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In order to limit the anode corrosion and improve the battery activity, magnesium-air batteries with
organic/inorganic double solutions (0.5 M Mg(ClO4),—N,N-dimethylformamide (DMF)/0.6 M NaCl-H,O,
0.5 M Mg(ClOy4),—acetonitrile (AN)/0.6 M NaCl-H,0) were prepared. The discharge performance,
discharge morphology, and corrosion performance of magnesium anode were researched. Results
obtained show that organic electrolytes separate the anode from the aqueous electrolyte, thus
improving the anode utilization rate. Due to the NaCl electrolyte used in the air cathode side, batteries
show higher discharge voltages. As an example, a better discharge performance has been observed in
Mg(ClO4),~DMF/NaCl-H,O double electrolytes at 1 mA cm~2 discharge. This is attributed to there being
no obvious absorption of corrosion products on the anode surface. The results of the discharge
morphology and electrochemical impedance spectroscopy agree well with the discharge performance.
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1 Introduction

Mechanically rechargeable magnesium-air batteries have
a high theoretical energy density (3910 W h kg™ ") and a high
theoretical voltage (3.09 V). Magnesium-air batteries are inex-
pensive options for applications that require ultrahigh energy
densities." There is a commercial concern in them as conver-
sion devices, such as off-grid power supplies, long-range drones
and electric vehicles.*® The batteries use oxygen in air as the
cathode, and the magnesium anode serves as the only active
component.*” When the magnesium anode is consumed, the
battery continues to discharge by replacing the magnesium
anode. Unfortunately, magnesium is a reactive metal and easy
to corrode in aqueous solutions. This decreases the anode
utilization rate. Magnesium may react with water (reaction (1)),
and not produce any current for the circuit.®®

Many papers have focused on reducing the anode corrosion
by alloying the magnesium anode,** and adding corrosion
inhibitors in solution to passivate the magnesium surface.”™**
However, Mg>" cannot penetrate the passivating surface film
and corrosion products layer, which obviously inhibits the
magnesium dissolution necessary for the magnesium-air

“Research Center for High Purity Materials, Henan University of Science and
Technology, Luoyang 471023, PR China. E-mail: wanggx2016@126.com; Fax: +86
379 64230597; Tel: +86 379 64231269

*Collaborative Innovation Center of Nonferrous Metals, Henan Province, Henan
University of Science and Technology, Luoyang 471023, PR China

‘Henan Key Laboratory of Non-ferrous Materials Science & Processing Technology,
Henan University of Science and Technology, Luoyang 471023, PR China

School of Materials Science and Engineering, Luoyang Institute of Science and
Technology, Luoyang 471023, PR China

7502 | RSC Adv, 2021, 11, 7502-7510

The magnesium anode discharge mechanism is different for different solutions.

battery discharge.’* In addition to alloying and adding
corrosion inhibitors, another method is to use an organic
electrolyte system.'®” According to reports about magnesium
corrosion in organic electrolytes,'®?° the potential of magne-
sium in dimethylformamide is 2.47 V versus Ag/Ag'.** Further,
people have investigated the behavior of the magnesium elec-
trode in hexakis (methanol)-dinitrate complex electrolyte** and
basic electrochemical behavior of Mg**/Mg couple in organic
electrolytes.>***

In this work, organic/inorganic double electrolytes were
tested as an alternative method. The double electrolytes consist
of an organic electrolyte and an inorganic aqueous electrolyte.
The cathodic reaction takes place between the cathode and
inorganic electrolyte for the air electrode (reaction (2)), whereas
the anodic reaction proceeds between the magnesium electrode
and organic electrolyte (reaction (3)). The organic electrolyte,
which is immiscible with the inorganic electrolyte, has the
function to separate the magnesium anode from the corrosive
inorganic electrolyte.

