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Abstract 

The electrochemical behaviour of aluminium in alkaline solutions, with small 

amounts «0.1 wt%) of indium, magnesium and gallium as alloying constituents, and the 

identification of the parameters that will most effect an operating AI/air battery system 

have been investigated. The alloys investigated were suggested by Comalco Research 

Laboratories, Melbourne and had the following analysis: 

Pure Aluminium (better than 99.995%) 

Al - 0.046%Ga 

AI- O.067%Ga 

Al- 0.ll0%Ga 

Al - 0.1 %Mg - 0.1 %In 

Al- 0.016%In 

Al - 0.045%In 

AI- 0.10%In 

Al- O.l%Mg 

Al - 0.085%In - 0.09%Ga 

It has been found that the peak potential, using the fast cut technique, is 

independent of indium concentration for indium alloys of less than 0.1 %In, and that the 

reaction kinetics for the aluminium dissolution at the peak potential change as the 

aluminate concentration in the alkaline solution is increased. 

The steady state potential shows a logarithmic relationship to the indium content 

of the binary alloys and this showed that there is little advantage in using an indium 

content of greater than 0.04%. 

The flowcell experiments showed that the indium containing alloys become 

coated with a black film, and that onset of significant polarization coincided with the 

disappearance of this film. X-ray analysis has confirmed that both indium and gallium 

concentrate on the reaction surface during polarization. 

This work has shown the ternary Al - 0.1 %Mg - 0.1 %In alloy to be the best 

from those tested. The magnesium in the alloy has been shown to refme the electrode 

grain structure and to significantly reduce the parasitic corrosion rate. 

The effects of aluminate accumulation in the electrolyte on polarization were 

measured and increasing the flowrate and temperature have been shown to increase the 

maximum current density attainable. 
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Chapter.1 - Introduction 

1.1 General 

Aluminium is the most plentiful metal available to man, occurring as aluminium 

oxide in an ore called bauxite. The most common method of aluminium production is via 

the Heroult-Hall process. This process involves the electrolytic reduction of the 

aluminium oxide using carbon anodes to form molten aluminium, carbon monoxide and 

carbon dioxide. 

Thermodynamically, aluminium is a very energy intensive material, with a gibbs 

free energy of formation for the Al3+ ion of -485 KJ/mol, and a theoretical energy density 

of 8.1 kWh/kg. Aluminium has a face centred cubic structure, a low density (2.7 g/cm3), 

with standard electrode potentials (versus SHE) of -1.662 V in acid solutions, and -2.33 

V in alkaline solutions. Despite the protective oxide layer which is inherent on 

aluminium, it is subject to severe corrosion if solution pH is above 8 or below 5 @ 250C 

(67). 

Aluminium is widely used as a construction material, especially in the aircraft 

industry, but is to soft and weak in its pure state. It is alloyed with various elements (Cu, 

Mg, Mn, Si , etc ) to give it strength and durability under physical loading, and has 

become pre-eminent as a conductor of electricity. The electrical conductivity of 

aluminium is approximately 65% that of copper on a volume basis. 

1.2 Review of Previous work 

1.2.1 AJuminium / Aluminium alloys in acid to neutral solutions 

Most of the early work (1 - 12,21 - 23) carried out on aluminium has been done 

in acid solutions, due to the ease with which the oxide layer is removed. Earl & Hagyard 

(1) showed that using a fast cut technique, in which a fresh aluminium surface is exposed 

to an electrolyte, the theoretical aluminium potential can be measured directly. It was 

shown that the peak potential obtained immediately after cutting, showed that the 

aluminium is in equilibrium with its ions in aqueous solution. Further these workers 

showed that the peak potential was independent of pH in solutions of pH < 5. The 

subsequent decay in potential to a mixed potential is due to the onset of the hydrogen 

evolution reaction. 
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Other workers (4,6,7,20) have studied the role of various cations and anions on 

the dissolution behaviour of aluminium, with the chloride ion being of particular 

importance with respect to the breakdown of the oxide film. Garreau et al (4) showed 

that adding perchlorate to solutions which normally damage aluminium, protected the 

metal from further damage. Khedr & Lashien (20) studied the effect of depositing 

transition / heavy metal cations on the aluminium surface in chloride containing solutions. 

These workers found that at low cation concentration inhibition of the corrosion reaction 

is observed, but at high concentrations, the galvanic coupling effects accelerated the 

corrosion. Pitting corrosion near the metal deposits was observed. They found that the 

addition of the binary mixtures of chromate - benzotriazole and chromate - sulfanilic acid 

to the solution showed synergistic inhibition, stopping the dissolution of aluminium. The 

chromate ion repairs the oxide film defects and strongly adsorbs on to the electrode 

surface. 

The theoretical potential - pH diagrams for the aluminium - water system 

proposed by Pourbaix have been extended by Macdonald & Butler (8) and Brook (5) to 

elevated temperatures. The most significant point concerning this work is the increased 

stability range of the aluminate ion with increasing temperature, with the decreased 

domain of the aluminium ion. The diagram below (taken from Brook (5» illustrates these 

points. 
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More recently workers (21 - 26) have investigated the use of alloying 

components such as indium, magnesium, mercury, etc, to decrease the polaris ability of 

aluminium. Cheng (3) found that the addition of indium and magnesium to the lithium -

aluminium electrode in a LiCl-KCl euteutic electrolyte caused the electrode to have a more 

dendritic surface, which resulted in a higher lithium utilization. 
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Some of the earliest work using alloys to improve the anodic behaviour 

(decrease the polarization) of aluminium was carried out by Keir et al (21,22). These 

workers found that the aluminium - tin alloy gave the best results as a sacrificial anode of 

the group IV elements when galvanicly coupled to a mild steel cathode in O.IN N aCl. 

This alloy also exhibited potentials more negative than -l.OV v.s SHE, with a 

very low oxide resistivity which has been attributed to the Sn4+ ion entering the oxide, 

thus creating cation vacancies. These workers then investigated several ternary alloys 

based on the aluminium - tin binary alloy. The classes of metals added to the binary 

aluminium - tin alloy were considered in three groups, those that expand the aluminium 

lattice (Bi,Zr,Mg and Ag), which stabilizes the aluminium - tin solid solution; those that 

contract the lattice (Si,Zn,Cu and Mn), thus rejecting tin from solid solution; and those 

that have no effect on the lattice (Co,Ni,Fe and As), as they are generally insoluble in 

aluminium. The main result from their work was that the lattice expanders either increase 

dissolution (e.g. Bismuth increases the galvanic current) or have little or no effect on the 

galvanic current that flowed when coupled to the mild steel cathode. 

