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Abstract: In order to improve the electrochemical activity and discharge performance of aluminum-
air batteries and to reduce self-corrosion of the anode, an SLM-manufactured aluminum alloy was
employed as the anode of the Al-air battery, and the influence of PAAS and ZnO inhibitors taken
separately or together on the self-corrosion rate and discharge performance of the Al-air battery
in a 4 M NaOH solution were investigated. The experimental result indicated that the effect of a
composite corrosion inhibitor was stronger than that of a single corrosion inhibitor. The addition
of the compound inhibitor not only promoted the activation of the anode but also formed a more
stable composite protective film on the surface of the anode, which effectively slowed down the
self-corrosion and improved the utilization rate of the anode. In NaOH/PAAS/ZnO electrolytes, the
dissolution of the Al6061 alloy was mainly controlled by the diffusion of the electric charge in the
corrosion products or the zinc salt deposition layer. Meanwhile, for the Al-air battery, the discharge
voltage, specific capacity, and specific energy increased by 21.74%, 26.72%, and 54.20%, respectively.
In addition, the inhibition mechanism of the composite corrosion inhibitor was also expounded. The
excellent discharge performance was due to the addition of the composite corrosion inhibitor, which
promoted the charge transfer of the anode reaction, improved the anode’s activity, and promoted
the uniform corrosion of the anode. This study provides ideas for the application of aluminum-air
batteries in the field of new energy.

Keywords: Al-air battery; NaOH/PAAS/ZnO; corrosion inhibitor; complex additive; discharge
performance

1. Introduction

In recent years, with the significant emissions of greenhouse gases and the continuous
consumption of fossil fuels, the development and utilization of new energy has attracted
widespread attention [1,2]. According to the requirements of sustainable development
strategies, it is imperative to utilize the existing metal resources on Earth and develop
low-cost, high safety, high energy density, and competitive chemical power systems [3,4].

The aluminum-air battery is a type of semi-fuel power battery with broad application
prospects in fields such as new energy vehicles and unmanned aerial vehicles. Aluminum
is lightweight, safe, and has good usability [5,6]. It can achieve high energy density
storage through three electron transfers, making it an ideal choice for implementing metal-
air battery systems and has great potential for future development [7,8]. However, the
commercialization of aluminum-air batteries still faces many challenges. The hydrogen
evolution reaction of aluminum anodes in alkaline solutions leads to severe self-corrosion
of the battery, which can reduce the anode utilization rate of the battery [9]. Improving the
corrosion resistance of the anode may also reduce its electrochemical activity, leading to
a decrease in discharge voltage. The above issues seriously restrict the development and
application of aluminum-air batteries [10,11].

Various approaches have been proposed by researchers to tackle these issues, and
one of the most effective and common methods is electrolyte modification. Up until
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now, inorganic corrosion inhibitors, including zinc oxide (ZnO), have attracted more and
more attention because they not only activate the surface passivation layer but they also
form a protective film on the Al anode in order to inhibit self-corrosion without losing
anode activity [12-18]. However, due to the uneven deposition of the protective film, the
improvement in the corrosion inhibition efficiency of the inorganic corrosion inhibitor is
limited [19-22]. Research shows that inorganic and organic mixed corrosion inhibitors
demonstrate better inhibition, which is attributed to their synergistic effects [23-28]. To
reduce the self-corrosion rate of the Al anode in an alkaline solution, Gelman et al. explored
the possibility of using hybrid organic/inorganic inhibitors based on polyethylene glycol
diacid (PEG diacid) and ZnO [29]. The results showed that the hybrid solution of PEG
diacid and ZnO could provide substantial corrosion protection for the Al anode, and its
corrosion rate was reduced by more than one order of magnitude. A hybrid corrosion
inhibitor combining acrylamide (AM) and ZnO was created by Cheng et al. to suppress
the self-corrosion of the aluminum anode and strengthen the discharge performance of an
alkaline battery [30]. It turns out that the amide group of AM is adsorbed on the surface
of Al and ZnO, and AM enables ZnO to easily aggregate into a layer in close contact with
the anode, effectively inhibiting self-corrosion. Jiang et al. constructed three kinds of novel
inorganic/organic hybrid corrosion inhibitors (ZnO + acetic acid, citric acid, and EDTA,
respectively) and demonstrated that the formation of a dense and uniform zinc film on the
Al anode was greatly boosted by organic acid [31]. Li et al. investigated the synergistic
effect of ZnO and 8-aminoquinoline (8-AQ) in an alkaline electrolyte for an al-air battery
and discovered the compound protective film formed on the aluminum surface delays
the release of hydrogen and can effectively improve the discharge performance of the
aluminum anode [32].