Mg + 2H,0 — Mg(OH), + Ha (1)
02 + 2H20 +4e~ — 40H™ (2)
Mg — Mg** + 2¢” (3)

In this paper, N,N-dimethylformamide (DMF: C3H,NO) and
acetonitrile (AN: C,H;N) were selected as the organic solvents.
They are good solvents for many substances.**?® Inorganic salts
are difficult to dissolve in organic solvents, but Mg(ClO,), is
soluble in N,N-dimethylformamide and acetonitrile organic
solvents.*” Therefore, Mg(ClO,), was selected as an ionophore to
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Fig. 1 Schematic of the magnesium-air battery with organic/inor-
ganic double electrolytes (a), and structures of N,N-dimethylforma-
mide (DMF) and acetonitrile (AN) (b).

transport Mg>". As the most common electrolyte for the
magnesium-air battery, 0.6 M NaCl aqueous solution was used
as a cathode electrolyte to keep the battery discharge activity.
For the magnesium alloy, aluminum is the most important
alloying element. The corrosion is affected strongly by the
aluminum content and microstructure. Aluminum is a major
alloying element that inhibits corrosion by forming a dense
Al,O; protective layer on the alloy surface.” The aluminum
element in the magnesium alloy can form a B-phase (Mg;,Al;,)
if the aluminum content is more than a solid solubility in the o-
Mg matrix (maximum solubility is 12.7 wt% at the eutectic
temperature 437 °C). Song*® indicated that the B-phase can serve
as an anode barrier to inhibit the corrosion expansion of the a-
matrix. As a continuation of earlier research activities,”*® Mg-
6 wt% Al alloy was selected as the anode material.

Fig. 1a illustrates a schematic of a magnesium-air battery
with organic/inorganic double solutions. In organic solution,
Clo,~ plays a charge carrier role. The transfer of Mg”>* is
accomplished by ion pair ClO,  diffusion. ClO,™ transports
Mg”* from the anode into the aqueous solution. In the NaCl
aqueous solution, Mg** moves to the cathode and forms
Mg(OH), coupled with OH . Mg*>* migration forms a current.
The structures of the organic reagents DMF and AN are pre-
sented in Fig. 1b.

2 Experiments
2.1 Material preparation

Commercially pure magnesium and aluminum ingots (99.99%)
were used to prepare the Mg-6 wt% Al alloy as the anode
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material. The ingots were melted under a mixed atmosphere of
CO, and SFg in an induction furnace at 750 °C £ 5 °C. After
continuous stirring for 5 min, the molten alloy was poured into
a preheated cast iron mold. The actual composition of the alloy
was determined by direct reading spectrometry (GS1000, Ger-
many). It contains 5.96 wt% Al, 0.001 wt% Mn, 0.002 wt% Fe,
and the rest was Mg. DMF, AN, NaCl, and Mg(ClO,), of analyt-
ical grade were purchased from Aladdin. NaCl had no further
treatment before its utilization. DMF, AN, and Mg(ClO,), were
dried 24 h before use. All weighing and preparation of 0.5 M
Mg(ClO,4),~DMF and 0.5 M Mg(ClO,),-AN organic electrolytes
were carried out in glove boxes under a highly pure argon
atmosphere.

2.2 Electrochemical test

The electrochemical property was tested by a CHI660E equip-
ment with a three-electrode system. The sample of the Mg-
6 wt% Al alloy was the working electrode with an exposed area of
1 cm?. The saturated calomel electrode (SCE) and graphite rod
were used as the reference electrode and counter electrode,
respectively. Test solutions included 0.6 M NaCl aqueous elec-
trolyte, 0.5 M Mg(ClO,),~DMF, and 0.5 M Mg(ClO,),-AN organic
electrolytes. Electrochemical impedance spectroscopy (EIS) was
conducted with a 5 mV sine perturbation from 100 kHz to 0.1 Hz
after the working electrode was stable for 1000 s in solution.
Potentiodynamic polarization was measured at a scan rate of
1 mvV s~ after the sample was stable for 1000 s in the electrolyte.
Additionally, the ionic conductivity of different solutions was
investigated by the FE38 standard conductivity gauge (Mettler
Toledo Instruments Co. Ltd., Switzerland).

