
represents the solution resistance and R; is the
charge-transfer resistance. The constant phase angle
element (CPE) is adopted to describe the non-ideal
capacitive behavior, which is caused by the
microscopic roughness of the electrode surface [39].
The capacitive semicircle at high frequencies is
attributed to the redox reaction: Al—>Al+e, where
the equivalent component consists of a charge
transfer resistance (R, in parallel with a

double-layer capacitance (CPEy) [4]. It can be
assumed that this is the rate-determining step in
the charge transfer process and R; is directly
proportional to the corrosion resistance of the
working electrode. The Ry in parallel with CPE; is
used to illustrate the low-frequency capacitive loop
associated with the formation of the Al(OH); film
on the electrode surface [40]. The inductive loop in
Alloy 1 is described via the parallel connection of
R; and L, which can be attributed to the obstruction
of the corrosion product film and the incubation of
localized corrosion, as confirmed by the localized
crystallographic corrosion morphology shown in
Fig. 4(c).

R, Ry
—/\/\—
A R

77

Fig. 6 Equivalent circuits used for fitting EIS of
Alloy 2 (a) and Alloy 1 (b)

Table 4 EIS simulated values of different anodes

Parameter Alloy 1 Alloy 2
RJ(Q-cm?) 0.15 0.26
RJ/(Q-cm?) 1.14 2.65
Ya/(Q '-em™s") 1.91x107° 6.71x107°
ngl 1 0.97
R/(Q-cm?) 0.68 0.17
Y/(Q em s 4.42x107* 1.70x1072
ng 1 0.97
R/(Q-cm?) 6.18 -
L/(mH-cm?) 4.66x107° -
R/(Q-cm’) 1.79 3.08

According to Table 4, R, reduces in the
following order: Alloy 2>Alloy 1. The addition of
Ga greatly enhances the capacitive semicircle,
indicating that R, markedly increases, which is
beneficial for the performance of Al—air batteries.
In addition, the polarization resistance (R,) can be
calculated via Egs. (8) and (9) according to their
equivalent circuits. The reciprocal polarization
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resistance is proportional to the corrosion rate.
According to Table 4, Alloy 2 with larger
polarization resistance has better corrosion
resistance than the Alloy 1 at OCP. The results are
consistent with the result of polarization and mass
loss measurements:

Rp:RS+Rt+Rf
RlD =R +RR /(R +R )+R;

(®)
)

3.5 Battery performance

morphology
The discharge behavior of the Al—air battery

and discharge

1.8
(a)
\AR Alloy 2
% 1.6
80
g
S
>
3
O 14+t
Alloy 1
1.2, . ! s . ! s
0 200 400 600 800 1000 1200
Time/s
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with different anodes and current densities are
shown in Fig. 7. The related discharge parameters
are given in Table 5. Compared with Alloy 1, the
specific capacity of Alloy 2 increases by 47.7% and
13.7% at 10 and 20 mA/cm’, respectively,
indicating better battery performance.

According to Fig. 8, the corrosion film on the
surface of Alloy 1 is mostly compact with unbroken
hydrogen bubbles, while more broken hydrogen
bubbles can be seen in Alloy 2, due to the hydrogen
evolution reaction given in Eq.(6). The broken
hydrogen bubbles in Alloy 2 can make the
corrosion film easier to degrade in solutions and

(b)
1.6
Alloy 2
> y
[
%" 1.4r
©
>
i
Q
1.2}
Alloy 1
0 200 400 600 800 1000 1200
Time/s

Fig. 7 Discharge curves of Alloy 1 and Alloy 2 at different current densities in 4 mol/L NaOH solution: (a) 10 mA/cm?;

(b) 20 mA/cm®

Table 5 Discharge performances of different alloys in alkaline solution

Discharge Current Specific capacity/
] voltage/V efficiency/% (mA-h-g™")
Sample Solution
10 20 10 20 10 20
mA/cm* mA/cm? mA/cm’  mA/cm? mA/cm* mA/cm?
Alloy 1 1.31 1.13 15.9 29.1 248.3 879.9
Alloy 2 1.59 1.46 30.4 33.1 474.9 1019.2
Al-0.5Mg—0.1Sn—0.02In [41] - 1.22 - 4.6 - 136.8
Al-0.5Mg—0.1Sn—0.02Ga [41] 4 mol/L - 1.19 - 18.4 - 5471
Al-0.5Mg—0.1Sn [21] NaOH 1.55 1.45 50.5 70.0 15629  2080.9
Al-0.5Mg—0.1Sn—0.05In [21] 1.59 1.52 61.9 74.1 1840.9 2203.0
Al-0.5Mg—0.1Sn—0.05Bi [21] 1.57 1.49 39.2 56.5 1165.8 1680.2
Al-0.5Mg—0.1Sn—0.05Ga [21,42] 1.63—1.73 1.55-1.65 16.8-50.4 25.2-74.0  500-1500 750-2200
Al-0.06Sb [43] 4 mol/L 1.54 1.40 77.8 ~87.3 2317 ~2600
Al—-0.36Sb [43] KOH 1.57 1.42 70.0 ~84.1 2083 ~2500
Al-0.5Mg [15] 6 mol/L ~1.60 82.5 24552
NaOH +
Al-8Mg [15] 0.05 mol/L ~1.60 32.0 933.7