The above research shows that adding organic inhibitors to the ZnO-containing alkaline
electrolyte can decrease the self-corrosion of the aluminum anode. However, in an ongoing
study, due to the small number of functional groups in organic inhibitors, the interaction with
Al is relatively weak, and the protective effect on the ZnO deposition film is limited [33-36].
Therefore, looking for a corrosion inhibitor with a large number of polar groups is expected
to further improve the discharge performance of an Al-Air battery. Sodium polyacrylate
(PAAS), an organic solvent with a large number of negatively charged hydrophilic groups
such as -COOH and -C=0, can increase the adhesion between the deposited zinc layer and
the aluminum surface, promote the formation of a more stable protective layer, and improve
the discharge performance of the anode [37-39]. The current literature shows that PAAS has
been extensively studied as an electrolyte additive for Zn-air batteries [40—42]; however, few
reports focus on its application in alkaline Al-air batteries.

Based on the above analysis, we innovatively introduced PAAS into alkaline elec-
trolytes containing ZnO to investigate the effects of organic and inorganic compound
inhibitors on the electrochemical behavior and discharge performance of anodes in a
4 M NaOH solution. We also evaluated the applicability of PAAS and ZnO as compos-
ite inhibitors for alkaline aluminum-air batteries to reduce anode self-corrosion, thereby
improving their electrochemical activity and discharge performance.

2. Experimental
2.1. Materials

The 6061 Al alloy (Al6061) from Avimetal Powder Metallurgy Technology Co., Ltd.,
Beijing, China was used as an anode material for its lower hydrogen evolution rate, higher
electrochemical properties, and better battery performance [43,44]. The Al6061 anode was
prepared using SLM technology, as stated in our previous research [45]. The air cathode
(with MnQO, as the catalyst) was purchased from APS B&D Industrial (Wuxi) Co., Ltd.,
Wuxi, China, and Changsha Spring New Energy Technology Co., Ltd., Changsha, China,
respectively. Sodium hydroxide (NaOH), zinc oxide (ZnO), sodium polyacrylate (PAAS),
chromium trioxide (CrOs), and phosphoric acid (H3PO,4) were all provided by Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China. The electrolyte system in this paper is as



Crystals 2024, 14, 1002

30f15

follows: 4 M NaOH, 4 M NaOH + 8 g/L ZnO, 4 M NaOH + 2 g/L PAAS, 4 M NaOH + 8
g/L ZnO + 2 g/L PAAS. The specification of materials can be found in Table 1.

Table 1. Specification of materials.

No. Materials Specification
1 Al6061 15~53 um, powder
2 Cathode commercial
3 NaOH 99%
4 ZnO 99.999%, <45 um, powder
5 PAAS average Mw 2100
6 CrOs 98%
7 H3PO4 >85 wt.% in H,O

2.2. Self-Corrosion Test

All the Al6061 anode samples were cut into specimens with dimensions of
10 mm X 10 mm x 10 mm, then polished by metallographic and silicon carbide water-
proof abrasive papers (grades ranged from 400, 800, 1200, to 2000) and ultrasonically
cleaned in ethanol solution for 30 min before testing. The polished samples were immersed
in four kinds of electrolytes for 60 min each and taken out every 10 min, removed, and
then the corrosion products were placed in the mixed solution of 2% CrO3; and 5% H3 PO,
at 80 °C for 5 min. A precision electronic balance (X5205-DU, Mettler Toledo, Greifensee,
Switzerland) with an accuracy of 0.001 mg was used to calculate the weight loss (Am) and
self-corrosion rate according to Equation (1) [46]:

A
v, = Am
s-t

1
where V, is the self-corrosion rate, g/ (cm?-h); Am is the mass loss before and after corrosion,
g; s is the soaking area, cm?; tis the soaking time, min.