Several workers (23 - 25) have investigated the aluminium - indium, - thallium, 

- gallium, and - phosphorous binary alloys in salt solutions. Despic et al (23) used 

indium, gallium and thallium in binary and ternary alloys with aluminium, testing the 

alloys in neutrallMol.l-l NaCI at 250 C. Their work showed that these alloys caused: 

(1) a shift in the rest potential in the negative direction, 

(2) an increase in the workable current density (Le. an increase in the current density 

attainable for a specific overpotential) and 

(3) a decrease in the Negative Difference Effect (NDE) as compared to pure aluminium. 

[ The NDE is the linear increase in the rate of hydrogen evolution with increasing 

dissolution current density.] 

The alloys, except for gallium, decreased the rate of corrosion in the neutral salt 

solution. These workers found the NDE to depend strongly on the electrolyte 

concentration and cation species present, but was independent of pH (over the range 

1.4 - 11). 

Mance et al (25) investigated the effect of indium and thallium as binary 

additions to high purity and technically pure (99.5%) aluminium in sea water. They 

found that the anodic dissolution rate by alloying with technically pure aluminium was 

considerably worse than by alloying with super pure aluminium. They also found that 

increased corrosion along grain boundaries was unavoidable in alloys used in the as-cast 

state, due to segregation of alloying elements to the grain boundary. This resulted in the 

use of an annealing process at about 560oC, which produces a more uniform dissolution, 

by decreasing the amount of segregation present. The addition of thallium to aluminium 

had little effect on the electrochemical properties, which is due to thallium's insolubility in 
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. aluminium. There is however a marked difference when thallium is added to the 

aluminium - indium alloy, which is attributed to thallium's solubility in indium. 

These same workers (24) then investigated the effect of gallium and 

phosphorous alloys in NaCI solution. They found, like other workers, that the gallium 

alloys had high corrosion rates, but this can be decreased by the addition of phosphorous. 

The corrosion rate, whilst being effected by the alloying additions, is also affected by the 

insoluble intermetallic compounds which contain both alloying components and 

impurities. 

1.2.2 Aluminium I Aluminium alloys in alkaline solutions 

The use of alkaline solutions not only gives aluminium a more negative electrode 

potential, but also improves the performance of the air cathode (53), compared to using 

acid solutions. There is still however significant hydrogen production via the parasitic 

corrosion reaction on the aluminium electrode. 

Many workers (13 - 20) have investigated the properties of aluminium in 

alkaline solutions, while others (27 - 34) have reported the effects of alloying components 

on the electrochemical behaviour in alkaline solutions. 

A stepwise dissolution model has been proposed by Macdonald et al (17) for 

aluminium in 4M KOH @ 250 C, which requires the stepwise addition of hydroxyl ions 

to the surface, until aluminium hydroxide is formed, which finally chemically reacts to 

form aluminate. This anodic process competes with the cathodic hydrogen evolution 

reaction for surface sites. Analysis of the impedance data gave transfer coefficients of 

<0.1 for the elementary charge transfer reactions, which is possible for very reactive 

species like aluminium and the hydroxyl ion. The Macdonald mechanism is supported by 

Plumb & Swain (14) who found that at pH < 12.4 the electrode potential depended on the 

aluminate concentration and pH, but with pH > 12.4 the electrode potential is determined 

by the direct reaction between the hydroxyl ions in solution and the metal ions from the 

metal. 

Heusler et al (16) has also investigated the dissolution kinetics of aluminium in 

alkaline solutions, and showed that the dissolution rate of aluminium increases with 

increasing flow velocity, and is proportional to the hydroxide ion concentration. 

Koshel et al (18) investigated the electrode kinetics of aluminium with varying 

solution temperature. These workers showed that the electrode kinetics were weakly 

dependent on flow velocity (1.4 - 15.9 cm/s), which was said to show the existence of a 

dynamic protective film on the metal surface, and that the anodic dissolution current 

density and corrosion rate increase with temperature. The anodic dissolution rate was 

found to have a maximum for a KOH concentration between 7 - 9 mole / litre. 
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Work by Brown & Whitley (27) supported assertions by Heusler that a metal 

surface free of oxide or hydroxide cannot be obtained in alkaline solutions. These 

workers attributed the fall in aluminium dissolution rate, and rise in hydrogen evolution 

rate with decreasing electrode potential, to a thinning and hydration of the oxide layer. 

Even though most workers have tried to reduce the amount of gasing (Le. H2 

production) when aluminium is placed in alkaline solutions, there has been some interest 

(15) in aluminium as a hydrogen source. It was found, that if aluminium were to be used 

as a hydrogen source, it was best in atomized powder form, providing as high a surface 

area as possible, with a purity no greater than 99.8%. 

An important result from this work was that the regeneration reaction of 

hydroxyl ions (below) is the limiting factor in the overall long term hydrogen production 

rate. 

NaAI(OH)4 --------> M(OHh (s) + NaOH 

The fact that this regeneration step limits the hydrogen production reaction, makes this 

method of hydrogen generation impractical as a possibility for use in a fuel cell. 

Aluminium in its pure state is unacceptable for use in most battery systems, thus 

workers turned to low level alloying in an attempt to try to reduce the parasitic corrosion 

which takes place, whilst trying to reduce the polarization occurring on aluminium. 

Most workers (27 - 34) have found that the most promising alloys were those 

that contained indium in solid solution in hydroxide electrolytes at elevated temperatures. 

Macdonald et al (31) carried out an in depth study of several possible alternative battery 

anode alloys, with a view to reducing the corrosion rate under open circuit conditions. 

Using 4M KOH @ 500 C these workers measured the following corrosion rates: 

Table .1 Comparison of possible anode alloys 

Alloy O.C.P ,. Corrosion Corrosion 

(mV Hg/HgO) Rate Rate 
(mg/cm2/min) (mm/yr) 

AI- 99.99% -1678 0.515 1002 

Zn -1400 0.0014 1 

Al -0.1 %In -0.2%Ga- -1750 0.058 113 

0.1 %P -0.01 %TI 

Al- 0.1 %In -1740 1.965 3825 

AI- O.l%Bi -1840 0.593 1154 

(From Macdonald et al (31) 

* O.C.P = open circuit potential 
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The above table clearly shows how the aluminium potential can be shifted in the 

negative direction by various alloys. The addition of indium alone, whilst making the rest 

potential much more negative, increases the corrosion rate. By higher order alloying the 

corrosion rate can be made an order of magnitude lower than that of pure aluminium and 

still maintain the more negative rest potential. 

