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Abstract: The addition of complexing agents to the electrolyte has been shown to be an effective method to enhance
the discharge performance of magnesium—air batteries. In this work, four complexing agents: citric acid (CIT), salicylic
acid (SAL), 2,6-dihydroxybenzoic acid (2,6-DHB), and 5-sulfoisophthalic acid (5-sulfoSAL) were selected as potential
candidates. Through electrochemical tests, full-cell discharge experiments, and physicochemical characterization, the
impact of these complexing agents on the discharge performance of magnesium—air batteries using AZ31 alloy as the
anode material was investigated. The results demonstrated that the four complexing agents increased the discharge
voltage of the batteries. Notably, SAL could significantly improve the anodic efficiency and the discharge specific
capacity, achieving an anodic efficiency of 60.3% and a specific capacity of 1358.3 mA-h/g at a discharge current

density of 10 mA/cm?.
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1 Introduction

The magnesium—air (Mg—air) battery, known
for its large capacity, high energy density, stable
discharge voltage, cost-effectiveness, and light-
weight design, is regarded as a promising energy
storage device [1-3]. It consists of a Mg or Mg
alloy anode that degrades during discharge, an
electrolyte, and an air cathode that utilizes
atmospheric oxygen as the reactive substance,
converting chemical energy into electrical energy.
Despite the favorable negative electrode potential
(—2.37V (vs SHE)) and high specific capacity
(3833 mA-h/cm®) of Mg, several technological
challenges such as self-corrosion, chunk effect, and
low discharge voltage limit its wider application
[4,5]. Addressing these issues typically involves
microstructural anode modifications [6—20] and the

selection of suitable electrolytes.

The electrolyte, which directly interacts with
the magnesium anode, plays a crucial role in
determining the structure and composition of the
surface film on the anode. This film affects the
kinetics of the dissolution and hydrogen evolution
reactions, as well as the discharge voltage [21-26].
Among various electrolytes, 3.5 wt.% NacCl is often
favored for its affordability and ease of handling.
However, in the NaCl system, Mg?" ions produced
by the dissolution of the anode readily react with
OH™ in the solution to form an insoluble Mg(OH),
deposit on the anode surface. This deposition
lowers the anode discharge voltage, resulting in a
practical working voltage and energy density of
Mg—air batteries that fall short of theoretical values.

Studies have shown that adding inorganic
or organic compounds to NaCl electrolytes can
significantly influence the discharge performance of
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Mg—air batteries. ZHAO et al [27] utilized
chromate (Li,CrO4) as an electrolyte additive,
which marginally reduced the dissolution rate of
the anodic metal and significantly decreased the
hydrogen evolution rate but did not improve the
discharge voltage. DEYAB [28] added 2.5 mmol/L
decyl glucoside to the electrolyte, achieving an
89.7% utilization efficiency for pure Mg anode at a
discharge current density of 2 mA/cm? However,
the effectiveness of these additives relies on the
formation of a protective layer, which improves
anodic efficiency to some extent but tends to
reduce the discharge voltage. Hence, additives
that simultaneously increase anodic efficiency and
discharge potential are needed. HOCHE et al
[29-31] discovered that the negative difference
effect (NDE) in magnesium largely depends on the
redeposition of iron. By adding ferric complexing
agents like salicylates (SAL) to the electrolyte, iron
impurity redeposition can be prevented, reducing
anodic self-corrosion and Mg(OH), formation.
WANG et al [32] investigated the impact of
complexing agents like 5-sulfoisophthalic acid
(5-sulfoSAL) on the discharge performance of a
Mg—0.04wt.%Ca alloy at current densities of 0.5,
1, 5, and 10 mA/cm?, demonstrating that adding
5-sulfoSAL increased the discharge voltage of the
Mg—Ca alloy by 270 mV at 0.5 mA/cm? At a
current density of 1 mA/cm?, lower complexing
capacity additives like citric acid (CIT) improved
the anode efficiency from 53% to 64.7%. ZHOU
et al [16] examined the impact of complexing
agents like CIT on the discharge performance of
AMS50 alloy under half-cell conditions at current
densities of 5, 10, and 15 mA/cm?, noting that
adding SAL complexing agent at 10 mA/cm?
increased the anodic efficiency of AMS50 alloy from
60.4% to 72.3% [16]. However, current research
lacks studies on the effect of complexing agents on
the battery performance of commercially cost-
effective Mg alloys under full-cell conditions.