2.3 Corrosion test

For the corrosion test, samples of dimension ¢ 11.3 mm X
5.0 mm were immersed in electrolytes for 5 h. The corrosion
products were cleaned out in a solution (200 g L™" CrO; + 10 g
L~ AgNO;) at 80 °C for 5 min. Weight measurements were
made before and after the immersion test to determine the
corrosion rate, which is calculated using the following formula:

A
V= (mgem™ h™) (4)

Here, v is the corrosion rate (mg cm™> h™"); Am is the weight
loss (mg); s is the sample surface area (cm?); and ¢t is the
immersion time (h).

2.4 Cell assembly and discharge test

Magnesium-air cells with a single electrolyte and organic/
inorganic double electrolytes were assembled. Single electro-
Iytes included 0.6 M NaCl aqueous solution, 0.5 M Mg(ClO,),-
DMF organic solution, and 0.5 M Mg(ClO,),-AN organic solu-
tion. The organic/inorganic double electrolytes were 0.5 M
Mg(Cl0,),-DMF/0.6 M NaCl-H,O and 0.5 M Mg(ClO,),~AN/
0.6 M NaCl-H,O. A 20 pm thick hydrophilic treated poly-
propylene (PP) membrane with a pore diameter <0.1 pm was
used as the diaphragm. Polypropylene (PP) as the diaphragm

RSC Adv, 2021, 11, 7502-7510 | 7503
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Fig. 2 Polarization curves of the Mg—-6 wt% Al alloy in 0.6 M NaCl
solution, 0.5 M Mg(ClO4),—DMF solution, and 0.5 M Mg(ClO4),—-AN
solution.

has good alkali resistibility, chemical stability, and high air
permeability.”>*° The Mg-6 wt% Al sample with an exposed area
of 1 cm? acted as the anode. The commercial air cathode with
the MnO, catalyst was purchased (Changzhou Youteke New
Energy Science and Technology, LTD, China). It also had an
exposed area of 1 cm?. Magnesium-air cells were discharged at
constant currents of 0.5 mA cm ™2, 1 mA cm ™2, and 2 mA cm 2
for 120 min using a LAND-CT2001A system at room temperature
(25 °C % 5 °C). The anode discharge morphologies before and
after cleaning discharge products were analyzed using scanning
electron microscopy (SEM : JSM-5610LV) with energy-dispersive
X-ray spectroscopy (EDS). The discharge products were cleaned
out with a solution of 200 g L™' CrO; and 10 g L' AgNO; at
80 °C for 5 min. The anode weights before and after discharge
were measured to calculate the anode utilization rate according
to the formulas (5) and (6):

w

Here, 7 is the anode utilization rate (%), W is the theoretical
mass loss, and W, is the actual mass loss.

w=2 (6)

Qo

Here, Q is the actual current capacity, Q = 2 h x (0.5, 1, 2)
mA, and Q, is the theoretical current capacity (A h kg™"), Qo =
2219 Ah kg™* x 0.94 + 2980 A h kg™* x 0.06 = 2265 A h kg™ ™.
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The anode energy density was calculated using the formula
(7):
_UxIxt

E= = )

Here, E is the energy density (W h kg™ '), U is the average
operating voltage (V), Iis the discharge current density (A cm™2),
t is the discharge time (h), and W, is the actual mass loss (kg).

All of these experiments were repeated at least three times to
gauge their reproducibility.