Even though these workers have shown bismuth to give a more negative 

potential than the indium alloy, and to have a corrosion rate equivalent to that of pure 

aluminium, no further work has been published concerning bismuth. 

These results are encouraging, but for an electrode to be considered as a 

replacement for zinc in a primary battery it would need to have a corrosion rate of at least 

the same order of magnitude. 

These workers also investigated the effect of cold working, and have shown 

there to be little effect on the corrosion rate, except for the Al - O.5%Ga alloy which 

showed a minimum at 50% cold worked. 

The polarization data for several alloys in 4M KOH @ 25,50 and 800C has been 

presented by Macdonald et al (19,28,32). They showed aluminium to exhibit passivity in 

concentrated potassium hydroxide solution at 25 and 50oC, with an active to passive 

transition being evident at 250 C. At potentials more positive than the open circuit 

potential they found the current I potential curve to be almost linear. The low level 

alloying components (In, Ga, TI, Mn and Mg) were found to produce a passivating 

protective layer on the aluminium. Activation of the alloys occurred when this layer had 

been oxidised into soluble products; for example those alloys containing gallium become 

active at the potential which corresponds to gallium going into solution as Ga(OH)4-. The 

alloying elements inhibit the hydrogen evolution by decreasing the exchange current 

density for the cathodic reaction. 
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The diagram below shows that activation / passivation mechanism that has been 

put forward by Macdonald. The passive state (A) shows aluminium dissolution to be 

solely due to the parasitic corrosion reaction in the no load condition. The passive to 

active transition (B) occurs when the alloying element (M), which helps form the 

protective surface film, is oxidised. Thus the active state (C), for the significantly 

polarised electrode, shows both aluminium and the alloying element(s) passing into 

solution. This mechanism supports the existence of an oxide / hydroxide layer on the 

electrode, showing the final dissolution step to be chemically controlled. The active to 

passive transition (D), which occurs as polarization decreases, is due to the alloying 

element(s) either plating out of solution onto the aluminium surface, or remaining on the 

electrode surface as aluminium further dissolves. 

t t t t t 

--(A) Passive St..te (StAll4lly) (B) hssive to .Active Tra.nsitioll. 

t 
M(OH)i Al (OH)'; 

II, t AI (OH)3 

JI.a 
Al(OH)'; 

t 
- - - - - - - -Al(OH) 

~3 
(D) .Active to hssive Tra.:nsitioll. (C) .Active St..te 

Schematic Model of events that occur on the activation 
and deactivation of an aluminium alloy anode 

Fig.2 

Macdonald et al (32) 

Macdonald has proposed that the effect of the minor alloying elements in 

reducing the no load corrosion rate is not strongly dependent on the composition of the 

bulk alloy, but more to the presence of the alloying elements, which form the passive 

film. This is supported by the findings of Pickering et al (75,76) for the dissolution of 

binary alloys. 
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Jeffrey & Halliop (34) carried out some optimization experiments in 4M NaOH 

at 60oC, for the aluminium -indium -magnesium -manganese alloy, and also investigated 

the effect of adding stannate to the electrolyte. They found that using a base aluminium of 

99.995%, that their preferred alloy was AI-0.05%In -0.1 %Mg -O.03%Mn. 

Aluminium - manganese and aluminium - manganese - magnesium alloys have a 

high resistance to corrosion. Manganese forms sub-microscopic particles, but also some 

large particles, AI6(Mn,Fe) and AI12(Mn,Fe)3Si. Both of these larger particles have 

solution potentials equal to that of the solid solution matrix. Manganese also forms 

intermetallic compounds with iron which are less active from a hydrogen evolution 

standpoint, hence increasing the coulombic efficiency. Magnesium also reduces the rate 

of hydrogen evolution, but is less effective than manganese. 

They found that the alloys containing gallium, with or without tin, benefitted 

from the presence of stannate in the electrolyte, which reduced corrosion. These 

workers, as well as Macdonald, proposed that magnesium and manganese present in the 

indium - activated alloys further reduces the parasitic corrosion. 

Some recent work has been carried out by Hunter (33) using aluminium-indium, 

aluminium-gallium and aluminium-tin binary alloys,and several ternary alloys. He found 

that the aluminium-indium alloys exhibited the NDE, and suggested an alloy dominance 

regime,where one of the alloying components for ternary and higher order alloys 

dominates the polarization characteristics (i.e. shows behaviour similar to that of the 

dominant binary alloy). The dominance ordering suggested from this work, which 

relates to the melting points of the elements and their theoretical mobilities, is 

tin > indium> gallium. 

Hunter identified two active states for the alloys, firstly the superactive state, 

where the alloy is more active than pure aluminium, and secondly the hyperactive state, 

which is an extremely active electrochemical condition, attributed to the formation of 

gaseous hydrides on the reaction surlace. Hyperactivity was found to exist only for 

alloys in dilute concentrations which form hydrides at potentials above the Al / AI3+ 

reversible potential, e.g. In, Sn, Si, C, Cd, Zn, etc. Hunter's assertions of alloy 

dominance and of the hyperactive state have not yet been confirmed by other workers. 

Chapter .1 



1.2.3 Influence of Solution Modification 

Several workers (35 - 44) have investigated the possibility of modifying the 

solution parameters to obtain the same effect as when alloying aluminium, but more 

importantly to reduce the parasitic corrosion rate. 

Bockstie et al (44) carried out some of the earliest work on corrosion inhibition 

of aluminium in caustic solutions. Their work showed several fundamental facts; 

corrosion can be accelerated by addition of S2- or SH- ; corrosion can be inhibited via 

surface amalgamation (Le. zinc deposition), especially zinc oxide - saturated solutions 

and / or alkyldimethyl- benzylammonium salts; and that corrosion is reduced at high 

anodic current densities. The zinc oxide reacts to give a layer of zinc on the aluminium 

surface, but this tends to flake off with continual immersion. 

Roebuck & Pritchett (37) investigated different aspects of corrosion inhibitors 

for aluminium; (1) chemical classification, organic or inorganic; and (2) surface reactivity, 

adsorption types or surface reaction types. The general results of their work showed that 

the inorganic inhibitors help to reform the damaged oxide layer, whereas the organic 

inhibitors tend to either polarize the cathodic reaction or form a protective layer by 

adsorption onto the metal surface via polar linkage. These workers found that the choice 

of cationic species can also have a dramatic effect, e.g. the corrosion rate in sodium 

chromate was 13 times higher than in magnesium chromate solution. 