Na28n03
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inspire the discharge activity. Although the
hydrogen evolution reaction on the surface of the
alloy decreases the anodic efficiency to some
degree, the chunk effect induced by large current
density during discharge is the main reason for the
anodic efficiency loss [44]. Some anode materials
with a high hydrogen evolution reaction rate can
show good anodic efficiency because of the less

4
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chunk effect [44]. Alloy 2 has refined second
phases and homogenous microstructure (as seen in
Fig. 1 and Fig. 2), which implies decreased chunk
effect and generates high anodic efficiency. The
corrosion morphologies of Alloy 1 and Alloy 2
discharged at the current density of 20 mA/cm’® in
4 mol/LL NaOH solution after removing the
discharge products are shown in Fig. 9. As can be

Fig. 8 Corrosion morphologies of alloys after discharge at current density of 20 mA/cm® for 20 min in 4 mol/L NaOH

solution: (a) Alloy 1; (b) Alloy 2

20.00 4 FEI

20.

spot| mode

VD
0.8 mm|ETD| 4.5

HV | mag | WD | det

00 kV|1 000 x ‘ 10.7mm|ETD| 45 | S FE| Quanta-200 CSU

Fig. 9 Surface morphologies of alloys discharged at current density of 20 mA/cm? for 20 min in 4 mol/L NaOH solution

after removing discharge products: (a, c¢) Alloy 1; (b, d) Alloy 2
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seen in the enlarged image, the corrosion of the
aluminum matrix is flaky and along a specific
direction. The presence of some geometric facets
can be explained by the fact that the corrosion
occurs probably along with the well-defined
crystallographic directions of {100} facets [35].
Apparently, Alloy 2 has more homogeneous anodic
dissolution than Alloy 1, indicating its higher
electrochemical activity.

The reasons for Alloy 2 to exhibit better
battery performance can be as follows. Firstly, the
addition of gallium elements can reduce oxide film
resistance [19]. The EIS result in Table 4 shows that
Alloy 2 has a lower Ry value than Alloy 1. During
discharge, Ga element can act as single or multiple
atomic states into the defects or cracks of the
oxidation film and separate the surface film and
accelerate the dissolution of aluminum [45].
Secondly, the addition of gallium improves the
homogeneous distribution of the second phase
(as seen in Fig. 1). The uniform microstructure in
Alloy 2 accelerates uniform dissolution during
discharge, as seen in Fig. 9(d). However, in Alloy 1,
crystallographic corrosion morphology
during discharge (Fig. 9(c)). It is the same as the
corrosion morphology after immersion in 4 mol/L
NaOH solution (Fig. 4(c)). This selective corrosion
results in local dissolution during discharge [41]
and lowers the discharge activity of Alloy 1. Thirdly,
the addition of element Ga in aluminum anode
alloys can produce a synergistic effect with element
Hg to facilitate the stripping of the corrosion
products. Sn, Hg and Ga clements with a low
melting point can dissolve and re-deposit on
the aluminum surface, stripping the corrosion
products and sustaining the alloy in the highly
active state [45,46]. Thus, Alloy 2 exhibits higher
electrochemical activity than the Alloy 1.

occurs

4 Conclusions

(1) The addition of 0.01 wt.% Ga in Al-
0.4Mg—0.05Sn—0.03Hg alloy refines the second
phases and promotes homogeneous microstructure.
Mg and Sn elements enrich in the second phases,
and the low-melting-point elements, Hg and Ga,
distribute  uniformly in  Al-0.4Mg—0.05Sn—
0.03Hg—0.01Ga.

(2) The refined second phases and the

homogeneous  microstructure in  Al-0.4Mg—
0.05Sn—0.03Hg—0.01Ga alloy restrain the local
crystallographic corrosion and chunk effect, leading
to uniform discharge dissolution and increased
corrosion resistance and electrochemical
performance. With the addition of Ga, the corrosion
current density of Al—0.4Mg—0.05Sn—0.03Hg—
0.01Ga alloy decreases significantly from 14.12 to
6.05 mA/cm® and the mass loss rate decreases from
39.06 to 2.48 mg-cm >-h ™.

(3) When discharging at the current density
of 20 mA/cm’, the discharge voltage, current
efficiency, and specific capacity of a single Al—air
battery with Al—0.4Mg—0.05Sn—0.03Hg—0.01Ga
anode are 146V, 33.1% and 1019.2 A-h~kg71,
respectively.
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