In this study, we employed commercial AZ31
Mg alloy as the anode and 3.5 wt.% NaCl as the
electrolyte to assemble a Mg—air battery. Four
complexing agents with different complexation
constants, including CIT, SAL, 2,6-dihydroxybenzoic
acid (2,6-DHB), and 5-sulfoSAL, were selected as
complexing agents for the electrolyte. Through
comprehensive  electrochemical ~ performance

characterization, battery performance testing at
different current densities, and analysis of post-
discharge and quasi-in-situ discharge morphologies,
we systematically examined the effects of these
complexing agents on the discharge behavior of
magnesium anodes and the overall performance of
Mg—air batteries.

2 Experimental

2.1 Materials and chemicals

The anode material used was commercial
AZ31 magnesium alloy, and its composition was
analyzed using an inductively coupled plasma
emission spectrometer (ICP Optima 8300), as
shown in Table 1. The electrolyte used was a
35wt.% NaCl solution, and the selected
complexing agents were CIT, SAL, 2,6-DHB, and
5-sulfoSAL, each at a concentration of 0.1 mol/L.
According to previous studies [32], CIT was
identified as a weak complexing agent, SAL as
moderate, and both 2,6-DHB and 5-sulfoSAL as
strong complexing agents. The solution with
complexing agents was adjusted to a pH of 7.0+0.3
using NaOH, and the pH was measured with a
PHB-3 pen-type pH meter.

Table 1 Elemental composition of as-cast AZ31 alloy
(wt.%)

Al Zn Mg
3.14 0.98 Bal.

2.2 Electrochemical measurement

The electrochemical measurements were
carried out on an Autolab electrochemical
workstation (Metrohm Autolab PARSTAT 2273)
with a standard three-electrode cell configuration.
The working electrode was an AZ31 alloy with an
exposed surface area of 1 cm?. A saturated calomel
electrode (SCE) served as the reference electrode
and a platinum sheet was used as the counter
electrode. Electrochemical performance tests included
open-circuit potential (OCP), polarization curves,
and electrochemical impedance spectroscopy (EIS).
Samples were immersed in the electrolyte for 4000 s
until the potential stabilized, at which point the
OCP value was recorded. Polarization curves were
obtained at a constant scanning rate of 0.5 mV/s.
The corrosion potential (¢corr) and corrosion current
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density (Jeorr) were calculated from Tafel extra-
polation. The EIS test was conducted with a
sinusoidal excitation voltage of £10 mV over a
frequency range from 100 kHz to 0.01 Hz, and the
EIS data were analyzed using Nova 2.0 software.

2.3 Microstructure characterization

The surface morphology of the alloy after
discharge was examined using a field emission
scanning electron microscope (SEM, Zeiss
GeminiSEM 300). The elemental analysis of the
surface was performed with the energy-dispersive
spectrometer (EDS) attached to the SEM.

2.4 Full-cell test

Mg—air battery performance was tested using a
LAND battery testing system (CT2001A). The air
cathode was a C/MnQO; air electrode provided
by Carbon Yang Technology Co., Ltd., China. The
AZ31 magnesium alloy anode was machined into a
block (1cmx1cmx0.3cm) and sealed with
epoxy to expose an effective surface area of 1 cm?.
The anode was polished up to 2000* grit sandpaper.
Performance tests were conducted at discharge
current densities of 1, 10, 20, and 50 mA/cm?.
After discharge, the electrodes were ultrasonically
cleaned in a 200 g/l chromic acid and ethanol
solution to remove discharge products. The anodic
efficiency # (%) and specific capacity (Osc) (mA-h/g)
of the battery were calculated by Egs. (1) and (2),
respectively [32—34]:

":—W%?V x100% (1)

i~ "t

I-t

Oy = x1000 )

W
where W; (g) and Wr (g) represent the mass of the
AZ31 alloy before the experiment and after the
removal of discharge products, respectively; Wineo
(g) refers to the theoretical mass consumption
of AZ31 alloy, which can be calculated from
Eq. 3) [35]:

W, - It (3)
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where / (A) and ¢ (h) represent the applied discharge
current and battery testing time, respectively; F is

the Faraday constant (26.8 A-h/mol); x;, n; and m;
(g/mol) denote the mass fraction, number of
exchanged electrons, and the atomic mass of each
alloying element, respectively.

The real-time hydrogen evolution during the
first 2 h of battery discharge was recorded every
10 min. The experiment was repeated three times to
ensure the reliability of the data.

