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Abstract The corrosion and electrochemical behav-

iour of pure aluminium in alkaline methanol solutions

has been investigated. The results of hydrogen collec-

tion experiments showed that aluminium has a lower

corrosion rate in alkaline methanol solutions compared

to water based solutions and that the corrosion rate

increases with increasing water content of the solution.

Polarization and galvanostatic discharge experiments

showed that there is a wide potential window of elec-

trochemical activity and a better discharge perfor-

mance in the alkaline methanol solutions with a certain

amount of water. Scanning electron microscopy (SEM)

and energy dispersive analysis of X-ray (EDAX)

showed that the passivation in the later stages of dis-

charge in alkaline methanol solutions at relatively high

current densities is due to the formation of a dense

Al(OH)3 layer on the surface of the anode.

Keywords Pure aluminium � Alkaline methanol

solution � Corrosion � Electrochemical behaviour

1 Introduction

Aluminium is an abundant, attractive anode material

for energy storage and conversion because of its high

specific capacity, very negative standard electrode

potential and environmentally benign characteristics.

Compared with zinc, lithium and other metals, alu-

minium has its own unique advantages and disadvan-

tages. The physical and chemical properties of

aluminium in combination with its almost unlimited

reserves explain the considerable interest shown in

aluminium as an anode material for batteries [1].

Much attention has been paid to the use of alu-

minium as an anode material in batteries using saline

[2], alkaline [3–5] and non-aqueous [6] electrolyte

systems. However, up to now, aluminium has not been

a successful commercial energy providing material, and

only a few types of aluminium batteries have been

industrially produced. This is because aluminium also

exhibits some less attractive properties, such as high

self-corrosion rate with hydrogen evolution in

the alkaline solutions both at open-circuit conditions

and during the discharge process. This wasteful self-

corrosion results in unacceptably high-energy losses

during standby. Moreover, significant potential is lost

during cell discharge due to the presence of the spon-

taneously formed passive film on the surface of alu-

minium. In aqueous and non-aqueous saline systems

the passive film makes the potential of the anode much

more positive than the theoretical value. Of course, the

surface film can be removed by strong acid or alkaline

aqueous electrolytes. However, in such media alum-

inium undergoes serious self-discharge. In order to

reduce the self-corrosion of the aluminium anode, two

methods are usually used: either (1) alloying aluminium

with other elements [7–13] and/or (2) modifying the

composition of electrolyte [14–20]. A successful system

must keep the aluminium anode active whilst reducing

the corrosion rate to a low level.
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In this work, the electrochemical behaviour of pure

aluminium has been investigated in a new electrolyte

system based on potassium hydroxide methanol

solutions as the electrolyte. In this medium, alumin-

ium is electrochemically active due to the use of the

alkali, and hydrogen evolution can be inhibited be-

cause of the substitution of methanol for solvent

water.

2 Experimental

2.1 Electrochemical measurements

Electrochemical measurements were carried out in a

classical three-electrode glass cell. The working elec-

trode was made of pure aluminium (supplied by

Johnson Matthey, purity no less than 99.9995%) in the

form of 6 mm in diameter rods. The electrode was

insulated with epoxy resin except for the surface to be

tested. Before each test the electrode surface was

polished by 2,000 grit waterproof abrasive paper,

degreased in acetone and rinsed in deionized water.

The counter electrode was a platinum foil and the

reference electrode a Hg/HgO electrode. All the

solutions were prepared by reagents of AR grade and

deionized water, and they were purged with nitrogen to

remove oxygen before measurements were made.

The measurement system used a potentiostat/galva-

nostat (EG&G model 273A), controlled by a micro-

computer. The potentiodynamic polarization curves

were measured at a scanning rate of 1 mV s–1, and gal-

vanostatic discharge was performed at different current

densities. All the electrochemical experiments were

conducted at a constant temperature of 25 �C.