2.3. Electrochemical Measurement

The samples were polished following the method described above and then sealed
with insulation and epoxy resin, except for one working surface with an area of
10 mm X 10 mm. The electrochemical tests were carried out by the CHI750E electrochemi-
cal workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). During the
test, Al6061 samples were used as the working electrode, and Pt sheets and Hg/HgO
were used as the counter electrode and reference electrode, respectively. The open circuit
potential (OCP) was measured first until it reached a steady state, and then electrochemical
impedance spectroscopy (EIS) was performed. The frequency of the EIS test ranged from
10° Hz to 10~! Hz with an amplitude of 5 mV. Finally, the potentiodynamic polarization
test was measured at a 1 mV/s scanning rate. Zsimpwin software (version 3.10) was used
for data analysis. The schematic of the equipment is shown in Figure 1 (the red circle
represents the three electrode system).

il

Figure 1. Schematic of the electrochemical testing equipment.
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2.4. Discharge Experiment

The polished anode was an Al6061 sample with a working area of 10 mm x 10 mm, while
the cathode was a gas diffusion layer with a MnO, catalytic active layer with an effective
area of 40 mm x 40 mm. The electrolyte solution was 4 M NaOH and its composite
inhibitor. The discharge performance of an alkaline air battery was investigated by a
constant current discharge at current densities of 10 mA /cm? for 3 h utilizing the LAND
battery testing system (CT3001AU, Wuhan LAND Electronic Co., Ltd., Wuhan, China).
After the experiment, Al6061 samples were immersed in the mixed solution of 2% CrOs
and 5% H3POj at 80 °C for 5 min to remove the discharge products on the anode surface.
The mass loss of the sample before and after discharge was recorded as Am, and the anode
utilization rate, capacity density, and energy density were also calculated according to
Equations (2)—(4), respectively [47,48]:

100I-t
=4 % @
Ih
Q= ®)
Ulh
= Am @

where 1 is the anode utilization rate, %; Q is the capacity density, mAh/g; W is the energy
density, wAh/g; Am is the mass loss of the sample before and after discharge, g; F is the
Faraday constant, 96,485 C/mol; h is the discharge time (h); U is the discharge voltage, V.
The schematic of the equipment is shown in Figure 2.

Figure 2. Schematic of the discharge testing equipment.

X-ray diffraction (XRD; Bruker D8 Advance, Karlsruhe, Germany), scanning electron
microscopy, and energy dispersive spectroscopy (SEM and EDS; Sigma 300, Hitachi, Chiy-
oda City, Japan) were also applied to observe and analyze the surface morphology and
composition, as shown in Figure 3. To ensure the accuracy of test results, all experiments
were measured three times, and the average value was taken as the data in this work.

(a) XRD equipment (b) SEM equipment

Figure 3. Schematic of XRD and SEM equipment.
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3. Results and Discussion
3.1. Self-Corrosion Behavior

The mass loss of the Al6061 anode in different electrolytes is shown in Figure 4 and
Table 2, the relationship between mass loss and time is deduced. The results show that
the mass loss is a linear function of time. Slope k represents the self-corrosion rate of the
Al6061 anode (where higher k values indicate higher self-corrosion rates). The significant
difference in k values confirm that the electrolyte has an appreciable effect on the self-
corrosion rate of the Al anode. In addition, the self-corrosion rate and corrosion inhibitor
efficiency of the Al6061 anode and electrolytes are also listed. As shown, the self-corrosion
rate of the Al6061 anode is extremely high in the 4 M NaOH electrolyte, the passive film
is eliminated in the alkaline solution, and more OH™ reacts with Al, causing the increase
in the self-corrosion rate. With the addition of ZnO and PAAS, the self-corrosion rate of
the Al6061 anode decreases by 10.21% and 40.07%, respectively, indicating that ZnO and
PAAS can inhibit the self-corrosion of the anode. Perhaps more intriguingly, when ZnO
and PAAS are added simultaneously, the slope value of the Al6061 anode decreases from
0.4976 g/cm?-h to 0.2723 g/cm?-h, and the corrosion inhibition efficiency reaches 45.28%.
It is mainly because the adsorption of PAAS increases the adhesion between the deposited
zinc layer and the Al surface, thus reducing the self-corrosion. From the above analysis, it is
shown that the suppressive effect of self-corrosion may be relatively weak when ZnO and
PAAS act separately. In comparison, when used in combination, an obvious promotion is
achieved. Therefore, using ZnO and PAAS simultaneously is the most promising approach
for reducing the self-corrosion of the Al6061 anode.