Several other worker (38 - 42) have investigated the inhibition of varying grades 

of aluminium in modified alkaline solutions. Sarangapani et al (42) showed that a 

4N NaOH electrolyte with 0.4% calcium oxide and 20% sodium citrate (base electrolyte) 

gave the best inhibition efficiency over other electrolytes containing these additives plus 

different cations. They found that some additives which formed anions in solution, when 

added to the base electrolyte could further inhibit the corrosion on 2S (>99%) aluminium, 

e.g. aluminium and zinc. 

Paramasivam et al (41) investigated different grades of aluminium and different 

levels of zinc oxide added to 4N NaOH solution. They found that the 3S (98.7%AI, 

1.2%Mn) and 57S (97.5%AI, 2%Mg, 0.25%Mn) alloys were best suited as anode 

materials, with 4N NaOH containing 0.6M zinc oxide as the best electrolyte. 

The same aluminium grades as for (41) were investigated by Albert et al (39) in 

alkaline citrate solution. These workers found the 57S aluminium to be the most 

promising anode in 4N NaOH with 20% sodium citrate and 2.5%wt / vol CaCI2.2H20 . 

The use of polymer chlorides has been investigated by Hirai et al (40), these 

were found to inhibit the cathodic reaction by increasing the double layer thickness of 

polymer cations. The two polymers investigated were polyvinylbenzyltrimethyl

ammonium chloride (PVBA) and polydiallyldimethylammonium chloride (PDDA). 

10 
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Cathodic inhibition by these polymers gave a negative shift in the corrosion potential, 

with a reduction in corrosion current to about 5 rnA / cm2 . 

There has been some work (36,43) carried out using some of the alloying 

elements (In,Zn,Ga) as electrolyte additives, to investigate whether they produce similar 

effects to when they are in the metal alloy. Bohnstedt (43) has used gallium and indium 

ions in 7N KOH solution, with an Al - O.5%Mg electrode at 60oC. He has shown that 

some ions (Zn,Sn,Pb,B) have little to no effect on the rest potential, whereas others 

(11,As,Sb) significantly shift the potential in a negative direction. The more important 

ions (Hg,In and Ga) are those that shift the entire current - potential curve in the negative 

direction. 

Gallium ions showed the most distinguishable difference from the pure solution, 

which can be seen in figures 3 and 4 below. The addition of 19 Ga / I results in an 

approximately 250 m V shift in the rest potential and an improvement in polarization 

characteristics. The addition of the same quantity of indium only gave a l00mV shift It 

is however clear that the hydrogen evolution rate increases with increasing gallium 

content. This work showed similar results to those of Hunter (33), Le. gallium 

concentrates at the grain boundary, resulting in the grain boundary areas being enlarged, 

thus increasing the effective surface area, which causes a shift in the current - potential 

curve. 

Burri et al (36) has carried out work similar to that of Bohnstedt, but added 

indium and zinc into a weakly acidic sodium chloride solution, with pure aluminium test 

electrodes. The results of their work showed that adding indium chloride and zinc 

chloride to the electrolyte caused a 300 mV negative shift in rest potential, and an increase 

in the faradaic efficiency to approximately 95% at a pH of 2 - 3 . 

The next step in the study of solution modification was to investigate the 

aluminium alloys in inhibited and uninhibited solutions. Macdonald & English (35) have 

tested two quaternary alloys in solutions containing Sn032- , In(OHh, Bi033-, Ga(OH)4-

and Mn042-. There were two significant results from this work. At high discharge rates 

(400 rnA / cm2) both K2Mn04 and Na2Sn03+In(OH)3 are effective inhibitors, but at low 

discharge rates only the potassium permanganate is effective and still maintains good 

coulombic efficiency over uninhibited solution. 
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1.2.4 AI I Air Battery technology 

There are literally hundreds of different battery systems available today, but only 

a few have incorporated aluminium anodes into them. Aluminium has always been an 

extremely favourable anode material, given its high electrochemical potential and low 

equivalent weight, which produces a theoretical energy density of 8.1 kWhlkg AI. 

Aluminium would be an ideal anode material if it did not produce such a stable oxide film 

and undergo parasitic corrosion. There have been attempts (55) to replace zinc in the 

Zn / C and Zn / Mn02 cells with aluminium, but these have only had limited success, 

mainly due to the self corrosion of the aluminium. 

The initial range of AI/air batteries were for general use, based on a sea-water 

electrolyte, but in 1986 Alcan (63) started the development of an AI/air battery for 

standby / reserve applications, which could replace diesel - powered generators in 

emergency situations. This latest development provided greater than 360 Whlkg Al (62), 

Apart from Alcan's intensive work on the AI/air system there has been much 

interest from other workers (45 - 63). Zaromb (48) and Zaromb & Foust (46) carried out 

some of the earliest work on the alkaline AI/air system. Zaromb (48) proposed that the 

best replacement for zinc is an alkaline aluminium primary battery using a 3M KOH self

regenerating electrolyte for a greater than 1kW load. He suggests the use of a porous

carbon or even better a porous- nickel air cathode, along with the use of some corrosion 

inhibitors in the electrolyte. and elimination of corrosion accelerators such as sulphides. 

The feasibility of electrolyte regeneration was the subject of (46), given the 

reactions: 

Cell reaction 

(reaction 1.1) 

Regeneration reaction 

AI(OH)4- ------> Al(OHh (solid) + OH- (reaction 1.2) 

The main requirement for a cell operating under regeneration conditions is that 

reaction 1.2 occurs at a sufficiently fast rate to maintain the bulk hydroxide ion 

concentration. 

These workers found that most previous current drain experiments with self -

regeneration were impeded by the buildup of AI(OHh reaction product near the 'AI' 

electrodes. thus proving that reaction 1.2 occurs at a sufficiently fast rate. By improving 
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the anode design and collecting the AI(OHh in an electrolyte recycle system, these 

workers showed that their cell could obtain 3 times the discharge of a cell without 

regeneration. 

Chen & Savinell (56) have recently modelled the AI- air cell in caustic solution, 

developing an algorithm, which inCludes a kinetic expression for not only the cathodic 

and anodic reactions, but the parasitic corrosion reaction as well. Other effects such as 

mass transfer, gas evolution, migration, etc have also been included in their model. 