3 Results and discussion

3.1 Electrochemical properties

The OCP values, referred to as @ocp, of AZ31
alloys in various electrolytes are shown in Fig. 1(a).
A gradual increase in gocp is observed during the
initial stage of immersion, attributed to chemical
dissolution, electrolyte penetration, and electro-
chemical redox reactions on the anode surface when
using Cl -containing solutions as the electrolyte.
These processes lead to the accumulation of
corrosion products on the alloy surface, which
decreases the active surface area of the anode,
resulting in an elevated gocp [36—38]. Upon adding
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Fig. 1 gocp changing with time (a) and polarization
curves (b) of AZ31 anodes in different electrolytes
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complexing agents, the pocp of AZ31 alloy shifts
towards more negative values in the order of
5-sulfoSAL < 2,6-DHB < SAL < CIT < Nac(l,
indicating that the larger the complexation constant
with Mg?*, the more negative the pocp. As listed in
Table 2, the stable gpocp value of the AZ31 anode in
NaCl solution is —1.592 V, while the addition of
5-sulfoSAL results in the most negative ¢@ocp,
stabilizing at —1.862 V, a shift of 270 mV compared
to NaCl solution. These results demonstrate that a
higher complexation constant with Mg?* leads to a
more negative gocp value.

Table 2 Electrochemical parameters of AZ31 anode in
different electrolytes

Electrolyte pocp Poor Jeor! B

(vs SCE)/V (vsSCE)/V (uA-cm?)
NaCl -1.592 —1.4945 6.7755
NaCI+CIT —1.642 —1.7052 219.57
NaCIl+SAL —1.807 —1.7380 313.79
NaCl+2,6-DHB —-1.827 —1.7157 3825.9
NaCl+5-sulfoSAL  —1.862 —1.9306 5391.4

The polarization behavior of AZ31 alloys
in various electrolytes is depicted in Fig. 1(b),
showing that the anodic branch corresponds to
metal dissolution processes at the anode, while the
cathodic branch represents the hydrogen evolution
reaction occurring at the cathode [39]. On the
anodic branch, the curves become steeper with
increasing current density and exhibit inflection
points, where the potential is identified as the film
rupture potential [40]. During anodic polarization, a
passivation film of Mg(OH), forms on the alloy
surface, and the appearance of inflection points
suggests that at these moments, the passivation film
is breached. The shape of the curves suggests that
after adding complexing agents, the corrosion
current density at which film rupture occurs is 2—3
orders of magnitude greater than that in NaCl
alone. Furthermore, the corrosion potential is
more negative compared to NaCl, implying that the
presence of complexing agents enhances anodic
activity.

The corrosion potentials (@cor) and corrosion
current densities (Jeorr) of the AZ31 anode in
different electrolytes were calculated using Tafel
fitting methods for the cathodic branch [41], as
listed in Table 2. The decreasing order of Jeorr is:

5-sulfoSAL > 2,6-DHB > SAL > CIT > NaCl. This
indicates that the addition of complexing agents
delays the formation of discharge products, leading
to an increase in corrosion current density, which
escalates with the increasing complexing ability of
the agents.

Electrochemical impedance spectroscopy (EIS)
is commonly used to detect minor changes at the
electrode/solution interface and to investigate the
corrosion processes of materials. The EIS results
and equivalent circuit fitting for AZ31 anode in
various electrolytes are shown in Fig. 2. In the fitted
circuit, respectively, R represents the internal
resistance of the electrolyte, Ry and CPE; represent
the resistance and capacitance of the oxide film,
which are related to the porosity and integrity of the
corrosion product layer, respectively, R is the
charge transfer resistance, and CPEq represents the
double-layer capacitance [31—-33]. The fitted values
are listed in Table 3. As shown in Fig. 2 and Table 3,
the addition of all complexing agents reduced the
corrosion resistance of AZ31 anode. The total
resistance, Rioal, defined as the sum of Ry and R, is
used to characterize the corrosion resistance of the
anode in different electrolytes. As shown in
Fig. 2(d), the increasing order of Rwwm value in
different electrolytes is: 5-sulfoSAL < 2,6-DHB <
SAL < CIT < NaCl. This indicates that the addition
of complexing agents lowered the impedance of
AZ31 alloy in the electrolyte and increased its self-
corrosion rate. The stronger the complexing ability,
the greater the reduction in impedance, which
aligns with the trend observed in the anodic
corrosion current density from the polarization
curves.

