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In Al-air batteries, the self-corrosion of aluminum electrodes is an issue worthy of concern. In this paper,
the inhibition performance and anti-corrosion mechanism of a triblock copolymer, namely, Pluronic F68,
on Al in 3.5% NaCl electrolyte are investigated with a multidimension approach combining
electrochemical and theoretical approaches. The results suggest that Pluronic F68 inhibitor can present
wonderful anticorrosion efficiency, and the maximum inhibition efficiency can reach 94% at low dose
concentration. Meanwhile, the battery containing Pluronic F68 exhibits better performance.
Significantly, the present work is beneficial to understand the inhibition mechanism of similar organic
polymers and provides a feasible approach to develop Al-air batteries.
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1. INTRODUCTION

Nowadays, the problem of energy crisis is becoming more and more serious than ever before.
Lithium-ion batteries have been far from enough to satisfy the urgent demands for portable devices,
electrical vehicles, etc. Fortunately, metal-air batteries have being rapidly developed as supplemental
energy, which combine a metallic negative electrode with an air electrode [1-3]. Among them, Al-air
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batteries are the best power candidates on account of their high theoretical energy density (8100 Wh
g 1), environmental friendliness, and low consumption. The basic structure for a normal Al-air battery
is schematically illustrated in Figure 1, which is composed of an Al anode, electrolyte as well as
breathable air cathode. The electrolytes are generally neutral or alkaline media, such as NaCl, KOH, or
NaOH solutions. It affords electrical energy through electron transfer reactions between anode and the
cathode. The reactions can be expressed as follows when the electrolyte is neutral [4, 5]:

Anode: Al - AI* + 3¢~ (1)
Cathode: O, + 2H,0 + 4e~ — 40H" 2
Overall: 4Al + 30, + 6H,0 — 4AI(OH), 3)
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Figure 1. lustration of the structure of an Al-air battery using a 3-layer air electrode.

According to investigation statistics, many scientists concentrated on the study of cathode
catalyst, we have to admit that this is an effective strategy to improve the performance of Al-air batteries
[6-8]. But on the other hand, we should also pay attention to the self-corrosion of Al anode, which results
in a reduction of anode utilization [9, 10]. Generally, the Al electrode is vulnerable to chloride ions in
neutral electrolyte, wherein the compact oxide film on Al surface can be attacked and damaged. There
are two common methods to solve this problem. The first one is alloying Al with other minor elements
such as Ga, In, Sn, Mn [11-14], but this method increases the material cost. The second method is the
use of additives to the electrolyte for inhibiting the anode corrosion. Deyab have reported that nonionic
surfactant [15], ionic liquid [16] can be served as effective corrosion inhibitors for Al-air battery. It is
generally recognized that the inhibitor molecules act by adsorbing on the metal surface, which can lead
to the decrease of corrosion rate [17, 18].

( CH,
H x=78 »=30 =78

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)

Average M,~8,400 PEG-PPG-PEG )
\

Figure 2. The molecular structure of pluronic F68.
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In this account, a triblock copolymer, namely, Pluronic F68 or PEG-PPG-PEG (see Figure 2),
was used as a potential inhibitor for Al electrode corrosion in Al-air battery. As is reported, PEG-PPG-
PEG is usually used in cell culture as a stabilizer to protect the cell membranes against shear stress and
additionally acts as an anti-foaming agent. It is a highly safe compound and can be biodegradable. The
effectiveness and function mechanism of PEG-PPG-PEG as a corrosion inhibitor were evaluated using
electrochemical and theoretical calculation methods. In addition, the performance of Al-air battery in
the presence of PEG-PPG-PEG additive was also investigated.