2.2 Determination of corrosion rates

Corrosion rates were determined by a hydrogen col-

lection method. The apparatus used was as described

elsewhere [7]. The electrode was made of the same

aluminium rod as that used in the electrochemical

experiments, with a surface area of 0.284 cm2. Before

each test the electrode surface was degreased in ace-

tone and rinsed in de-ionized water, and the solutions

used were purged with nitrogen to remove oxygen. The

corrosion current density (Icorr) of aluminium electrode

was calculated as follows:

Icorr ¼
2pVF

tSRT
ð1Þ

where p is atmospheric pressure, S electrode area, t

collecting time, and other parameters have their usual

meanings.

2.3 Surface characterization

The morphologies of the aluminium anodes were

examined by a Philips model XL30 scanning electron

microscope (SEM). The composition of the product

layer on aluminium anodes was analyzed by energy

dispersive analysis of X-ray (EDAX) (GENE IS 4000).

3 Results and discussion

Figure 1 shows the corrosion behaviour of aluminium

in aqueous and anhydrous methanol based KOH

solutions of increasing concentration. It can be seen

that generally the corrosion current density of alu-

minium in both aqueous solutions and anhydrous

methanol solutions of KOH increases with increasing

KOH concentration. This is because higher alkaline

concentration can enhance the electrochemical activity

of aluminium. The slight decrease in corrosion current

density in the 6 M KOH methanol solution may be

caused by the higher viscosity of the solution. The

corrosion rate of aluminium in anhydrous KOH

methanol solutions is reduced and is less than 5% of

that in the corresponding concentration aqueous solu-

tion. Figure 2 shows that the corrosion rate of alu-

minium increases with progressive increase in water

and KOH contents in the methanol solutions.
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Fig. 1 Corrosion current densities of aluminium in aqueous
solutions (a) and anhydrous methanol solutions (b) with various
KOH concentrations
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Polarization measurements were carried out to

investigate the electrochemical behaviour of alumin-

ium in anhydrous KOH methanol solutions, and the

results are presented in Fig. 3. The anodic reaction

is the dissolution of aluminium and the dominant

cathodic reaction is the reduction of solvent water or

methanol [21–24]. The corresponding electrode reac-

tions are as follows:

Anode reaction:

Al þ 3OH� ¼ AlðOHÞ3 þ 3e� ð2Þ

or

Al þ 4OH� ¼ AlðOHÞ�4 þ 3e� ð3Þ

Cathode reaction:

2CH3OH þ 2e� ¼ H2 þ 2CH3O� ð4Þ

or

2H2O þ 2e� ¼ H2 þ 2OH� ð5Þ

It can be seen from Fig. 3 that the cathodic portion

of the polarization curves is generally independent of

KOH concentration. This is reasonable because the

cathodic reaction is mainly the reduction of methanol

and its activity is almost constant in anhydrous meth-

anol solutions. In the anodic portion an almost con-

stant potential-independent current density is achieved

at relatively positive potentials. This behaviour can be

explained in terms of the dissolution of aluminium

through a porous product layer that permits charge

transfer and ionic conduction [23–24]. In this range of

potential aluminium may be considered to be in a

pseudo-passivation state. As the KOH concentration in

the anhydrous methanol solutions increases, the prod-

uct layer on the surface of aluminium becomes thinner

and this leads to the general increase in the potential-

independent anodic current density and the shift of the

open-circuit potential (OCP) in the negative direction.

The lower potential-independent anodic current den-

sity of aluminium in the anhydrous methanol solution

with 6 M KOH may, as before, result from the high

viscosity of the solution. The trend of the potential-

independent anodic current density with change in

KOH concentration in the anhydrous methanol solu-

tions is consistent with that of the corresponding cor-

rosion rate. Aluminium is electrochemically active

over a very wide potential window and the highest

anodic current density is achieved in the 4 M KOH

methanol solution. Figure 4 shows that both the anodic

and cathodic current densities can be significantly

increased by the addition of water in 4 M KOH

methanol solutions. The hydration of the surface

product layer [25] improves the anodic dissolution of

aluminium and the reduction reaction of water [reac-

tion (5)] may have a considerable contribution to the

cathodic current density. The conductivity of the

electrolyte generally rises with the increase in water

and KOH contents in methanol solutions [19] and this

may be partially responsible for the increase in anodic

and cathodic current densities. The results of the above

polarization measurements are in agreement with

those of hydrogen collection experiments.