Self-corrosion rate (g/cmzh)
04| ® NaOH k,=0.4976
® NaOH+PAAS k,=0.4468
A NaOH+ZnO ky=0.2982
Vv NaOH+PAAS+ZnO  k,=0.2723
[ ]
0.3
2 0.2
g
<
0.1
0.0

T T T T T T T T T T
0 10 20 30 40 50 60
Time(min)

Figure 4. Self-corrosion behavior of the Al6061 anode in different electrolyte systems.

Table 2. Self-corrosion rate of aluminum alloy in different electrolyte systems.

No. Electrolyte Self-Corrosion Rate (g/cm?-h)
1 NaOH 0.4976 £ 0.037
2 NaOH + PAAS 0.4468 + 0.039
3 NaOH + ZnO 0.2982 £ 0.043
4 NaOH + ZnO + PAAS 0.2723 £ 0.040

3.2. Electrochemical Properties

The open circuit potential (OCP) curves of the Al6061 anode in different electrolytes
are displayed in Figure 5. It can be seen that all curves show a similar tendency toward vari-
ation. OCP is basically stable throughout the process, which is attributed to the adsorption
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of an Al,Os film or AI(OH);3 on the alloy surface produced by an anodic dissolution reac-
tion. In addition, it can be seen that the OCP value of each system is significantly different,
which indicates that the added inhibitor has an important impact on the electrochemical
performance of Al6061. When inhibitors are added, the OCP shifts significantly negatively.
Compared with the electrolyte without inhibitors (OCP is —1.39 V), the OCP shifts by 6.47%
and 10.07% after adding PAAS and ZnO, respectively. This is because the cathodic reaction
(hydrogen evolution self-corrosion) is inhibited and the excessive electrons released by the
anodic reaction accumulate, resulting in a more negative potential. Wang et al. studied the
effect of cerium nitrate on the OCP of an aluminum alloy in an alkaline electrolyte, and
reached the same conclusion [49]. They believed that the negative shift in OCP was due to
the inhibition of cathodic corrosion by cerium nitrate. At the same time, it can be seen that
the NaOH + PAAS + ZnO electrolyte represents the most negative OCP (—1.62 V), which is
also due to the protective layer formed by PAAS adsorption on the Al661 anode surface,
making the zinc layer more stable and dense.

——NaOH
NaOH+PAAS
_|——NaOH+ZnO
NaOH+PAAS+ZnO

OCP(V)

-1.8 T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Time(s)

Figure 5. OCP of the Al6061 anode in different electrolyte systems.

The electrochemical dissolution behavior of the Al6061 electrode is analyzed by the
potentiodynamic polarization curve, as shown in Figure 6. Electrochemical polarization pa-
rameters, including corrosion potential (Ecorr, V), corrosion current density (Jeorr, A/cm?),
and polarization resistance (Rp, Q-cm?) are also listed in Table 3.

&
g
<
o ¥ 8y ¥
g 3 %
= 3.0 TPl ;
P
3.5 [ 1
—=— NaOH 1 l
4.0 4+ NaOH+PAAS v ‘
" |-*—NaOH+ZnO °
—— NaOH+PAAS+ZnO
-4.5 T T T T T T
L9 18 -l7 <16 -5 -l4 <13 12 -l
Ecorr(V)

Figure 6. Polarization curve of Al6061 anode in different electrolyte systems.