3.2 Battery performance

The discharge curves of Mg—air batteries in
different electrolytes at various current densities are
presented in Fig. 3. The addition of complexing
agents to the electrolyte improves the discharge
voltage of the batteries, particularly with
5-sulfoSAL at current densities of 1 and 10 mA/cm?,
where the discharge voltage is the highest. At
1 mA/cm?, the cell voltage decreases in the
following order: 5-sulfoSAL > 2,6-DHB > SAL >
CIT > NaCl (Fig.3(a)). At 20 mA/cm? CIT
addition results in the highest discharge voltage
(Fig. 3(¢)). At 1, 10, and 20 mA/cm?, the Mg—air
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Table 3 Electrochemical parameters of AZ31 anodes in different electrolytes obtained by fitting EIS data

CPE(¢/(Q-cm?-s")

CPE4/(Q-cm?-s™)

Electrolyte RJ(Q-cm?)  Ryf/(Q-cm?) Ro/(Q-cm?)
Yo n Yo n
NaCl 20.965 1271.8 5.9198x107>  0.99845 481.38 0.000988 0.58954
NaCI+CIT 6.1992 103.580 3.6012x107°  0.89178 72.773 0.010197 0.63937
NaCIl+SAL 8.0589 87.512 3.1731x107°  0.91612 56.924 0.017967 0.56474
NaCl+2,6-DHB 15.2230 62.129 2.5838x107°  0.92138 33.362 0.004491 0.63807
NaCl+5-sulfoSAL 7.1411 43.904 3.3161x107  0.88286 19.628 0.008808 0.65742
Yo is the differential capacitance of the interface; n is the power of the CPE
batteries maintain stable discharge voltages within As previously mentioned, the addition of
2 h, whereas at 50 mA/cm?, all batteries exhibit complexing agents significantly increases the

significant voltage fluctuations (Fig. 3(d)).

The discharge voltage, anodic efficiency (#),
and specific capacity (Qsc) of the AZ31 anode in
different electrolytes are shown in Fig.4 and
Table 4. Due to the rapid failure of most batteries
within 2h at 50 mA/cm?, only the discharge
performance at 1, 10 and 20 mA/cm?is summarized.

discharge voltage, with 5-sulfoSAL providing the
most notable improvement at 1 and 10 mA/cm?,
increasing the discharge voltage by 10% and 32%
compared to the unmodified battery, respectively.
At 20 mA/cm?, CIT achieves the highest discharge
voltage of 1.263 V, which is 379 mV higher than
that in NaCl solution, marking a 43% increase.
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Table 4 Discharge properties of AZ31 anodes discharged for 2 h in different electrolytes

Electrolyte  Current density/(mA-cm2) Discharge voltage/V Anodic efficiency/% Specific capacity/(mA-h-g™")
1 1.499+0.056 34.6+1.3 770.0+£29.6
NaCl 10 0.980+0.091 46.8£2.9 1046.1+£65.9
20 0.884+0.050 49.7£2.7 1110.6+61.6
1 1.525+0.031 20.5+1.9 456.7+44.0
NaCI+CIT 10 1.305+0.091 55.7+1.8 1243.3+41.8
20 1.263+0.034 49.4+5.1 1103.2+113 .4
1 1.581£0.053 34.0£2.7 757.1£60.6
NaCI+SAL 10 1.113£0.089 60.34£3.0 1358.3+60.1
20 0.968+0.011 44.3+3.6 993.3+£79.9
1 1.583+0.038 13.4+1.9 299.9+41.7
NaCl+2,6-DHB 10 1.25540.045 44.0+1.6 970.8+38.3
20 1.045+0.069 50.1+2.1 1119.6+46.8
NaCl+ 1 1.654+0.035 36.844.4 818.9498.2
10 1.428+0.090 48.4+3.8 1080.5+86.5
5-sulfoSAL
20 1.031+0.078 52.4+0.7 1169.7+15.7
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Lower discharge current densities result in
a slower formation rate of Mg?". As shown in
Fig. 4(b), while the addition of complexing agents
increases the discharge voltage at 1 mA/cm?, it also
reduces anodic efficiency and specific capacity due
to enhanced magnesium matrix dissolution and
severer hydrogen evolution corrosion side reactions
at low current densities [31-33]. At 10 mA/cm?,
although SAL does not significantly increase
the discharge voltage, it achieves the highest
anodic efficiency and specific capacity. Medium-
complexation-capacity agents like SAL can delay
the formation of discharge product films, promote
uniform dissolution of the magnesium matrix, and
reduce chunk effects without causing additional
loss to the magnesium matrix [16]. With SAL,
anodic efficiency # reaches 60.3%, an obvious
improvement over that of the NaCl solution
(46.8%). However, a sharp drop in 7 at 20 mA/cm?
was observed with SAL, likely due to the combined
effects of Mg?* complexation, Mg(OH), formation,
side reactions and product detachment at this
current density. The discharge characteristics of
Mg—air batteries using various AZ-series alloys as
anodes and different aqueous electrolytes are
summarized and compared in Table 5. It is evident
that the addition of SAL as an electrolyte additive
positively impacts discharge performance.