2. EXPERIMENTAL DETAILS

2.1. Material and chemicals

Pure Al sheet (99.99%) was cut mechanically into 2.5 cm x 2.0 cm x 0.30 cm specimens and
used as working electrodes. It was supplied by Shenzhen Jinrui Aluminium Industry Co., Ltd. (China).
The total square area of the Al electrodes exposed to the electrolyte solution was 1 cm?. Prior to
electrochemical test, the Al specimen surface was mechanically abraded with SiC abrasive papers of
different grades (400, 600, 800, 1000 and 1200), followed by washing with distilled water, degreasing
in ethanol and cleaning with distilled water. PEG-PPG-PEG was purchased from Sigma-Aldrich. The
range for the concentrations of PEG-PPG-PEG inhibitor concerned in this study was 0.3, 0.5, 1.0, 3.0 to
5.0 mM. The electrolyte solution 3.5% NaCl was prepared by dilution of AR grade 99% NaCl with
distilled water.

2.2. Electrochemical experiments

The electrochemical measurements were carried out using conventional three-electrode system
working on RST5000 electrochemical station. The Al electrode was put together with a platinum foil as
a counter electrode and a saturated calomel electrode (SCE) as a reference electrode. The Al electrode
was immersed in the corrosive solution for appropriate time until a steady-state potential was achieved.
Subsequently, EIS measurements were performed by applying to the cell a 10 mV sine wave with
frequencies in the range of 100 kHz to 0.01 Hz. The resultant data were analyzed using ZsimpWin 3.21
software. Finally, Tafel polarization curves were performed immediately after EIS measurements with
scanning rate of 0.2 mV s commencing from —250 to +250 mV versus open-circuit-potential. The
temperature of all those test solutions was maintained at 298 K by using a thermostatic water bath. In
order to get good accuracy, all the measurements were conducted in triplicate.

2.3. Battery test

When it is discharging, the Al-air battery converts chemical energy to electrical energy. In this
work, the discharge behavior of Al-air battery employing 3.5% NaCl electrolyte with and without PEG-
PPG-PEG was carried out to assess the battery performance. Our Al-air battery was assembled with a
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consumed Al anode, NaCl electrolyte, and a homemade cathode. Cathode was an air electrode consisting
of a gas diffusion layer and a catalytic active layer, which were laminated with a nickel mesh as a current
collector. The galvanostatic discharge test was conducted at a constant current density of 5.0 mA cm™2
for 5 h.

2.4. Theoretical calculations

In order to choose the appropriate adsorption surface, a prediction of Al crystal morphology was
necessary before the simulation calculations. Herein, Bravais—Friedel-Donnay—Harker (BFDH) method
was utilized to predict the crystal structures. More detailed descriptions about this model can be found
elsewhere [19, 20]. The molecular dynamics (MD) simulations of inhibitor-Al interactions were assayed
using the Materials Studio Forcite module. Water molecules had been considered in order to reveal the
aqueous phase environment. MD simulation was implemented at 298.0 K under NVT canonical
ensemble using a time step of 1.0 fs and simulation time of 1.0 ns by the COMPASSI| forced field [21].
Non-bond interactions, van der Waals and electrostatic, were set as Atom-based and and Ewald
summation method, respectively, with a cutoff radius of 1.2 nm. The dynamic process was carried until
both temperature and energy of the entire system were balanced.

3. RESULTS AND DISCUSSION

3.1. Electrochemical impedance spectra (EIS)

As a nondestructive electrochemical technique, EIS can quickly provide useful reaction
information occurring on the metal surface. Thus, the effect of PEG-PPG-PEG additive at various
concentrations on Al corrosion in NaCl solution was evaluated by EIS test and the results are given in
the Nyquist diagrams, as shown in Figure 3a. We can find that the shapes of uninhibited and inhibited
curves are very similar, revealing that the presence of PEG-PPG-PEG increases the impedance but does
not change the other aspects of the electrode behaviour. The diameters of Nyquist plots increase with
the increasing of inhibitor concentration. The obtained impedance spectra all contain a depressed
semicircle with center below the real axis, which is a characteristic for metal electrodes. This
phenomenon is known as the frequency dispersion and can be attributed to the roughness and
inhomogenities of the metal surface [22, 23].