Ecorr reflects the electrochemical activity of anodic dissolution. Due to the negative
difference effect, the self-corrosion of the Al6061 anode during polarization is higher than
that before polarization. Therefore, the more negative the corrosion potential, the higher
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the electrochemical activity of the anode, which relatively weakens the impact of self-
corrosion on the discharge performance during the discharge process. Jcorr represents the
self-corrosion rate; the higher the Jcorr, the faster the self-corrosion rate, and the worse the
corrosion resistance. In the NaOH solution, the anodic polarization curve shows that the
current increases monotonously with the potential and finally reaches the current limiting
platform. This is because the anodic reaction process begins with an active dissolution
stage, then undergoes a diffusion control stage, and finally reaches the equilibrium state.
The reactions occurring on the anode are shown in Formulas (5) and (6), while the cathodic
reaction is a coupling process of oxygen dissolution and hydrogen evolution, as shown in
Formulas (7) and (8).

Al+30H™ — Al(OH), | +3e~ (5)
Al(OH);+OH™~ — Al(OH), "~ (6)
0242H,0 + 4e~ — 40H™ 7)
2H,0 +2e~ — 20H™ + H, (8)

Table 3. Polarization parameters of Al-air battery anode in different electrolyte systems.

Electrochemical Parameters

Electrolytes
Ecorr (V) Jeorr (A/cm?) Rp (Q-cm?)
NaOH —1.39 4882 x 1072 2.4
NaOH + PAAS —1.48 3.726 x 1072 35
NaOH + ZnO —1.53 2.529 x 102 39
NaOH + ZnO + PAAS —1.59 1.587 x 102 4.8

From the polarization curve and its parameters, it can be seen that the corrosion
potential of the Al6061 anode is close to its OCP. After adding corrosion inhibitors, the
Ecorr becomes significantly negative, and the NaOH + PAAS + ZnO solution has the
most negative Ecorr and the smallest Jcorr, which shows that the addition of compound
inhibitors not only improves the electrochemical activity of the Al6061 anode but also
reduces its self-corrosion rate. As a phase-forming inhibitor, ZnO forms a Zn layer on the
surface of the anode, and the deposited zinc is dissolved in an alkaline solution to form
ZnO or zinc salts, the chemical reaction shown in Formulas (9) and (10).

ZnO + H,O + 20H™ = Zn(OH),*~ 9)

3Zn(OH),?” +2Al = 3Zn + 2A1(OH),~ +40H " (10)

The deposition of these reaction products leads to the reduction in the cathode current.
Zinc passivation film has a higher hydrogen evolution overpotential than Al and plays an
important role in inhibiting hydrogen evolution. However, the zinc layer deposited in an
alkaline solution is unstable and easy to break. The directional arrangement of negatively
charged hydrophilic groups in PAAS increases the adhesion between the deposited zinc
layer and the aluminum surface, forming a more stable zinc layer, and improves the anode
discharge performance. In addition, -COOH takes part in the deprotonation reaction
to adsorb AI3*, inhibits the adsorption of corrosion products on the anode surface, and
maintains the anode’s activity.

In order to further analyze the electrochemical characteristics of the Al6061 anode,
electrochemical impedance spectroscopy (EIS) is also applied to characterize the anode.
The obtained Nyquist plots of the fitted equivalent circuit and the corresponding fitting pa-
rameters are shown in Figures 7 and 8, and Table 4, respectively. As shown in Figure 5, Rs is
the solution resistance, Rt is the charge transfer resistance (Al-Al*), R; is the charge transfer
resistance (Al*-A13*), Zw represents the Warburg impedance caused by the deposited zinc
layer or the diffusion of corrosion products, and CPE; and CPE, are the constant phase
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angles of the double-layer capacitance. As can be seen in Figure 5, the EIS of the Al6061
alloy in the NaOH and NaOH + PAAS solutions consists of two capacitive reactance arcs,
that is, high-frequency and low-frequency capacitive reactance arcs, indicating that the
addition of PAAS does not interfere with the anodic chemical reaction process. The high-
frequency capacitive reactance arc is caused by the charge transfer of the electrochemical
reaction (Al-A1**) on the alloy surface, and the low-frequency capacitive arc is caused by
the attachment of passivation film or corrosion products on the alloy surface. The size of the
capacitive reactance arc, as shown in reaction Formula (5), reflects the charge transfer rate.
In addition, it can be seen that the high-frequency capacitance arc in the NaOH + PAAS
solution is smaller than that in the NaOH solution. This is because the addition of PAAS
increases the viscosity of the solution and reduces the conductivity and charge transfer
rate, but the impact is small. But, specifically, the degree of influence is quite limited. The
low-frequency capacitive arc in the NaOH + PAAS solution is larger than that in the NaOH
solution, which is caused by the adsorption of PAAS. Obviously, the EIS of the Al6061 alloy
in NaOH + ZnO and NaOH + PAAS + ZnO is significantly different from the previous
one. As shown in Figure 5, the EIS consists of a high-frequency capacitive reactance arc
and a low-frequency 45° oblique line. The high-frequency capacitive arc of EIS in the
NaOH + PAAS + ZnO solution is larger than that in the NaOH + ZnO solution, indicating
that the addition of PAAS makes the deposited zinc layer more compact and stable and
promotes the charge transfer of anodic reactions. The low-frequency 45° oblique line is
caused by semi-infinite diffusion and is a typical feature of Warburg impedance. This shows
that the electrochemical reaction of Al6061 in NaOH + ZnO and NaOH + PAAS + ZnO
electrolytes is controlled by the diffusion of the electric charge in corrosion products or the
deposited zinc layer.