Blurton & Sammells (53) have reviewed the most promising metal / air cells and 

summarised the possible systems into two categories, the non-rechargeable and the 

rechargeable cells. Lithium, aluminium and magnesium occur in the first, with various 

zinc and iron cells in the second. The zinc and iron cells, whilst being easily produced 

and controlled, have energy densities of less than half that of the lithium and aluminium 

cells. Magnesium appears to have no advantage over aluminium, and lithium appears 

unlikely to show any commercial application according to these workers. 

The table below has been taken from Scamans( 49) which compares various 

theoretical properties of prospective metals for metal / air cells. 

Table .2 Comparison of metal! air cell systems 

Metal Electrochemical Theoretical Theoretical Operating 

equivalent cell voltage * speciftc energy voltage 

(Ah/ g) (V) (Wh/ g) (V) 

Ii 3.86 3.4 13 2.4 

AI 2.98 2.7 8.1 1.6 

Mg 2.20 3.1 6.8 1.4 

Ca 1.34 3.4 4.6 2.0 

Zn 0.82 1.6 1.3 1.2 

Fe 0.96 1.3 1.2 1.0 

* cell voltage with oxygen cathode 

Scamans (49) points out that the specific energy and power density of a cell 

depends largely on which electrolyte is used, in saline solution both low specific energy 

(220 Wh/kg) and low power density (30 W /kg) can be expected, whereas the alkaline 

AI/air system developed by Alcan (63) has a specific energy of 4200 Wh/kg. The huge 

difference in specific energy is due to the use of highly caustic solution compared to a 

mildly acid saline solution. 

A basic representation of the AI/air cell is given in figure.5 below taken from 

(49), showing the aluminium anode, which mayor may not be alloyed, and the air 

cathode, which is penneable to the oxygen in air, but not to the electrolyte. 

14 
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Aluminium 
anode 

NaOH 
or 

NaCI 

Air cathode 

Net reaction: 4AI + 6H, O .;. 30, - 4AJ(OHb 

Scnematic of a simple aluminium/air cell 
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Principles of the Air Cathode 

Fig.5 

Scamans (49) 

Fig.6 

Fitzpatrick et al (50) 
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The principles behind the cathode are shown in figure .6 above from (50), 

which shows the cathode to be a carbon resin, but it could also be made from porous 

nickel. 

Mosley (52) has reviewed the aluminium I air fuel cell with respect to its 

development and applicability to use in private cars. The two diagrams below have been 

taken from this work. Figure.7 shows the fuel life - cycle comparison between that of the 

internal combustion engine and that of the aluminium I air fuel cell. The aluminium I air 

fuel cell cycle shows the advantages of being recyclable and environmentally cleaner. 

Figure.8 shows the aluminium I air process replacement of the internal combustion 

engine. 

Some of the problems which have arisen from this system are : 

(1) Improving the efficiency and lowering the manufacturing cost of the 

aluminium alloy anodes, 

(2) Improving the reliability and lowering costs of the air cathodes, 

and (3) Development of a crystalliser to operate within the volume constraints of a 

vehicle. 

The efficiency of the anodes have been increased by alloying magnesium and 

manganese with the aluminium. The manganese is thought to form intermetallic 

compounds with the iron impurity present in the aluminium, which have a lower 

hydrogen overpotential than the bulk alloy. The current density for normal driving 

conditions is approximately 1 - 2 KNm2 ( 100 - 200 rnNcm2 ). 

The cathodes presently available have equivalent lifetimes of 2 - 3 years, and are 

either steam - activated carbon blacks, or activated carbons, with a cobalt tetra methoxy 

phenyl porphyrin. 

A reliable crystalliser is still the essence to successful cell operation. It has been 

reported that one has been developed by workers at Lawrence Livermore Laboratories 

(57), but due to commercial sensitivity little is known of it. 

Problems which have not yet been fully solved are, the deposition of 

hydrargillite on fuel cell manifolds and pipework, and the plating out of tin from the 

stannate corrosion inhibitor onto valves and pipework. It is possible that the first 

problem might be solved by the use of a coating that the aluminium hydroxide can adhere 

to. The second problem might be overcome by the use of modern plastics technology. 
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Despic et al (47) have developed a large - capacity medium - power (24 W) 

saline aluminium - air battery. This battery consists of two - 10 cell packs, which has 

aluminium-gallium-tin-magnesium anodes, and a capacity of 2590 Ah, with an open 

circuit voltage of 13AV. They found that the reaction product tended to clog between 

plates after long periods of discharge, and sometimes needed to be mechanically 

removed. 

Alupower ( a subsidiary of Alcan aluminium) has designed a saline Al I air 

battery pack (58), which operates at 6V and 2.5A (15W). 

British Telecom contracted Alcan International in November 1986 to build an AI 

lair battery that could be used as an emergency supply, this needed to supply 600 W of 

electricity continuously over 48 hours. The battery system that was developed (59), 

showed one Al I air battery to produce over 36 kWh of energy, replacing the lead - acid 

battery back-up system of 24 batteries producing 32 kWh. 
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1.3 Aluminium AI1QVS 

The main alloying elements that have been used to modify the electrochemical 

behaviour of aluminium are indium, magnesium, gallium, thallium, manganese and tin 

The binary phase diagram for each of the alloying elements will be presented in this 

section, followed by a short discussion on the general properties of the alloy, with 

particular attention given to alloying at low levels «0.2%). 

Gallium, indium and Thallium are all group III elements with a +3 oxidation 

state; magnesium a group II element has a +2 oxidation state. Tin is a group IV element 

with +4 and +2 oxidation states. Manganese is a transition element with stable oxidation 

states of +7,+6,+4,+3, +2. 

AI- indium 
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Indium, a soft silvery - white 

metal, has an atomic number of 49, 

atomic weight of 114.82, and a melting 

point of 156.610C. 

The binary phase diagram given 

left (68), shows indium to be insoluble in 

the face centred cubic Al - solid solution. 

It has been found (70), that the maximum 

amount of indium that can be present in 

solid solution is 0.045 at% In. This 

diagram also shows that very little 

aluminium dissolves into high percentage 

indium alloys. 

The Al - In system shown, is 

characterised by the immiscible liquid 

phases below the critical point, the 

monotectic reaction of Al with the two 

liquids, and the eutectic reaction where 

the In - rich phase solidifies to give solid 

aluminium and solid indium. 
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Al - Magnesium 

Magnesium is a light, silvery - white and tough metal. It has an atomic number 

of 12, atomic weight of 24.305 and a melting point of 649 oe. 
The binary phase diagram (below) shows that magnesium is soluble in 

aluminium forming an ex - phase, which contains 1.9wt% Mg at 100 oe. The phase 

diagram becomes reasonably complex for the 35 - 67.7 wt% Mg region, but this is not 

relevant for this work. 