3 Results and discussion
3.1 Potentiodynamic polarization and corrosion

Fig. 2 exhibits the potentiodynamic polarization curves of Mg-
6 wt% Al in 0.6 M NaCl electrolyte, 0.5 M Mg(ClO,),-DMF
electrolyte, and 0.5 M Mg(ClO,4),-AN electrolyte. The corre-
sponding corrosion parameters are listed in Table 1. The anodic
branch does not exhibit Tafel characteristics, and is not as steep
as the cathodic branch in Fig. 2. The anodic polarization curves are
complicated. Consequently, the Tafel extrapolation for the
exchange current density (o) calculation can be extrapolated
from the cathodic branch to the corrosion potential of the polar-
ization curve.* It can be seen that the alloy shows a lower corrosion
rate, a lower exchange current density (jor), @ higher polarization
resistance (Rp), and a more positive corrosion potential (Ecor) in
0.5 M Mg(ClO,),~-DMF electrolyte and 0.5 M Mg(ClO,),-AN elec-
trolyte than in 0.6 M NaCl electrolyte. This indicates that the
organic electrolytes can largely decrease the corrosion rate of the
alloy, but the alloy becomes slightly less electrochemically active.
In contrast to the polarization curves of the alloy in two
organic electrolytes, E.,, of the alloy in Mg(ClO,),-DMF elec-
trolyte is more negative than in the Mg(ClO,4),-AN electrolyte,
showing that the alloy in the Mg(ClO,),~-DMF electrolyte
possesses a higher activity than in the Mg(ClO,),-AN electrolyte.
The J o of the alloy in the Mg(ClO,),-DMF electrolyte is lower
than in the Mg(ClO,),-AN electrolyte, manifesting that the alloy
in the Mg(ClO,),~DMF electrolyte possesses a lower corrosion
rate than in the Mg(ClO,),-AN electrolyte. This agrees with the
corrosion rate and polarization resistance R, in Table 1.

3.2 Battery discharge

Fig. 3 exhibits the discharge curves of the magnesium-air
batteries in a single electrolyte and organic/inorganic double
electrolytes at 0.5 mA cm 2,1 mA cm ™ and 2 mA cm ™2, Table 2
presents the discharge parameters of these batteries. Fig. 3a
shows the discharge curves at 1 mA cm™ > in single electrolytes,
including NaCl-H,O, Mg(ClO,4),-DMF, and Mg(ClO,),-AN

Table1 Corrosion parameters of Mg—6 wt% Al alloy in 0.6 M NaCl solution, 0.5 M Mg(ClO4),—DMF solution, and 0.5 M Mg(ClO,4),—AN solution

Corrosion rate/mg Conductivity
Solutions Ecor/V vs. SCE Jeorr/mA cm™2 Ry/Q cm? em 2 h™t rate/ms cm ™"
NaCl-H,0 —1.525 7.55 x 1072 2.28 x 10% 0.73 51.8
Mg(ClO,),-DMF —~1.358 137 x 10°° 6.63 x 10° 0.03 21.3
Mg(ClO,),-AN —1.225 5.11 x 10~° 5.48 x 10* 0.05 17.6

7504 | RSC Adv, 2021, 1, 7502-7510
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Fig. 3 Discharge curves of the magnesium-air batteries: (a) in single
solution at 1 mA cm™2, (b) in 0.5 M Mg(ClO4),-DMF/0.6 M NaCl
solutions at 0.5 mA cm™2, 1 mA cm™2 and 2 mA cm™2, (c) in 0.5 M
Mg(ClO,4),~AN/0.6 M NaCl solutions at 0.5 mAcm™2, 1 mAcm™2and 2
mA cm™2.

electrolytes. The cell average voltage in the NaCl electrolyte is
higher than that in organic electrolytes due to the lower
conductivity rates of the organic electrolytes (Table 1). The cell
voltage drops with increasing discharge time in organic elec-
trolytes. This may be a result of the formation of the adsorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
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layer on the alloy surface.*” The anodic utilization rate in the
NaCl electrolyte is lower than in both organic electrolytes (Table
2). This is because the alloy violently reacts with water in the
NaCl aqueous electrolyte according to reaction (1), producing
a large amount of hydrogen. The portion of the alloy consumed
in the hydrogen evolution reaction does not proceed to an
electricity-producing reaction for the circuit. The Cl~ ions can
penetrate the protective Mg(OH), film on the alloy electrode
surface, and thus promotes corrosion.*** Adopting the
Mg(ClO,4),-DMF electrolyte and Mg(ClO4),~AN electrolyte
results in a higher anodic utilization rate compared with using
the NaCl electrolyte. This might be attributed to the DMF and
AN anions adsorbing the anode surface, and there being no
water molecules attacking the anode. Using Mg(ClO,),-DMF and
Mg(ClO,),-AN as electrolytes led to higher anodic utilization rates
of 85% and 79%, indicating that DMF and AN have an effect of
suppressing the corrosion of the magnesium anode. In general,
the lower the ionic conductivity rate, the higher the polarization
resistance, as can be seen from Table 1. The higher polarization
resistance will lead to a strong corrosion resistance, so the anode
has a higher utilization rate. The anode utilization rates in organic
solutions are higher than in NaCl-H,O solution.