(a) 10 (b) 08

—a—NaOH+PAAS —4— NaOH+PAAS+Zn0O
094—a—NaOH 0.7 4—=—NaOH+ZnO
0.8
0.6
0.7
0.5
. 06 .
g 0.5 A § 0.4 /
S el S
N 0.4 N 034
0.3+ F s 0.2 A,
0.2 ./
4 0.1
0.1 f
0.0 0.0
T T T T T T T T T T T T T T T
20 22 24 26 28 30 32 34 36 38 1.2 14 1.6 1.8 20 22 24 26
Z,/Q-cm? Z,/Q-cm?

Figure 7. EIS of the Al6061 anode in different electrolyte systems: (a) NaOH and NaOH + PAAS;
(b) NaOH + ZnO and NaOH + PAAS + ZnO.

(a) . (b) T
R | | R, I
CPE, —
||
7 1
Ams ]
R ] R
R,

Figure 8. Equivalent circuit of the Al6061 anode in different electrolyte systems: (a) NaOH and
NaOH + PAAS; (b) NaOH + ZnO and NaOH + PAAS + ZnO.
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Table 4. EIS parameters of the A16061 anode in different electrolyte systems.

Rs CPE; R¢ CPE; Ry Zy 5

Electrolytes /Q cm? /F cm—2 /Q cm? /F cm~—2 /Q cm? /Q em? x
NaOH 2.853 5.156 x 107> 0.9878 0.3183 0.6836 / 4.837 x 1073
NaOH + PAAS 2.671 2.556 x 1074 1.036 0.4265 0.5571 / 5.618 x 1073
NaOH + ZnO 1.786 2.716 x 1073 0.4831 / / 0.7523 3.671 x 1073
NaOH+ ZnO + PAAS 1.386 3.594 x 1073 0.2351 / / 4.896 4248 x 1073

3.3. Battery Performance

To investigate the discharge characteristics of the Al-air battery across various elec-
trolyte systems, a controlled current discharge experiment is conducted, and the discharge
curve is depicted in Figure 9. Notably, the discharge profiles of the Al6061 anode in different
electrolyte systems exhibits a consistent trend: an initial rapid voltage decline followed
by a gradual stabilization. The steep voltage drop observed initially is attributed to the
electrode transitioning from a polarized state to an activated state. As the Al6061 anode
continues to discharge, the voltage curve flattens out. In the NaOH + ZnO electrolyte
system, the voltage curve displays a fluctuation pattern. This fluctuation is due to the cyclic
adhesion and detachment of the zinc salt deposition layer on the surface of the Al6061
anode. Conversely, in the NaOH + PAAS + ZnO electrolyte system, the discharge voltage is
not only the highest but also the most stable. This suggests that the incorporation of PAAS
effectively safeguards the zinc salt deposition layer, preventing it from covering the active
discharge areas and thus significantly enhancing battery performance.