Al- Manganese 

Manganese has an atomic number of 25, an atomic weight of 54.938, and a 

melting point of 1244 oc. 

The binary phase diagram (below) shows the AI-Mn system to be very 

temperature and composition sensitive. This diagram shows that the maximal equilibrium 

solubility of manganese into aluminium to be approximately l.4wt%. By using very 

rapid quenching of the melt, a supersaturated solid solution with a manganese content as 

high as 9.2 wt% is possible. 
...if" .. ),Iv 
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Gallium has an atomic number of 

31, an atomic weight of 69.737, and melting 

point of 29.78 DC. 

The Al - Ga binary phase diagram 

left, shows gallium to be soluble in 

aluminium upto a maximum of 21 wt% at 

26.4 DC. However the solubility of 

aluminium in gallium is very low. 

It has been reported in (71) that the 

lattice parameters for an Al - 0.53 at% Ga 

alloy were practically the same as those of 

pure aluminium. 

Thallium has an atomic number of 

81, an atomic weight of 204.37, and a 

melting point of 303.5 DC. This metal is 

very soft and malleable, showing a metallic 

luster when freshly. exposed to air , but 

quickly develops a bluish - grey tinge. 

Aluminium and Thallium are 

entirely insoluble in each other, which is 

supported by the fact that the melting points 

of either Al or Tl are not affected by 

additions of the other component. 
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Al- Tin 

Tin has an atomic number of 50, an atomic weight of 118.69, and a melting 

point of 231.9681 oc. 
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The solid solubility of tin in aluminium is very low, but from the above diagram 

a maximal amount of approximately 0.14% Sn at 650 0C is possible, which would give a 

supersaturate solid solution at room temperature if rapidly quenched. Likewise, it is 

evident from the above diagram, that aluminium is also insoluble in tin. 
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Chapter.2 - Experimental 

2.1 General 

The experimental techniques used for this research have been based on 

techniques already developed within this department. Developments or modifications of 

any technique are discussed in the appropriate section. 

The technique used for the fast cut work follows that of Hagyard and 

Williams(2), and later modified by Earl (1,9,10). The flow cell was initially designed 

from the work carried out by Kirkpatrick (11). 

All potentials are reported with respect to the hydrogen scale, unless otherwise 

stated, and have generally been corrected for the solution IR drop. The IR drop due to 

solution resistance was measured using the current interupt method, as outlined in (66). 

The fast cut work was carried out using the saturated calomel electrode as the 

reference electrode, seperated from the cell via a salt bridge and cellophane membrane. 

The reference electrode used for the flow cell experiments was the mercury / mercuric 

oxide electrode. 

Experirnenta I outline: 

The experimental program can be divided into two sections, that using the fast 

cut technology (Hagyard & Williams(2), Earl (1,9,10)), and that using a development of 

the Kirkpatrick flowcell (11) to operate at elevated temperatures. 

The fast cut work was restricted to investigating various alloys at room 

temperature under no load conditions, in highly alkaline solutions, with and without 

aluminate. The aim of these experiments was to measure the anode activation 

characteristcs for a freshly created metal surface (i.e. oxide free surface). 

The flow cell which more closely emulates an operating battery, was used to 

obtain polarization curves for the alloys, for varying temperatures, flow rates and 

solutions. This section serves two purposes, (1) to identify how a prospective battery 

anode will operate under load, and (2) to test the predictive ability of the fast cut work for 

operating anodes. 

Alloys: 

All the aluminium and aluminium alloys in this work were supplied by Comalco 

Research Centre, Melbourne, Australia, with the base aluminium having a purity of better 

than 99.99%. 

Chapter.2 

23 



Analysis of the alloys supplied by Comalco showed the main impurites to be in 

the following ranges: 

Si < 0.01 % 

Fe < 0.01 % - 0.0003% (min) 

Cu < 0.01 % - 0.0017% (min) 

Other impurities such as Cr,Mn,Ti,Zr, etc are present at < 0.005% and in most 

cases < 0.002%. 

The alloys as supplied were: 

(1) Super Pure Aluminium (better than 99.99%) 

(2) AI- 0.016% In 

(3) AI- 0.045% In 

(4) AI- 0.10% In 

(5) AI - 0.046% Ga 

(6) AI- 0.067% Ga 

(7) Al - 0.110% Ga 

(8) Al - 0.1 % Mg 

(9) Al - 0.1 % Mg - 0.1 % In 

(10) Al - 0.085%Ga - 0.09%In 

The aluminium samples had been cast into molds held at 200oC, then allowed 

to cool. 

The electrodes were machined out of this material, using a lathe and a tungsten -

carbide tool. The electrodes were then placed in their holders and submitted to an acetone 

reflux to remove any grease and dirt. 

Electrolytes; 

All electrolytes were prepared using" Analar " grade reagents dissolved in 

distilled water. For the fast cut solutions no pre - electrolysis was thought necessary, 

which is supported by work carried out by Earl (9,10) and Watson (12). Watson showed 

that after increasing the impurity level to many times that normally found, that there was 

no observable effect on the potential or mean kinetic parameters. 

The aluminate solutions were prepared by dissolving super pure aluminium in 

the hydroxide solutions, and adding extra hydroxide to allow for that used in the 

dissolution, thus maintaining the required hydroxide concentration. Dissolution is via the 

parasitic corrosion reaction below. 

(reaction.2.1 ) 

The hydroxyl ion concentration of the solutions were checked via standard titration 

(Vogel (78», whilst the aluminate concentrations were checked using EDTA titration 

(Vogel (79». 
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2.2 Fast Cut Cell 
The experimental layout of equipment (similiar to that of Earl (10)) is shown in 

fig 2.1. The oscilloscope shown in fig 2.1 is a "Hewlett - Packard" 1740A (100 MHz), 

and the frequency generator an "Exact" model 7030 generator. The cathode follower fig 

2.3 was redesigned using modern circuitry, and shown to have a rise time roughly 

equivalent to that of Earl's of 0.1 )lsec and input impedance> 1012 n. 