To further investigate the actual properties of our corrosion system, Randles equivalent circuit
(described in Figure 3b) was introduced to fit EIS data and the results were listed in Table 1. Low
chisquared values indicated good fits. In Figure 3b, Rs is the solution resistance, Rt signifies the film
resistance, Rct is the charge transfer resistance, Ry is the polarization resistance between Al surface and
outer Helmholtz plane, which is defined as Rp = Rf+ Rct. A constant phase element (CPE), as a substitute
for the capacitor, is utilized to compensate for the inhomogeneity of electrodes. CPEq and CPEs represent
film capacitance and double layer capacitance, respectively [24]. The relevant impedance (Zcre) can be
calculated by the following formula [25, 26]:
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1
ZCPE Yo(ja))n
where Yo is the magnitude of the CPE, w is the angular frequency, j>=—1 is the imaginary number, and n
is the CPE exponent. If n=0, CPE represents a pure resistor, for n = —1 an inductor, and for n=1, a pure
capacitor [27]. The inhibited efficiency of PEG-PPG-PEG is calculated from the polarization resistance
according to the following equation:

(4)

R -R
IE =—2—2%%100 (5)
Rp
where Rpo and Rp are the polarization resistances for Al electrodes in 3.5% NaCl solution without and

with PEG-PPG-PEG, respectively.
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Figure 3. (a) Nyquist plot for the Al electrode with and without different concentrations of PEG-PPG-
PEG; (b) Equivalent circuit used to fit the EIS loop.

As can be seen from Table 1, the Rp values increase significantly from 5.0 to 88.9 kQ-cm? as the
concentration of PEG-PPG-PEG increases. The maximum inhibition efficiency could reach 94.3% when
the inhibitor concentration is 3 mM. This behavior can be attributed to the self-assembled barrier layer
of polymer molecules by adsorbing on the Al surface, which ultimately results in the increment of Rp
and the enhancement of inhibition efficiency. However, the adsorption of PEG-PPG-PEG molecules at
the Al/solution interface can cause a decrease in local dielectric constant and/or an increase in the
thickness of the double layer, thus resulting in the decrease of CPEs [28, 29].

Table 1. Impedance parameters for Al in 3.5% NaCl solution at 298 K without and with various
concentrations of PEG-PPG-PEG.

C Rs R CPEs CPEdi Ret Ry ChiSq

0,
(mM) (Qcem?) (kQcem?) Yo (x1075 S 5" cm2) n Yo (x107°S s" cm2) n2 kQcm?) (kQcm?) (x1073) IE %
Blank 19.2 1.6 4.832 0.864 2.299 0.771 34 5.0 1.495 /
0.3 19.1 6.8 4.038 0.873 2.034 0.781 17.9 24.7 1.387 79.7
0.5 34.7 12.8 3.945 0.845 1.839 0.764 273 40.1 1.109 87.5
1.0 23.7 22.3 3.868 0.890 1.776 0.745 322 54.5 1.250 90.8

3.0 15.1 384 3.765 0.812 1.543 0.787 50.5 88.9 1.820 94.3
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3.2. Polarization measurements

Tafel polarization curves for Al in 3.5% NacCl solution for different concentrations of PEG-PPG-
PEG are depicted in Figure 4. The evaluated electrochemical parameters corrosion potential (Ecorr),
corrosion currents density (corr), anodic Tafel slopes (fa), cathodic Tafel slopes (fc), and inhibition

efficiency (/E) values are listed in Table 2. Inhibition efficiency was defined as follows:

| —1
|E — corr,0 corr XlOO (6)

corr,0
where leorr and Leorr0 represent the corrosion current densities in the presence or absence of inhibitors,
respectively. Corrosion current densities were obtained by the extrapolation of the current—potential lines
to the corresponding corrosion potentials.