2.1
| NaOH 19 NeoH
—— NaOH+PAAS s NaOH+PAAS
2.0 4—— NaOH+ZnO ’ "'\ NaOH+ZnO
|-~ NaOH+PAAS+ZnO 174 ~, NaOH+PAAS+ZnO
1.9 H

o
i

I
|
|
1

;
1.8

Discharge voltage(V)

n
L

}

100 150 200
Time(s)

o
3

Discharge voltage(V)
P
L [}

1.54 -
] |
|
1.4 |
1.3 T T T T T T T T T T
0 2000 4000 6000 8000 10,000

Time(s)
Figure 9. Discharge curve of the Al-air battery in different electrolyte systems.

To analyze the variations in discharge characteristics across different electrolytes, a
comparative assessment and calculation of the anode utilization, specific capacity, and
specific energy of the Al6061 anode is conducted, with the results presented in Figure 10.
The data reveal that, in a NaOH electrolyte, the anode utilization stands at 50.6%. Upon the
addition of PAAS and ZnO, the anode utilization rate experiences an increase of 11.86%
and 16.60%, respectively. Following a similar upward trend as the anode utilization, the
specific capacity rises by 11.74% and 16.71%, while the specific energy sees an enhancement
of 21.75% and 34.89% after incorporating PAAS and ZnO. These findings suggest that
the inclusion of PAAS and ZnO can effectively elevate the discharge performance of an
Al-Air battery. More strikingly, in the NaOH + PAAS + ZnO electrolyte system, the anode
utilization, specific capacity, and specific energy exhibit substantial increases of 26.68%,
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26.72%, and 54.20%, respectively. This underscores the synergistic effect of PAAS and ZnO
when used together, significantly enhancing the discharge capabilities of the battery.

4000 100
Specific capacity (mAh/g)
[ Specific energy (mWh/g) L 90
Anode utilization (%)

- 80

I
I I
2000 I -
I 2

15004 T

1000
- 20
- 10

0

NaOH NaOH+PAAS NaOH+ZnO NaOH+PAAS+ZnO

(o] ) v
wn (=) W
(=3 (=3 (=3
(=} o o
1 1 1

T T T T

S wn N -

(=} (=} (=} (=}

Anode utilization

Specific capacity and specific energy
T
&

%3

=3

S
1

=}

Figure 10. Battery performance parameters of Al6061 anode in different porous electrolytes.

In order to further analyze the surface morphology and discharge products, SEM,
EDS, and XRD are also manipulated. Figure 11 shows the surface SEM images of the
Al6061 anode before and after discharge. The element composition of different areas and
the EDS spectra of points A to F are shown in Figure 12. It can be seen in Figure 11a
that the Al6061 anode surface shows serious lamellar corrosion in the NaOH solution
without a corrosion inhibitor. When PAAS is added to the electrolyte, it can be observed in
Figure 11b that the anode surface is covered with an uneven film, with regions A, B, and C
containing more O elements and a small amount of C elements; this is due to the formation
of the corrosion product Al(OH),4s and the adsorption of PAAS. As shown in Figure 11c,
the surface shows cracks and rough surface morphology, which are due to the zinc salt
deposition layer attached to the Al6061 alloy surface. When PAAS and ZnO are added to
the electrolyte at the same time, a more uniform protective film is formed on the surface,
as shown in Figure 11d. There are C and Zn elements at the D, E, and F positions, which
means that a composite film of ZnO and PAAS is formed on the surface of the alloy. The
stable protective film formed can inhibit the hydrogen evolution of the anode and reduce
the self-corrosion rate. During the discharge process, AI>* ions can still enter the electrolyte
through the micro-pores in the membrane. Therefore, the A16061 anode still retains positive
electrochemical activity.

Figure 11. Surface morphology of the Al6061 anode after discharge in different electrolyte systems:
(a) NaOH; (b) NaOH + PAAS; (c) NaOH + ZnO; (d) NaOH + PAAS + ZnO.
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Figure 12. Element composition of the corresponding area in Figure 11 and EDS atlas of point A to
point F: (a) point A, B and C; (b) point D, E and F.

