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ABSTRACT

Effects of alloying elements and electrolytes on corrosion

of Al alloy anodes for Al-air batteries

By Lee, Han-Ok
Advisor : Jang, Hee-Jin, Ph. D.
Dept. of Advanced Parts & Materials Engineering

Graduate School of Chosun University

Corrosion properties of Al-0.3Ga-0.3Sn, Al-0.3Mn-0.3Ga, and AIl-0.3Mn-0.3Sn
alloys were examined to develop an anode material for Al-air battery with alkaline
aqueous or ethanol electrolyte. The corrosion potential of the Al alloys was -2.04
~ -1.88 Vscg and the corrosion rate was 8.9x107° ~ 1.19x10% A/em® in aqueous
solution. The discharge voltage of Al-air cell with those Al alloys at 50 mA/cm®
was 090 ~ 1.29 V, being higher than that of (0.83 V) of the cell with pure Al
anode. Ga and Sn appeared to lower the corrosion potential and increase the
corrosion rate of Al alloys in aqueous solution. These effects were significant when
Ga and Sn were together in the alloy. The effects of Mn in Al alloy were
mitigating the effects of Ga and Sn and also stabilizing the cell voltage.

The corrosion rate (4.16x10° ~ 1.05x10" A/cm?) of pure Al and Al alloys was
much smaller in ethanol solution than in aqueous solution but the corrosion
potentials in both solutions were similar. The discharge voltage of Al-air cell at 0.1
mA/cm® was 1.5 ~ 1.8 V. Therefore, the ethanol electrolyte proved to have higher
cell voltage and lower corrosion rate in comparison with the aqueous solution.
Addition of Ga and Sn in the Al alloy resulted in remarkably low corrosion

potential, while the corrosion potential of Mn-containing alloys was not so different

— viii —



to that of pure Al. The corrosion rate of Al-Mn-Sn was much lower than that of
pure Al. However, Al-Ga-Sn and Al-Mn-Ga showed similar corrosion rates to that

of pure Al
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Table 1. 1. Characteristics of metal-air batteries with alkaline electrolytes‘s‘ﬁ)

Specific
Cell voltage (V) energy
Metal (KWh/kg)
Pair Anode reaction equivalent
(Ah/g)

Theoretical |Operating | of metal

Li-air Li + OH = LiOH + e 3.86 3.45 24 13.3
Al-air | Al + 30H = Al(OH); +3e” 2.98 2.70 1.2~1.6 8.1
Mg-air | Mg + 20H = Mg(OH); +2e 2.20 3.09 1.2~14 8
Ca-air | Ca + 20H = Ca(OH); +2e” 1.34 3.42 2.0 4.6
Fe-air | Fe + 20H = Fe(OH); +2¢” 0.96 1.28 1.0 1.2
Zn-air | Zn + 20H = Zn(OH); +2e 0.82 1.65 1.0~1.2 1.3

Table 1. 2. Cost ratios of Al/air, Lead/acid, and NiMH EVs in comparison to ICEY

Al/air Internal
Items Lead/acid| NiMH Combustion
Present | Projected .
Engine
Price ratio 1.3 1.25 1.25 19 $15,500
Fuel cost ratio 1.35 1.01 - - 3.1 cents/km
Life-cycle cost
] 1.22 1.14 1.2 1.68 22.0 cents/km
per km ratio
Estimated range
400 400 130 180 400 km
(km)
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Fig. 1. 3. (a) Corrosion potential (Ecor) and (b) corrosion current density (icom) for

pure Al and Al alloys with 0.5 wt.9%6 of alloying elements in 4 M NaOH solution®.
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(99.9%) = 27HA & A 7}k A zgk  Al-0.3Ga-0.3Sn, Al-0.3Mn-0.3Ga,
Al-0.3Mn-0.3Sn¢] 3974 stFoZ A (Table 2. 1), 253 94 F%7](High frequency

centrifugal casting)& AF&3te] Ar 917104 &ttt &3 Ao+ Fada7t
dFulE o ddstA EAbE 7 AEREE dFuy AgE =7 oA Fadas
dFuFe] Fihddl AR, 800 TeolA 2k &3] § 2~3% T FAAT
T2E dFuFE T2 A7IZAA 450 TollA 241 Bk &3 A4 & 549
SEATH BE AJHE A ZFA] F=AE ALY cold mounting ¥ =EW-E SiC sand
paper2 2000 7kA] ¢iwbalelar oF 0.2826 cm®e] WA S WUl =T wadE HZE
ol Fgtste]l H7stet Ao ARSI

Table 2. 1. Chemical composition of the alloys used in this study (wt.%)