As shown in Figure 4 and Table 2, the Ecor values of Al exhibited slightly change. The
displacement in Ecorr is less than 85 mV with respect to the blank, which indicates that PEG-PPG-PEG
is a mixed-type inhibitor [30, 31]. In other words, the addition of PEG-PPG-PEG to 3.5% NaCl solution
reduced the anodic dissolution of aluminum and retarded cathodic oxygen reduction [32], which led to
a decrease in both the cathodic and anodic current density. In the presence of PEG-PPG-PEG, the slight
change of both fa and fc suggests that the corrosion mechanism of Al does not change. The inhibitors
reduce the corrosion of Al by blocking the active sites of the substrate. Besides, the inhibition efficiencies
obtained from potentiodynamic polarization curves and EIS are in good reasonably agreement.

Table 2 Tafel parameters and the corresponding corrosion inhibition efficiency for the corrosion of Al
in 3.5% NacCl solution in the absence and presence of different concentrations of PEG-PPG-PEG.

C (mM) Ecor (MV/SCE)  leon (x10* Acm?)  fa(mVdec))  —f.(mVdec)) IE %
Blank —750 383 18 180 /
0.3 —763 100 22 161 73.8
0.5 —756 63.2 18 189 83.4
1.0 -761 39.8 24 167 89.6
3.0 —753 19.9 19 189 94.8
2L
S 4L
e |
o — Blank
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Figure 4. Potentiodynamic polarization curves of Aluminum in 3.5% NaCl solution in the absence and
presence of different concentrations of PEG-PPG-PEG.
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3.3. Al-air battery performance test

Aluminum-air cell discharge performances under selected current density in ambient temperature
were investigated. Figure 5a displays the discharge behavior of the Al-air battery with and without 3
mM PEG-PPG-PEG at the current density of 5 mA cm™2. As can be seen from Figure 5a, the average
discharge voltage of the cell increased from 0.31 V to 0.35 V by adding PEG-PPG-PEG. This
demonstrates that the addition of PEG-PPG-PEG in neutral electrolyte solution significantly improves
the battery performance. This phenomenon can be ascribed to the low corrosion rate of Al electrode
resulted from adsorption of inhibitor molecule on the Al electrode surface. To demonstrate the work
ability via simple visual information, our assembled Al-air battery was used for powering a digital watch
(Figure 5b). The long time operation indicated the strongly power output ability of Al-air batteries. We
firmly believe that these batteries can be applied to electric vehicles or emergency standby power after
multiple assembly.

a
0.40 (8)
0.35
< 030
% L
& 025
© 3 —— With inhibitor
> 020} — Blank
0.15 |
0_10-1 " 1 L 1 " 1 " 1 " [ " 1 L
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Figure 5. (a) Discharge behavior of Al-air battery at 5 mA cm™2 in the absence and presence of 3 mM
of PEG-PPG-PEG,; (b) The photograph of a digital watch powered by the studied Al-air battery.

3.4. Molecular simulations

In this section, we first performed a study to explore the morphology of Al crystal. The obtained
surface energies (Esurf) together with the morphology data for Al crystal are summarized in Table 3.
After careful analysis of the obtained data, we can notice that the (111) face accounts for 77.6% of the
crystal surface, while 22.4% for (100) face. Our calculated surface energies decrease in the following
order: (100) > (111). This is consistent basically with the previous report [33]. Further, a more intuitive
micromorphology comparison graph is produced, as depicted in Figure 6. The clean (100) and (111)
surfaces possess one type of surface atom with coordination numbers (N for short) 8 and 9, respectively.
Consequently, the densely packed Al(111) surface model was chosen as representative to address the
adsorption behaviors of the inhibitor because it is the most stable low Miller index Al surface and then
the most abundant.
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Table 3 Calculated morphology parameters for Al crystal using the BFDH method.