At a low current density of 1 mA/cm? the
formation rate of Mg?" is slow. The addition of
complexing agents allows them to react with Mg,
thereby increasing the discharge voltage of the
battery. Among these agents, 5-sulfoSAL, with the
strongest complexing ability, can help to achieve

the highest discharge voltage. However, with the
Mg being complexed, the formation rate and
amount of Mg(OH), decrease, increasing the active
contact area between the anode and the electrolyte,
which influences the hydrogen evolution side
reaction. Consequently, at 1 mA/cm?, the addition
of complexing agents has little effect on improving
the #n value. As the discharge current density
increases, the generation rate of Mg?* also increases.
Due to their unique molecular structures, different
complexing agents influence the behavior of water
molecules and the structure of the discharge
products, which in turn affects anodic efficiency
and specific capacity.

3.3 Surface morphology of AZ31 anodes after

discharge

SEM images of AZ31 anodes after discharge
were obtained and analyzed to further evaluate the
deposition of discharge products. The surface
morphologies of AZ31 after discharging for 2 h
at a current density of 10 mA/cm? in different
electrolytes are shown in Fig.5. A layer of
discharge products formed on all alloy surfaces,
indicating that the addition of complexing agents
at 10 mA/cm? did not completely prevent the
formation of these products. In the NaCl solution,
the alloy surface exhibited large, distinct chunks of
corrosion products (Fig. 5(a)), with wide and deep
cracks surrounding these deposits. The coverage by
these products reduced the contact area between
the active magnesium matrix and the electrolyte,
resulting in the lowest discharge voltage in
the NaCl solution. With CIT, the alloy surface also

Table S Discharge performance of Mg—air batteries using AZ-series anodes in various aqueous electrolytes

Current

Discharge Anodic Specific capacity/

Alloy Electrolyte density/(mA-cm2) voltage/V  efficiency/% (mA-h- g Source
AZ31 3.5 wt.% NaCl+0.1 mol/L SAL 10 1.113 60.3 1358.3 V{gﬁ(
AZ31 0.6 mol/L NaCl+0.02 mol/L Li,CrOg4 10 0.964 72.2 - [42]
0.6 mol/L NaCl+0.01 mol/L
AZ61 Na»Si03+0.04 mol/L sodium alginate 3 1.234 482 1397 [43]
0.6 mol/L NaCl+
AZ31 0.02 mol/L NasPOs- 12H,0 10 1.03 73.1 1068 [44]
AZ91 3.5 wt.% NaCl+0.05 g/L NasPO4 20 1.15 49.1 - [45]
AZ91 3.5 wt.% NaCl+0.05 g/L SDBS 20 1.141 48.1 - [45]
0,
AZ9] 3.5 wt.% NaCl+0.05 g/L Na3;POs+ 20 1134 487 B [45]

0.05 g/L SDBS
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Fig. 5 SEM micrographs of AZ31 anodes obtained after

discharging at 10 mA/cm? in different electrolytes for 2 h:

(a) NaCl; (b) NaCI+CIT; (c¢) NaCIl+SAL; (d) NaCl+
2,6-DHB; (e) NaCl+5-sulfoSAL

showed blocky corrosion products surrounded by
cracks, but these cracks were narrower and shorter
than those in the NaCl solution (Fig. 5(b)). The
addition of SAL produced smaller blocky corrosion
products with fewer visible cracks, possibly due to
the covering effect of the products, making the
impact of SAL on discharge voltage at 10 mA/cm?
less pronounced (Fig. 5(c)). With 2,6-DHB, the
alloy surface still exhibited small blocky corrosion
products surrounded by fine dendritic cracks
(Fig. 5(d)). The addition of 5-sulfoSAL resulted in a
layered corrosion product covering the alloy surface,
with wide cracks allowing better contact between
the electrolyte and magnesium matrix, thereby
enhancing the discharge voltage of the battery
through the action of the complexing agent
(Fig. 5(e)).