The XRD pattern of surface corrosion products after discharge is shown in Figure 13.
As shown in Figure 13a, in the NaOH + PAAS electrolyte, the corrosion products are mainly
Al(OH),qs, which exist in the form of Al,O3-HyO after separating from the solution. It
shows that in Figure 13b the corrosion products in the NaOH + PAAS + ZnO solution are
mainly Al,Os3-Hy0O, Zn, and Zn(OH),, which confirms that ZnO reacts in the solution, as
shown in Formulas (9) and (10), to form a zinc salt deposit. However, due to the cleaning
and drying treatment, the corrosion product layer becomes thinner, and the peak value of
Zn and Zn(OH); is smaller. In addition, PAAS does not participate in electrode reactions
but only adsorbs on the surface of the Al6061 anode by electrostatic action, which is an
adsorptive corrosion inhibitor.

Intensity/a.u.
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(a) NaOH + PAAS electrolyte
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——cee
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(b) NaOH + PAAS + ZnO electrolyte

Figure 13. XRD pattern of surface corrosion products of the Al6061 anode after discharge in different
electrolytes.

The inhibition mechanism of the Al6061 anode in different electrolyte systems is shown
in Figure 14. ZnO forms a zinc layer protective film on the surface of the alloy, which has a
higher hydrogen evolution potential than Al, thus inhibiting the hydrogen evolution self-
corrosion of the anode. However, the zinc layer is loose and falls off easily. The negatively
charged hydrophilic group of PAAS is adsorbed on the surface of the deposition layer
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through electrostatic action, forming a similar structure like a “sandwich” with the Al6061
anode, which increases the adhesion between the deposited zinc layer and the surface of
anode. Therefore, a more stable phase-forming zinc layer is formed, which reduces the
self-corrosion rate and improves the discharge performance of the Al-air battery.

ﬂ PAAS polymer chain and its complex products

Il Protective film (Zn and its oxide or hydroxide)

i Electrolyte Al6061 Anode

| / AI6061 Anode {777A16061 Anode

o NaOH+PAAS+ZnO
o

(0] O

NaOH+ZnO

_\ St

Figure 14. Inhibition mechanism of the Al6061 anode in different electrolyte systems.

4. Conclusions

In this paper, an Al6061 alloy is used as the anode of an Al-air battery, and the
effects of PAAS and ZnO inhibitors taken separately or together on the self-corrosion and
discharge performances of the Al-air battery in a 4 M NaOH solution are studied. The main
conclusions are as follows:

(1) The effect of a PAAS + ZnO compound corrosion inhibitor is stronger than that of a
single inhibitor.

(2) A PAAS + ZnO compound corrosion inhibitor reduces the self-corrosion rate of the
Al6061 anode and improves the discharge performance of the Al-air battery. The
self-corrosion rate decreases from 0.4976 g/ cm?2-h to 0.2723 g/ cm?-h. Meanwhile, the
discharge voltage shifts negatively, and the anode utilization, specific capacity and
specific energy increase by 26.68%, 26.72%, and 54.20%, respectively.

(38) ZnOis a phase-forming corrosion inhibitor that mainly inhibits anode self-corrosion
through the formation of a zinc layer, whereas PAAS is an adsorptive corrosion
inhibitor, and its electrostatic adsorption makes the composite protective film more
stable and dense.

(4) Inthe NaOH + PAAS + ZnO electrolyte, the dissolution of the Al6061 anode is mainly
controlled by the diffusion of the electric charge in the corrosion products or the zinc
salt deposition layer. The addition of PAAS + ZnO composite corrosion inhibitor
promotes the charge transfer of anode reactions, improves the anode activity, and
promotes uniform corrosion, thus increasing the discharge performance and making
it more stable.

This work focuses on the current research status of Al-air batteries. A composite
electrolyte is prepared and tested, which improves its electrochemical activity and discharge
performance to a certain extent. However, in alkaline media, the flow reaction and corrosion
reaction products of the aluminum anode are both gel-like aluminum hydroxide, which
reduces the conductivity of the electrolyte and increases the polarization of the aluminum
anode, thereby deteriorating the battery performance. In addition, the electrolyte needs to
be able to form a rapid anodic oxidation reaction response mechanism with the aluminum
electrode while maintaining an efficient and stable ion transfer. Therefore, there is still
insufficient research on how reaction products affect electrolyte conductivity, ion transfer
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efficiency, and stability, and further optimization of electrolyte composition and ratio
is needed.
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