11487

hkl Multiplicity dhi® (A) Esurt (J:-m~2) Dria (A) TFAP (x10° A?) %TFA° N
(100) 6 2.02 0.95 49.38 7.3 22.4 8
(111) 8 2.33 0.91 42.77 25.3 77.6 9

2 Interplanar distance.
® The total area of all symmetry images of the facet.
¢ The percentage of the total habit surface area occupied by all symmetry images of the facet.

(©)

Al (111) Al (100)

Figure 6. Top and side views of the (a) Al(111) and (b) Al(100) surface models, (c) Wulff plot showing
the equilibrium crystal morphology based on the relaxed surface formation energies. Balls in

deep red color denote the atoms at the first surface layer.

Figure 7. (a) Top and side views of the equilibrium configurations for the PEG-PPG-PEG monomer
adsorbed on Al(111) surface; (b) Simulated density field for the inhibitor spread over the metal

substrate.
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Then, MD simulation was performed in order to get a further insight into the interaction
mechanism. The most favorable equilibrium configurations for the PEG-PPG-PEG monomer adsorbed
on Al(111) surface is shown in Figure 7a. Obviously, the inhibitor monomer presents a parallel
adsorption mode, the molecule is tightly attached on the Al substrate, in odder to reach the best surface
coverage ability. As depicted in Figure 7b, a strong density field for the polymers can be formed, which
prevents the metal surface from getting close to corrosion medium. In addition, for the quantitative
evaluation of the adsorption strength, adsorption energy (Eads) was calculated according to the following
equation [34, 35]:

E = Etotal - (Esurf +water + Einh+water) + Ewater (7)

where Ewtal IS the total potential energy of the system, which includes Al crystal, the adsorbed inhibitor
and water molecules; Esurf+water and Einh+water are the potential energies of the system without the inhibitor
and the system without the Al crystal, respectively; Ewater is the potential energy of the water molecules.
The adsorption energies in the present work were calculated from the average adsorption energy of the
obtained equilibrium configurations. The obtained Eads value is —249 kJ mol*. This negative value
indicates that spontaneous adsorption can be expected.

ads

3.5. Mechanism of adsorption and inhibition

To further clarify the corrosion inhibition mechanism of PEG-PPG-PEG polymer molecules, an
anticorrosion model was proposed, as shown in Figure 8. We can assume that the Al surface is attacked
by H20 molecules and chloride ions in the blank corrosive medium. While in the presence of PEG-PPG-
PEG, the inhibitor molecules adsorb on the Al substrate and displace H20 molecules and chloride ions.
The inhibitor film derives from the hybridization interaction between oxygen atoms and the sp-orbitals
of the surface Al atoms [36]. Besides, due to the excellent characteristics of PEG-PPG-PEG, i.e., large
molecular weight, long molecular chain, and so on, the PEG-PPG-PEG could self-assembly adsorb on
the Al surface with weakly chemisorption, which effectively isolates the Al from corrosive medium.

v <
- - - @ @ @ @
s oy~ [Cr) s @
ODO®E - .
< < < <
Al Substrate Al Substrate

Figure 8. Schematic representation of the inhibition mechanism for PEG-PPG-PEG inhibitor.

4. CONCLUSIONS

The present work aims to explore the effect of PEG-PPG-PEG on the corrosion of Al in Al-air
battery electrolyte. Electrochemical and molecular modeling techniques were employed to explore the
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inhibition efficiency and mechanism. Our results indicate that the oxygen reduction and corrosion rate
of the Al in 3.5% NaCl medium is significantly retarded by adding PEG-PPG-PEG. Its corrosion
inhibition efficiency increases with the increasing of concentration and attains a optimal value at 3.0
mM. Tafel test reveals that the PEG-PPG-PEG serves as a mixed-type inhibitor. Theoretical calculations
show that anticorrosive film is formed via self-assembly of the polymers on Al surface. Overall, the
addition of PEG-PPG-PEG to the battery electrolyte leads to better battery performance. Selecting highly
effective additives with appropriate dose is a key research direction for the future development of Al-air
batteries.
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