However, hydrogen evolution caused by the reaction between
the magnesium anode and water is not the only reason for the
decreased anodic utilization rate. Another reason is that
galvanic corrosion between the magnesium matrix and the
second phase leads to the dissolution of the magnesium
matrix,* as shown in Fig. 4d and f. Therefore, in both organic
electrolytes, the anode utilization rates are lower than 100%.

Fig. 3b and c show the discharge curves of the magnesium-
air batteries with double electrolytes, namely Mg(ClO,),~-DMF/
NaCl-H,0 and Mg(Cl0O,),-AN/NaCl-H,0. In these batteries, the
anodic reaction proceeds in an organic electrolyte, whereas the
cathodic reaction proceeds in 0.6 M NaCl-H,O electrolyte,
because the anode contacts with the organic electrolyte, and the
air cathode contacts with the NaCl aqueous electrolyte. On the
one hand, the organic electrolyte suppresses the anode corro-
sion. On the other hand, the NaCl aqueous electrolyte can
improve the ionic conductivity rate. Therefore, the anodic
utilization rates in double electrolytes are in between those of
a single organic solution and single NaCl solution (Table 2). It is
visible in Fig. 3b that when the discharge starts, the voltage
increases slowly as the magnesium electrode activates slowly. At 1
mA cm %, the average operating voltage, anodic utilization rate,
and energy density in the Mg(ClO,),~-DMF/NaCl-H,O solutions are
1.358'V, 76%, and 1950 W h kg™, respectively. The comprehensive
discharge performance of the battery at 1 mA cm™ > is superior to
that at 0.5 mA cm™ > and 2 mA cm ™ > discharge.

In Fig. 3c, the voltage decreases slowly with increasing
discharge time. This indicates that there is a competition
between the surface adsorption layer and alloy electrode
dissolution, with the surface adsorption layer dominating. The
surface adsorption layer may be organic magnesium salts and
contain O, Mg, Cl, C, and N elements (energy spectral analysis of
posts 3 and 4 in Fig. 4e), such as Mg(N=C=CH,) (reaction (8))
in the acetonitrile electrolyte. As a result of the surface layer
existence, Mg>" cannot pass through this layer. So, the

RSC Adv, 2021, 11, 7502-7510 | 7505
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Table 2 Discharge performance of magnesium—air batteries in 0.6 M NaCl solution, 0.5 M Mg(ClO4),—DMF/0.6 M NaCl solutions, and 0.5 M
Mg(ClO4),—AN/0.6 M NaCl solutions at 0.5 mA cm™2, 1 mA cm™2, and 2 mA cm™2

Discharge current/mA  Average operating Energy density/W h  Capacity density/mA h

Solutions cm 2 voltage/V Anodic utilization/% kg™’ g !

NaCl 1 1.494 27 905 606

Mg(ClO,4),~-DMF 1 0.986 85 1933 1960
Mg(ClO,),-AN 1 1.192 79 1917 1606
Mg(ClO,),~-DMF/NaCl 0.5 1.036 51 1070 1033
Mg(ClO,),-DMF/NaCl 1 1.358 76 1950 1436
Mg(ClO,),~-DMF/NaCl 2 0.700 80 1799 2570
Mg(ClO,),-AN/NaCl 0.5 1.445 47 1103 763

Mg(ClO,),-AN/NaCl 1 1.381 52 1463 1059
Mg(ClO,),~AN/NaCl 2 1.278 73 1803 1411

magnesium anode dissolution reaction can only proceed when
the surface layer breaks down.