The corresponding SEM images of the AZ31
alloy surface after the removal of discharge
products are shown in Fig. 6. Except for the
electrolyte with 5-sulfoSAL, the alloy surfaces in
other solutions exhibited uniform corrosion pits. In
the solution with 5-sulfoSAL, the alloy surface
showed uneven corrosion with a few deeper
corrosion pits. Upon closer inspection, these larger
pits contained finer corrosion pits.

According to the results presented in Table 4,
the addition of SAL as a complexing agent achieved
the highest # and Qsc values for AZ31 anode
at a current density of 10 mA/cm?. To further
investigate the reaction process of the anode in
electrolytes with and without complexing agents,
quasi-in-situ SEM observations of anode surface
morphologies were conducted in NaCl and NaCl
with adding SAL solutions after 60 and 120 s. As
shown in Figs. 7(al—a5), after 60 s of discharge in
NaCl electrolyte, the fine Mgi7Ali> phase on the
AZ31 alloy surface, which served as active sites for
the reaction, corroded preferentially, generating
Mg(OH), in the reaction area. This appeared as
raised regions with fine dendritic cracks distributed
around them. As discharge progressed to 120 s, the
reaction area expanded significantly outward from
the initial reaction sites, with an increase in both
reaction sites and Mg(OH), accumulation. This
build-up covered the alloy surface, reducing
contact between the magnesium matrix and the
electrolyte, thereby decreasing the number of active
reaction sites and leading to a lower discharge
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Fig. 6 SE
in different electrolytes at 10 mA/cm? for 2 h after
removing surface products: (a) NaCl; (b) NaCl+CIT;
(c) NaCIHSAL; (d) NaCl+2,6-DHB; (e) NaCl+5-sulfoSAL

voltage (Figs. 7(b1-b5)). In the NaCl electrolyte
with adding SAL complexing agent, after 60 s of
discharge, the formation of soluble complexes
between SAL and Mg?" delayed the generation of
Mg(OH)s, resulting in a concave reaction area. EDS
results confirmed the presence of Mg(OH),, along
with network-like cracks within the reaction area
(Figs. 7(c1—c5)). Similarly, as the discharge process
progressed, by 120 s, the reaction area remained
concave, with an increase in reaction sites and a
tendency for larger areas to merge (Figs. 7(d1—d5)).
Mg(OH); still formed within these areas. However,
since SAL could not entirely prevent the formation
of Mg(OH), within the first 120s, its effect on
enhancing the discharge voltage of the battery was
limited.

The cross-section morphologies of the anode
after discharging for 0.5, 1.5, and 2.0h at
10 mA/cm? in NaCl and NaCI+SAL solutions are
shown in Fig. 8. After 0.5 h of discharge, discharge
products formed on the alloy surface in both
solutions, with a thinner layer observed in the
SAL-added solution compared to that in NaCl
solution, indicating that the addition of the
complexing agent delayed the formation of
Mg(OH),. In the NaCl solution, blocky products
were present within the discharge layer, likely due
to unreacted magnesium matrix caused by chunk
effects. After 1.5h of discharge, the blocky
products remained in the NaCl solution, whereas no
such products were observed in the SAL-added
solution. The corrosion pits formed in the NaCl
solution after 1.5 h reached a depth of 55.61 um,
while that in the SAL-added solution measured
about 31.58 um. After 2.0h of discharge, the
corrosion pits in the NaCl solution deepened to
159.1 pm, compared to 131.8 pm in the SAL-added
solution, suggesting that the addition of SAL
promoted more uniform corrosion and reduced
the occurrence of chunk effects. In summary,
the improvement in anode efficiency in SAL-
containing electrolytes can be attributed to the
mitigation of the chunk effect.

3.4 Real-time hydrogen evolution test results and
solution ion changes during discharge

As previously reported, the hydrogen

evolution rate of the magnesium anode increases

with the positive shift of potential during discharge,
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Fig. 7 SEM images and corresponding EDS mapping results of AZ31 anodes after discharging at 10 mA/cm?

which accelerates the corrosion of the AZ31 anode. mass loss due to the chunk effect (Wehunk efrect), and
This phenomenon, known as NDE, is directly mass loss due to self-discharge (Wselt.discharge): Wineo
related to the anode efficiency #. As shown in is determined only by the applied current and
Eq. (4), the total mass loss during discharge consists discharge time, while Wepunk effect and Welt.discharge have
of three components: theoretical mass loss (Winco), a decisive influence on the actual anodic efficiency.
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Fig. 8 Cross-section SEM images of AZ31 anodes after discharge at 10 mA/cm?

Wielt-gischarge 18 mainly caused by hydrogen evolution
at the anode during discharge [32—35].