Saturated 
Calomel 
Electrode 

'-
P= 

Test Electrode 

~ 

I 

Cathode 
Follower 

• r--- Frequency 

Oscilloscope r--- Genera'1Dr 

Fig.2.1 Fast Cut Equipment Layout 

S1:liliUess S1l:lel 
Electrode Holder 

/.0=8rom 
Length. = 100 rom 

Thin Polyethylene 
/' layer over Shaft 

and electrode 

Alloy electrode 
Flange.0 = 7.5 rom 

Flange Thickness = 0.5 rom 

3 rom Securing screw 
~ Ruby cu~r, epoxied in.'1D an 

Alu.m:inium holder I coa1l:ld in. 
Polyethylene 

Fig. 2.2 Electrode + Holder 

The electrode and electrode 

holder Fig 2.2 are similiar to that used 

by Earl (9). The alloy electrode was 

threaded so that it could be firmly 

attached to the holding screw that is 

then screwed tightly onto the holder 

shaft. The thread provides better 

electrical contact between the electrode 

and the electrode holder. 

After acetone degreasing the 

electrode and holder are heated to 

approximately 120oC, then covered in 

polythene powder and placed back into 

the oven to allow the powder to fuse 

onto the metal surface. This process is 

carried out several times until the 

electrode and holder are sufficiently 

coated with polythene . 

Polythene was found in earlier work (80) to be the most appropriate material to 

coat the electrode. 

The electrode is driven past the ruby cutter into the solution, creating a fresh 

metal surface. 
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Cathode Follower (rue time 0.1 u.s, impedance >lcfb>. 

VAR 
10k 
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Gain 

-15V 

LM6361 

1 k 

10K 

~------------~---------------------------------~---------------~~OV 

The cathode follower as represented in the above circuit diagram, fig 2.3, is a 

device that tracks the potential change of the freshly cut electrode. A trigger debouncer 

was also used to avoid double triggering due to vibrations or stray electrical pulses at cut 

initiation, thus once the trigger has been activated it must then be reset via the relay 

switch. 
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2.3 Flow cell 

The flowcell design, fig 2.5, was based on Kirkpatrick's (11) earlier work, with 

major improvements specifically for this work. The experimental conditions for this 

work involved using solutions of 1- 6 M KOH at temperatures as high as 80 0C. The 

equipment layout is shown below in fig 2.4 . 

Stirrer 

Insulated 25L 
Heated Storage Tank 

Flow 
cell 

~;~::~::::::::0:::: i p~1J>n~S~l 
Chart Recorder 

Fjz.2.<:1 Flovcell Equipment Layout 

Storage 

Tank 

Data A.cq uisition 

The solution is heated in a stirred 25 L insulated polypropylene tank, and then 

pumped via a " March" model AC - 3D MD magnetically coupled pump around the 

system. Most of the solution is recycled back to the heated tank directly, with a drawoff 

leg controlling the required amount of solution to the cell, which is metered via a II Gemti 

" 855 / 20 - 400 1 / h rotameter. The solution once past the flowcell is recycled back to 

the heated tank. A" EG & G Princeton Applied Research" model 362 scanning 

potentiostat is used to polarise the electrodes both potentiostatically and galvanostatically, 

with data acquisiton via a " Strobes" signal acquisition system model 901, which is 

coupled to a Mackintosh Plus computer model MOOOI AP. The chart recorder, a " 

Graphtec " servo corder SR6312, supplies a continuous hardcopy of the potential and 

current throughout the experiment. 
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Some advantages of the flowcell (fig 2.5) used in this work over that originally 

made by Kirkpatrick (11) are: 

(1) It is a composite structure made to withstand the hydroxide solutions upto 

80aC. 

(2) The rate at which the electrode is raised could be varied in this work to 

maintain the dissolving electrode surface parallel with the flow profile, whereas it 

remained constant in the Kirkpatrick flowcell. 

(3) The lower part of the outlet tube (part (1.1)) is threaded, so that allowances 

for expansions and contractions of the cell at different temperatures can be made. This 

means the electrode - outlet gap is relatively constant for all experiments. 

(4) Rubber O-rings are used in many places in the flow cell, giving more 

effective seals, than in the Kirkpatrick design. 

(5) A capillary connection so that a reference electrode may be used, was also 

implemented. 

The entire flow cell system has been made so that the only metal in contact with 

the solution is the electrode under examination, and the platinum counter electrode. 

As the electrode can be made an appropriate length to allow for the high current 

densities used and advanced as the electrode dissolves, the flowcell can be operated for 

longer periods as could a conventional rotating disc electrode system. 
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3.1 Introduction 
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Before any experimentation in alkaline solutions could be carried out, it was 

pertinent to attempt to reproduce some of the results shown by other workers (1,2,9,10). 

This was not only to show that the experimental apparatus operated correctly, but also to 

improve experimental technique where possible. 

The trace shown below ( Photo 3.1) is typical of the traces obtained from 

photographing the single oscilloscope trace just before and after the electrode cut had 

occurred, when using KCI solutions. 

Photo 3.1 Pure Aluminium ( 5N ) in 1.0 M KCl pH = 3.0 @ 20 0 C 

versus Saturated Calomel Electrode ( SCE ) 

The sine wave in the photograph has a frequency of 1 KHz and amplitUde equal 

to a standard western cell (i.e. 1.018V). 

Results - Fast Cut 
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The results of this preliminary work in 1 M KCl, showed the peak potential (as 

shown in the table below) to be independent of pH in the pH range 3 to 5.5, and the 

mixed potential to be dependent on pH, as shown by other workers (2). The cutting speed 

was measured as 1000 ±50 cm I s, which is similar to that previously used. 

Table 3.4.1 A comparison of Peak Potential data in 1M KCI solution @ 200C 

Solution pH This Work Hagyard & Williams (2) 

±20mV ±40mV 

3 -1588 

5.5 -1590 

3.2 -1590 

3.2 -1600 

5.2 -1600 

3.2 Alkaline solution traces 

The traces obtained using the hydroxide solutions were quite different to those 

of the KCI solutions, because the delay before the onset of the cathodic reaction was 

much longer than previously observed. Photos 3.2 and 3.3 below illustrate this point. 

The sine wave in each photo is the same as previously mentioned ( i.e. 1 KHz), but a split 

time basis was used on the oscilloscope in an effort to obtain more information from the 

traces. 
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Photo 3.2 Pure Aluminium ( 5N ) in 3M KOH at 25°C 

versus SCE 



Photo 3.3 Pure Aluminium ( 5N ) in 1 M KOH at 250C 

versus SCE 
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The above photographs show that the peak potential holds at a plateau for some 

time after the cut has occurred. The main difference between these two results is that the 

electrode in photo 3.3 appears to have a small tail leading to the plateau. This has no effect 

on the peak potential and is due to the cut being slower than normal. Once the cathodic 

reaction has begun the potential falls in a similar exponential, but slower, manner as 

observed earlier by other workers (2,9). 