2CH3CN + Mg - Mg(NZZC:CHz) + H2 (8)

The magnesium-air battery with Mg(ClO,),~-DMF/NaCl-H,0
double electrolytes has a better discharge performance than
that with Mg(ClO,),-AN/NaCl-H,O (Table 2). This may be due to
the different performances of DMF and AN. This result is in
accordance with the higher activity of the alloy in Mg(ClO,),-
DMTF solution, in contrast to that in the Mg(ClO,),-AN solution.
The conductivity rate of the Mg(ClO,),~DMF electrolyte is
higher than that of the Mg(ClO,),-AN electrolyte (Table 1). The
polarization curve of the alloy in the Mg(ClO,),~DMF electrolyte
(Fig. 2) shows a passivation section in the anode branch. When
the alloy contacts with organic solutions, complicated reactions
take place. These reactions result in the formation of a surface
adsorption layer. However, the over potentials of several tens of
millivolts are enough to break down the adsorption layer.**
Then, the current increases sharply. The corresponding poten-
tial is the breakdown potential (Epreardown)- The polarization
curve of the alloy in the Mg(ClO,),-AN electrolyte also shows
a passivation section and a signal passivation potential
(Epassivation) in the anode branch (Fig. 2). However, with
increasing potential, the current shows almost no change, and
Ebreardown does not appear. This indicates that the adsorption
layer is difficult to break down in the Mg(ClO,),-AN electrolyte.
At present, there are few studies on the magnesium-air battery
with double solutions. Magnesium-air batteries with butyl
butyrate-20 wt% [BMIM][TFSI|/10 wt% Mg(TFSI),-H,O double
solutions were reported by Wu Zr et al’ At 0.6 mA cm >
discharge, the magnesium-air battery showed 91.6% anodic
utilization rate, 2020 mA h g~' capacity density, and 0.7 V
operating voltage. Due to the different double solution systems,
paper® showed the lower operating voltage, but a higher anodic
utilization rate and capacity density. However, the ionic liquid
[BMIM][TFSI| was very expensive.

3.3 Discharge morphology

Fig. 4 presents the SEM images of the Mg-6 wt% Al anodes after
discharge at 1 mA cm™ > in NaCl-H,O electrolyte, Mg(ClOy4),~

7506 | RSC Adv, 2021, 11, 7502-7510

DMF/NaCl-H,0 electrolytes, and Mg(ClO,),-~AN/NaCl-H,0O
electrolytes. Images without cleaning discharge products are
shown in Fig. 4a, ¢ and e, whereas images with discharge
products being cleaned out are shown in Fig. 4b, d and f. The
anode surface is covered by thick discharge products after
discharge in the NaCl electrolyte (Fig. 4a). Fig. 5 shows the XRD
analysis of the Mg-6 wt% Al alloy after discharge in 0.6 M NaCl
solution without cleaning out the discharge product. It mainly
contains Mg(OH), and NaCl. This indicates that the main
discharge products are Mg(OH), in NaCl electrolyte, and the
NaCl phase in XRD is the dried up NaCl electrolyte. After
cleaning the discharge products, some cracks and pits are
visible (Fig. 4b). This illustrates that a serious local corrosion
took place, which leads to a lower anodic utilization rate in the
NaCl solution (Table 2). Many turtle shell-shapes with little
cracks are visible on the anode surface after discharge in 0.5 M
Mg(ClO,4),~-DMF/NaCl-H,O0 solutions (Fig. 4c). The turtle shell-
shaped cracks indicate that the discharge products easily
break down. After cleaning out, some shallow corrosion pits
and scratches made by abrasive paper are visible on the anode
surface (Fig. 4d). This means that the anode corrosion occurs
very little in the Mg(ClO,),~-DMF/NaCl-H,O solutions. The
anode discharged in 0.5 M Mg(ClO,),-AN/NaCl-H,0 solutions
(Fig. 4e) has fewer discharge products and scratches on its
surface, and some shallow pitting and scratches are observed
clearly after cleaning out (4f). The discharge products in
Mg(ClO,),~-DMF/NaCl-H,0 and Mg(ClO,),-AN/NaCl-H,O are
too little to collect, and cannot be determined using XRD.
Fig. 4c and e show the EDS analysis on the corroded surface of
the alloy after discharge. The discharge products at positions 1
and 2, positions 3 and 4 all contain O, Mg, Cl, C, and N elements
in Mg(ClO,),~-DMF/NaCl-H,0 and Mg(ClO,),-AN/NaCl-H,0O
solutions. The O, Mg, and Cl elements may be the dried up
Mg(ClO,), electrolyte. The C and N elements indicate that DMF
and AN react with the alloy, or adsorb on the alloy surface. In
contrast, there is no H element on the alloy surface. This is
because the H element has only one extranuclear electron, and
it is not possible to detect it by EDS.