AW= VVtheo"' Wchunk effect+ Wself-discharge (4)

To further analyze the impact of adding
complexing agents to the electrolyte, the amount of
hydrogen evolved during discharge was recorded,
as shown in Fig. 9(a). The amount of hydrogen
evolved exhibits a nearly linear relationship with
time. Within 2 h of discharge, the addition of
5-sulfoSAL and SAL promoted hydrogen evolution,
whereas CIT and 2,6-DHB inhibited the reaction.
As indicated by Fig.9(b), SAL suppressed
hydrogen evolution within the first 25 min, but after
this period, the amount of hydrogen evolved
exceeded that in the NaCl solution. Figure 9(c)
quantitatively illustrates the proportion of the alloy
mass loss attributed to water reduction and chunk
effects. The improvement in # with the addition of

CIT and SAL was primarily due to the mitigation of
chunk effects, consistent with the previous
discussion. The addition of 2,6-DHB inhibited
water reduction, thereby reducing mass loss from
self-discharge but increasing chunk effects, leading
to a decrease in #. This may be related to the
structure of the discharge product film [32—35]. The
addition of 5-sulfoSAL promoted water reduction
without significantly reducing chunk effects,
resulting in a lower # value.

Complexing agents can react with metal ions
to form soluble complexes, which can be verified
by measuring the ion concentrations in the
electrolyte after discharge. The concentrations of
Mg*, AI** and Zn?" in NaCl electrolyte, as well as
in electrolytes with adding SAL or 5-sulfoSAL,
were determined using ICP after discharging
at 10 mA/cm? for 2 h. As shown in Fig. 10, the
Mg?* concentration in electrolyte increased from
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Fig. 9 (a) Real-time hydrogen evolution curves of AZ31 anodes during discharge at 10 mA/cm? in different electrolytes;
(b) Hydrogen evolution curves for the first 40 min of discharge; (c) Proportion of chunk effect and hydrogen evolution

at AZ31 anodes in different electrolytes
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Fig. 10 Concentrations of Mg, AI** and Zn?' in
different electrolytes after discharge

189 mg/L in NaCl to 279 mg/L with the addition of
SAL and to 363 mg/L with the addition of
S-sulfoSAL. This increase is related to the
complexing capability of the agent with Mg?'.
5-sulfoSAL, being a stronger complexing agent,
rapidly reacts with Mg?* produced during discharge.
As a result, the post-discharge Mg?" concentration
with 5-sulfoSAL is nearly double that of the
NaCl solution. Since Mg*" is complexed into the
electrolyte, the formation of Mg(OH), is reduced,

increasing the reactive surface area of the
magnesium matrix and thereby enhancing the
discharge voltage of the battery. However, this
increased exposure of the magnesium matrix also
accelerates hydrogen evolution. In the NaCl
solution, the AI*" concentration was too low to be
detected, but with the addition of 0.1 mol/L SAL,
the AI*" concentration reached 1.8 mg/L. With
0.1 mol/L 5-sulfoSAL, it increased further to
22.4 mg/L, indicating that complexing agents also
react with AI**, which is related to their complexing
ability. No Zn** was detected in NaCl or
SAL-added solutions, but with 5-sulfoSAL, the
Zn** concentration was detected to be 3.84 mg/L,
similarly indicating reactions between the
complexing agent and Zn?*',

3.5 Discharge mechanism

From the above analysis and discussion, it can
be concluded that the SAL interacts with Mg*" and
delays the formation of Mg(OH), on the surface.
However, SAL does not completely prevent the
formation of Mg(OH),, thus offering only limited
enhancement to the discharge voltage. The increase
in the active magnesium matrix area due to SAL
addition promotes hydrogen evolution, leading to
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greater water reduction compared to the NaCl
solution. Cross-sectional SEM analysis indicates
that the improvement in by SAL is closely
related to the mitigation of chunk effects. Through
a combination of electrochemical experiments,
discharge analysis, surface analysis, and solution
ion concentration measurements, the discharge
mechanism of AZ31 anode in NaCl electrolyte,
with and without SAL, was explored, as depicted in
Fig. 11. During the initial stage of discharge, the
Mgi7Al; phase in the AZ31 alloy acts as active

(al)

NaCl

reaction sites and reacts preferentially. In NaCl
solution, Mg?* reacts with OH™ to form Mg(OH),
in the reaction area, leading to a protruding
morphology (Fig. 11(a2)). With the addition of SAL,
the complexing agent interacts with Mg?*, retarding
the formation of Mg(OH), and resulting in concave
morphology. The reduced Mg(OH), coverage
increases the active surface area of the anode,
thereby enhancing hydrogen evolution and
increasing the total amount of hydrogen evolved
(Fig. 11(b2)). As the discharge progresses, Mg(OH),