Sample Al Ga Sn Mn
01 blance - - -
02 blance 0.3 0.3 -
03 blance 0.3 - 0.3
04 blance - 0.3 0.3
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Fig. 2. 2. Schematic diagram of discharge curve®
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Fig. 2. 3. Al-air cell used for discharge tests.
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Fig. 3. 1. Typical anodic polarization curves of aluminum based alloys in 4 M KOH

aqueous electrolyte at room temperature.
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Al and Al alloys in 4 M KOH aqueous solution.
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Fig. 3. 4. SEM micrographs of pure aluminum after immersion in 4 M KOH

aqueous solution for 4 hours.
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15-1 5.0kV 7.9mm x100 SE(M)

15-1 5.0kV 9.6mm x1.00k SE(M,LA80)

Fig. 3. 5. SEM micrographs of Al-Ga-Sn after immersion in 4 M KOH aqueous

solution for 4 hours.
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Fig. 3. 6. SEM micrographs of Al-Mn-Ga after immersion in 4 M KOH aqueous

solution for 4 hours.
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Fig. 3. 7. SEM micrographs of Al-Mn-Sn after immersion in 4 M KOH aqueous

solution for 4 hours.
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Fig. 3. 8. Electrochemical impedance spectra of pure Al and Al alloys in 4 M KOH

aqueous solution at room temperature.

(b)

(a) R1 R2 R3 R4 R1 R2

C2 C1

Fig. 3. 9. Equivalent circuit used for analysis of electrochemical impedance for (a)

pure Al, Al-Mn-Ga and Al-Mn-Sn, (b) Al-Ga-Sn.
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Fig. 3. 10. Impedance curve fits for (a) pure Al, (b) Al-Ga-Sn, (c¢) Al-Mn-Ga and
(d) AlI-Mn-Snn.

Table 3. 1. Values of R, C and L estimated from the impedance plots of the pure
Al and Al alloys

R1 R2 R3 R4 Cl1 C2 L

(Qem?) | (Qem?) | (Qem?) | (Qem®) | (F/em?) | (F/em?) (H)

pure Al 1.14 1.11 1.3 165 | 1.10x10° 0.3 0.35
Al-Ga-Sn | 001 0.68 - - 1.11x10™ - -

Al-Mn-Ga | 1.16 1.3 0.095 0.8 4.22x107 15 0.35

Al-Mn-Sn | 1.17 1.25 0.55 1.2 3.18x10° |  0.93 0.25
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Fig. 3. 12. Discharge curves of the Al-air cells with the pure Al alloys as the anode
in 4 M KOH aqueous solution.
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Fig. 3. 13. Discharge curves of the Al-air cells with the Al alloys as the anode in

4 M NaOH solution®™.
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Fig. 3. 14. Typical anodic polarization curves of aluminum based alloys in 4 M KOH

ethanol electrolyte at room temperature.
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Fig. 3. 15. Corrosion potential (Ecorr) and corrosion current density (icor) for the pure

Al and Al alloys.
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Fig. 3. 17. SEM micrographs of pure aluminum after immersion in 4 M KOH

ethanol solution for 4 hours.
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9-1 5.0kV 8.2mm

Fig. 3. 18. SEM micrographs of Al-Ga-Sn after immersion in 4 M KOH ethanol

solution for 4 hours.
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9-2 5.0kV 8.2mm x100 SE(M)

9-2 5.0kV 8.2mm x1.00k SE(M)

Fig. 3. 19. SEM micrographs of Al-Mn-Ga after immersion in 4 M KOH ethanol

solution for 4 hours.
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Fig. 3. 20. SEM micrographs of Al-Mn-Sn after immersion in 4 M KOH ethanol

solution for 4 hours.
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Fig. 3. 21. Electrochemical impedance spectra of pure Al and Al alloys in 4 M

KOH ethanol solution at room temperature.

R1 R2 R3

Fig. 3. 22. Equivalent circuit used for analysis of electrochemical impedance pure Al

and Al alloys.
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Fig. 3. 23. Impedance curve fits for (a) pure Al (b) Al-Ga-Sn (¢) Al-Mn-Ga and

(d) AlI-Mn-Sn.

Table 3. 2. Values of R, C and L estimated from the impedance plots of the pure

Al and Al alloys
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R, (Qem?) | Ry (Qem?) | Rs (Qem?) | G (F/em?) | Co (F/em?)
pure Al 36 172 45 3.82x10™ 0.015
Al-Ga-Sn 79 72 75 5.04x107° 0.036
Al-Mn-Ga 90 9% 43 2.83x107° 0.064
Al-Mn-Sn 83 130 150 2.93x107° 0.024
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Fig. 3. 25. Discharge curves of the Al-air cells with pure Al and the Al alloys as

the anode material in 4 M KOH ethanol solution.
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