Comparing the discharge morphologies in Fig. 4, one can see
that the anode is severely corroded in the NaCl electrolyte, while
the anode is only slightly corroded in the organic/NaCl double

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM of the Mg—6 wt% Al alloy after discharge in different solutions before cleaning out the corrosion product: 0.6 M NaCl (a), 0.5 M
Mg(ClO4),—DMF/0.6 M NaCl-H,0O (c), 0.5 M Mg(ClO4),—AN/0.6 M NaCl-H,O (e), and after cleaning out the corrosion product: 0.6 M NaCl (b),
0.5 M Mg(ClO4),-DMF/0.6 M NaCl-H,O (d), 0.5 M Mg(ClO4),—AN/0.6 M NaCl-H,O (f), energy spectral analysis of post 1 and 2 of (c), and post 3
and 4 of (e).
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Fig. 5 XRD of the Mg-6 wt% Al alloy after discharge in 0.6 M NaCl
solution without cleaning out the discharge product.

solutions. As a consequence, the batteries have a higher anodic
utilization rate and a higher energy density in the organic/NaCl
double solutions (Table 2). As a comparison of the anode
discharge images produced in the two double solutions (see
Fig. 4c and e), only a thin layer of discharge products with
cracks can be seen on the anode surface after discharge in the
Mg(ClO,),~-DMF/NaCl-H,0 electrolytes (Fig. 4c). In contrast,
obvious discharge products can be seen after discharge in the
Mg(ClO,),-AN/NaCl-H,O electrolytes (Fig. 4e). This indicates
that the anode discharged in the Mg(ClO,),-DMF/NaCl elec-
trolytes has less corrosion than the one discharged in the
Mg(ClO,4),-AN/NaCl-H,O electrolytes. In Fig. 4d and f, some
shallow pitting corrosion is visible on the anode surfaces. The
shallow pitting corrosion is believed to be due to the dissolution
of the magnesium matrix, which can result from the galvanic
corrosion between the magnesium matrix and the second
phases of the magnesium alloy.>***” There are some grey and
white precipitated phases and some shallow corrosion pits due
to the dissolved magnesium matrix observed in Fig. 4d and f.
Galvanic corrosion has occurred between the precipitated
phases and magnesium matrix. The magnesium matrix is dis-
solved as an anode. The precipitated phases as cathodes are not
eroded. However, due to the dissolution of the magnesium
matrix surrounding the precipitated phases, this causes some
precipitated phases to fall off.

3.4 EIS

Fig. 6a presents the electrochemical impedance spectra of Mg-
6 wt% Al in the NaCl electrolyte. Two capacitive arcs appear at
high frequency and at medium frequency, respectively, and an
inductive arc appears at lower frequency. The fitted curves
match well with the experimental data (Fig. 6a). An equivalent
circuit is shown in Fig. 6a, containing Ry, R, and CPE, R and
CPE¢, R; and L;.*** Ry is the solution resistance. The high
frequency capacitive arc is because of the Mg-Mg>* reaction.
Equivalent components contain R, (charge transfer resistance)
and CPE; (double-layer capacitance). The controlling step is the
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Fig. 6 EIS spectra of the Mg—6 wt% Al alloy in 0.6 M NaCl solution (a),
0.5 M Mg(ClO4),—-DMF solution, and 0.5 M Mg(ClO4),—AN solution (b).

charge transfer process. The medium frequency capacitive arc is
due to the absorption of the corrosion products on the anode
surface. CPEf and Ry are the capacitance and resistance of the
absorption layer, respectively. The lower frequency inductive arc
is due to the local corrosion on the anode surface, as shown in
Fig. 4b.**** L, and R, are the inductance and resistance of the
corrosion reaction (reaction (1)), respectively. According to
Fig. 6a, the anode corrosion occurs mainly via magnesium
dissolution (Mg-Mg>") and local corrosion in the NaCl
electrolyte.