(b1)

NaCI+SAL

(a2)

NaCl

(©2) ,fog0
| OH’ 2+
NaCHSAL ) Mgt Mg

~o -

(b3) D07 Mg*
s S e
QHI /—-\
S v s T
H, NP % e

R

(b4) /(j o \;;‘ Mg
NaCI+SAL '\Mg'2 “ 70 OH

Z'Iiﬁ‘ ,‘ 4@ ‘3"/" Hy

Fig. 11 Schematic illustration of discharge mechanism for AZ31 anodes in NaCl (al—a4) and NaCI+SAL (bl1-b4)
electrolytes: (al, bl) Alloy immersed in different electrolytes; (a2, b2) Secondary phase reacting preferentially, with

SAL forming soluble complexes with metal ions, thereby promoting hydrogen evolution from alloy; (a3, b3) Discharge

reaction spread across alloy surface; (a4, b4) In NaCl, anode undergoing uneven dissolution, whereas SAL promoting

uniform dissolution of alloy, resulting in thinner product layer compared to that in NaCl solution
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gradually covers the alloy surface in the NaCl
solution (Fig. 11(a3)). In the SAL-added electrolyte,
the complexing agent interacts not only with Mg?*
but also with AI** and Zn** from the AZ31 alloy.
However, due to the limited complexing capacity
of SAL, it cannot completely prevent Mg(OH),
formation, leading to a layer of discharge products
covering the magnesium matrix  surface
(Fig. 11(b3)). In the NaCl electrolyte, chunk effects
cause portions of the magnesium matrix to detach
and fall into the electrolyte without participating in
the discharge reaction, reducing anodic efficiency
and battery specific capacity (Fig. 11(a4)). The
addition of SAL promotes uniform dissolution of
the AZ31 alloy, mitigating the occurrence of chunk
effects, and thereby effectively enhancing both
anodic efficiency and the specific capacity of the
battery (Fig. 11(b4)).

3.6 Long-time battery discharge test results

The addition of SAL significantly improved
the anodic efficiency and specific capacity of Mg—
air batteries at 10 mA/cm? Consequently, the
discharge life of batteries with NaCl and NaCl+
SAL electrolytes at 10 mA/cm? was investigated.
As shown in Fig. 12, in the NaCl solution, the
anode was depleted after 51 h of discharge,
resulting in a voltage drop and battery failure. With
the addition of 0.1 mol/L SAL, the voltage drop
occurred after 58 h. The addition of SAL extended
the battery discharge time by 13.7%. It is evident
that SAL, as an electrolyte additive for new energy
devices such as Mg—air batteries, can improve the
specific capacity and prolong battery discharge
life. Additionally, SAL is environmentally friendly,

1r IQAPPRP o~
ok

-4 — NaCl
—— NaCI+SAL

Discharge voltage/V

-6 1 1 I I I 1 I
0 10 20 30 40 50 60

Discharge time/h
Fig. 12 Discharge curves of AZ31 anode in NaCl and
NaCl+ SAL electrolytes at 10 mA/cm?

non-toxic, widely available, cost-effective, and easy
to obtain, making it promising in the field of
metal—air batteries.

4 Conclusions

(1) Complexing agents react with metal ions,
delaying the formation of Mg(OH),, while
providing more active regions for discharge,
thereby increasing the discharge voltage of the
battery.

(2) At a low discharge current density of
1 mA/cm?, all complexing agents resulted in a
decrease in anodic efficiency. At 10 mA/cm?,
different complexing agents had varying effects on
hydrogen evolution: 2,6-DHB and CIT inhibited
anodic hydrogen evolution, while 5-sulfoSAL and
SAL promoted it. SAL, with moderate complexing
ability, increased hydrogen evolution during
discharge but reduced anodic mass loss due to the
chunk effect, thereby enhancing both the anodic
efficiency and specific capacity of the Mg—air
batteries.

(3) Mg—air batteries with adding SAL
exhibited optimal performance at 10 mA/cm?
achieving the highest anodic efficiency of 60.3%
and a specific capacity of 1358.3 mA-h/g. The
addition of SAL promoted uniform dissolution of
the anode, reducing additional mass and energy loss
caused by the chunk effect, thereby effectively
improving the discharge performance of the Mg—air
battery.
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