Figure 5 shows the galvanostatic discharge curves

of aluminium in 4 M KOH anhydrous methanol

solutions. The aluminium anodes have a very flat
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Fig. 2 Effects of water content on the corrosion current densities
of aluminium in methanol solutions with various KOH concen-
trations
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Fig. 3 Polarization curves of aluminium in anhydrous methanol
solutions with various KOH concentrations
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discharge plateau at relatively low potentials. With

increasing discharge current density the electrode

polarization increases and then the discharge poten-

tial moves in the positive direction. The rapid pot-

ential increase of the anode after having been

discharged for about 4 h at 5 mA cm–2 implies that

the anode has become passive. Figure 6 shows that in

the 4 M KOH methanol solution with 20% water the

anode can discharge stably at higher current densities

(£10 mA cm–2) at potentials that are more negative

than those in the anhydrous solution system at the

same discharge current density. This demonstrates

that the discharge of aluminium is improved by the

addition of H2O to the 4 M KOH anhydrous meth-

anol solution. However, passivation of the anode also

occurs after being discharged for about 3 h at a

current density of 15 mA cm–2. It can also be seen

from Figs. 5 and 6 that potential fluctuation occurs on

the discharge curves and the amplitude increases with

increasing discharge current density. This may result

from the formation and peeling away of the product

layer on the aluminium surface.

SEM imaging of the discharged anodes (Figs. 7 and 8)

showed less corrosion products on the surface of the

anode discharged in the 4 M KOH methanol solution

with 20% water at 5 mA cm–2 compared to the anode

discharged at 15 mA cm–2 where its surface was covered

by a thick product layer (Fig. 8a). The surface layer
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Fig. 4 Polarization curves of aluminium in 4 M KOH methanol
solutions with various water contents. (1) free of water; (2) 10%
water (3) 20% water
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Fig. 5 Galvanostatic discharge curves of pure aluminium in 4 M
KOH anhydrous methanol solutions at various current densities
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Fig. 6 Galvanostatic discharge curves of pure aluminium in the
4 M KOH methanol solutions containing 20% water at various
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Fig. 7 SEM image of the aluminium anode after being dis-
charged in the 4 M KOH methanol solution with 20% water at
5 mA cm–2
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consists of a loose and porous outer layer and a dense

inside layer that may impede the mass transfer of reac-

tive species and this may be responsible for the rapid

potential increase in the later stage of aluminium anode

discharge at higher current densities [21]. The EDAX

results (Table 1) show that the molar ratio of aluminium

and oxygen in the surface product is approximately 1:3,

suggesting that the surface product on the discharged

aluminium anode is mainly Al(OH)3 [24]. The discharge

of an aluminium anode at relatively higher current

densities can result in an enrichment of aluminate ions

Al(OH)4
– in the electrolyte as well as a decrease in the

alkalinity of the electrode interface. These two factors

make a considerable contribution to the stabilization of

the Al(OH)3 passivating species at the surface. As the

discharge process progresses the Al(OH)3 surface layer

becomes thicker and denser and this finally leads to

severe passivation. The formation of the dense Al(OH)3

surface layer must be inhibited to improve the discharge

performance. This may be achieved using additives to

the electrolyte or aluminium [1]. The experimental

results also imply that an anode with a high specific

surface area (e.g. aluminium powder) may show better

discharge performance.

4 Conclusions

(1) The corrosion of aluminium in KOH methanol

solutions is significantly inhibited. Although, the

corrosion rate of aluminium increases with

increasing water content in KOH methanol solu-

tions, it is still low when the content of water is

less than 20%.

(2) In KOH methanol solutions aluminium is elec-

trochemically active over a wide potential win-

dow, and displays a very flat discharge plateau.

The addition of water to the KOH methanol

solutions improves the anode performance.

(3) The rapid potential increase in the later stages of

discharge at relatively high current densities may

result from the formation of a dense Al(OH)3

layer on the aluminum anode surface.
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