The EIS of the alloy in the Mg(ClO,4),-DMF electrolyte and
Mg(ClO,4),-AN electrolyte is shown in Fig. 6b. There is only
a capacitive arc at high frequency in the Mg(ClO,),~-DMF elec-
trolyte. An equivalent circuit according to Fig. 6b contains R;, R,
and CPE,. Then, the anode corrosion occurs mainly via
magnesium dissolution (Mg-Mg”") in the Mg(ClO,),-DMF
electrolyte. Two capacitive arcs appear at high frequency and at
medium frequency in the Mg(ClO,4),-AN electrolyte, respec-
tively. An equivalent circuit is shown in Fig. 6b, containing R, R;
and CPE;, Ry and CPE; Anode corrosion occurs mainly via
magnesium dissolution (Mg-Mg>") and the absorption of
corrosion products in Mg(ClO,),-AN electrolyte. From Fig. 6b
for the anode discharged in organic electrolytes, the inductive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 EIS simulated values of Mg-6 wt% Al alloy in 0.6 M NaCl
solution, 0.5 M Mg(ClO4),—DMF solution, and 0.5 M Mg(ClO,4),—-AN
solution

Solutions NacCl Mg(ClO,4),/DMF  Mg(ClO,),/AN
R /Q cm? 6.5 21.7 12.17
CPE/Q 'em 2s ' 7.92x10°° 3.32x10°° 2.34 x 10°°
n/0<n<1 0.9 0.87 0.90

R/Q cm? 392.6 3.89 x 10° 6.28 x 10°
CPE/Q 'em 2?s™' 228 x107* — 1.46 x 10°°
NeO<n<1 0.8 — 0.70

R¢/Q cm? 122.6 — 2.53 x 10°
L,/H cm? 42.56 — —

R,/Q cm? 213.7 — —

arc as a symbol of local corrosion is too slight to appear in EIS
(Fig. 6b). This shows that the local corrosion is slight in organic
electrolytes. For the anode tested in the Mg(ClO,),-DMF elec-
trolyte, a medium frequency capacitive arc as a symbol of the
absorption of corrosion products does not appear. This manifests
that there is no absorption layer in the Mg(ClO,),~DMF electrolyte,
and the alloy has a higher activity in the Mg(ClO,),~-DMF electro-
lyte than in the Mg(ClO,),-AN electrolyte. The results of EIS agree
well with the discharge morphology in Fig. 4.

Table 3 shows the fitting values obtained by ZSimpwin
software, according to the equivalent circuit. R, of 392.6 Q cm?,
3.89 x 10° Q cm?, and 6.28 x 10° Q cm” are gained for tests in
the NaCl electrolyte, Mg(ClO,),~-DMF electrolyte, and
Mg(ClO,),-AN electrolyte, respectively. R, in organic electrolytes
is much large than that in NaCl electrolyte. This indicates
a lower corrosion rate in the organic electrolytes than in NaCl
electrolyte. The result is consistent with the corrosion rate in
Table 1 and the discharge morphology in Fig. 4.

4 Conclusions

Based on the results obtained in this study, the following
conclusions can be drawn for magnesium-air batteries with
organic/inorganic double electrolytes:

(1) Using organic electrolytes to separate the anode from the
corrosive aqueous electrolyte can improve the anodic utilization
rate.

(2) A Dbetter discharge performance can be achieved for
magnesium-air batteries with 0.5 M Mg(ClO,),-DMF/0.6 M
NaCl-H,0 double electrolytes.

(3) A higher discharge voltage can be obtained when using
the aqueous NaCl electrolyte in the air cathode side.
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