3,3 The Peak potential and decay to steady state 

It has been established that the peak potential remains for a longer period in 

KOH solutions, than in the KCI solutions. This result would indicate that there is a larger 

delay in the onset of the cathodic reaction. Following Earl's analysis (9),this observation 

could be due to the lower availability of hydrogen ions at the electrode surface. 

In hydroxide solutions there are two possible cathodic reactions. The first is the 

more familiar reaction involving hydrogen ions, 

2H+ + 2e- ---------> (reaction 3.1 ) 

EO = O.OV 

Results - Fast Cut 
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which is directly controlled by the availability of hydrogen ions to the electrode surface. 

It can be shown that the hydrogen ion concentration for the trace in photo 3.2 

(KOH solution) is approximately 10 12 times lower than for photo 3.1 (KCl pH = 3 

solution ), which would support the observed results. 

The second cathodic reaction, as detailed by Macdonald (32), is a two step 

adsorption model, which follows the Langmuir adsorption isotherm. The steps are : 

+ M ¢::> MH + OH- (step. 1) 

MH + e- + H20 rds > H2 + OH- (step.2) 

rds = rate determining step 

However, Macdonald points out that the experimental results for pure aluminium 

show a high exchange current density, and a tafel slope which is higher than is consistent 

with this simple mechanism. He concludes that the differences between the theoretical 

and experimental results could be due to the assumption of the transfer coefficient being 

0.5, use of the Langmuir isotherm and the surface actually being covered in corrosion 

product (i.e. an oxide I hydroxide layer). 

A full analysis of the fast cut curves was made by Earl (9), who showed that the 

surface of the electrode was fully anodic just after cutting, and that there was a 20 J,lsec 

delay before the onset of the cathodic hydrogen evolution reaction in acid solutions. He 

postulated an area change-over from fully anodic (immediately after cutting) to mainly 

cathodic (at steady state). Earl showed in earlier work (10) that the cathodic area is 

approximately 200 times the anodic area at steady state. The possibility of a very much 

slower changeover of areas in alkaline solutions is possible, and as considered by Earl, 

the anodic to cathodic area ratio changes as a second or higher order exponential type 

function. 

The observed results are likely to be a combination of the factors discussed 

above, of which this work has not set out to prove or disprove. 

Chapter.3 



34 

3.4 Aluminium & In I Ga I Mg alloys 

This work will be discussed in two sections, (1) the peak potential trends and (2) 

the mixed potential trends. Only a few graphs will be presented here to illustrate the main 

points, whilst all others can be found in appendix (B). 

3.4.1 The Peak Potential 

The graph below is a plot of the Al - In alloy peak potential dependence on the 

KOH concentration. 
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This graph suggests that the Al - In alloys peak potential is linearly dependent on KOH 

concentration. It has been shown in appendix B that the potential is also linearly 

dependent on pH, due to the narrow pH range investigated (14 to 14.8), as expected from 

equation 3.2 below. 
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Pourbaix (56) proposed the following dissolution reactions: 

In acid to neutral solutions aluminium dissolution is via 

AI -------------> Al3+ + 3e- (reaction 3.4) 

EO = -1.663 + 0.0197 log (AI3+) (equation 3.1) 

and for alkaline solutions dissolution is via 

AI + 2H20 --------------> AID2,- + 4H+ + 3e- (reaction 3.5) 

EO = -1.262 - 0.0788 pH + 0.0197 log (AI02-) (equation.3.2 ) 

The theoretical curve shown in graph 3.1 above corresponds to equation 3.2, 

assuming an aluminate activity of one. It is clearly seen that the experimental curve is 

approximately 400 mV more positive than the theoretical curve. This suggests that the 

peak potential that has been measured is a transient mixed potential, and that the cathodic 

reaction also occurs immediately are cutting. It is still expected that the freshly created 

electrode surface is mainly anodic, and that the eventual decay to the steady state mixed 

potential is due in part to an area changeover from anodic to mainly cathodic as postulate 

by Earl (9). 

The linear relationship shown between potential and KOH concentration in 

graph 3.1 suggests that the hydrogen dissolution kinetics are independent of KOH 

concentration. 
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This trend of a more positive peak potential than is theoretically expected was 

observed for all the alloys investigated, and is quite different to the results found using 

acidic solutions by other workers (1,2,9,10). 

Reaction 3.4 above, was used by earlier researchers, using acid to neutral 

solutions to explain the observation of no peak potential dependence on pH, but a 

dependence on the aluminium ion concentration in solution, which can be explained by 

Nernst theory. 

The graph 3.2 above shows the effect of adding aluminate to the solution. As 

the aluminate concentration increases the peak potential becomes less dependent on 

hydroxide concentration (Le. the slope of the concentration versus potential graph 

decreases). The slope of the potential - pH diagram for the data in graph 3.2 is 0.0244 

V /pH unit. This slope is much less than that given in equation 3.2, suggesting that the 

aluminium dissolution kinetics and / or the hydrogen evolution kinetics have changed. If 

the rate determining step for aluminium dissolution is reaction 3.6 , this yields a potential 

- pH slope of 0.0197, which is close to that of the above data. 

AI + H20 ---------> AIOH++ + H+ +3e- (reaction 3.6) 

However this is unlikely to be the case as the AIOH++ ion is very reactive, and 

would rapidly react in the alkaline solution to form the aluminate ion. Thus it is more 

likely that there is a change in the hydrogen evolution kinetics when aluminate is present 

in solution, but is still independent of the KOH concentration. 

It appears from graphs 3.1 and 3.2 that within experimental error the peak 

potential is independent of the indium content of the alloy. 
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Graph 3.3 above, shows the dependence of the Al - Ga alloys on hydroxide 

concentration. The gallium alloys show an increasingly negative peak potential with 

increasing gallium content, and do not show the linear behaviour with increasing 

hydroxide concentration as found for the indium alloys. The slight curvature shown can 

not yet be adequately explained 

Hunter(33) found that for gallium levels greater than 0.026wt% and 

temperatures above 20 °C that gallium "superactivated" aluminium (Le. the alloys become 

more active than pure aluminium) at steady state. The observed peak potential behaviour 

is in many ways similar to Hunter's findings. The effect of gallium on the peak potential 

can be more clearly seen below in graph 3.4 .. This graph shows that the potential 

becomes more negative with increasing gallium content above 0.04wt% , as would be 

expected following Hunter's results. The peak potentials for the gallium containing alloys 

are however more positive than that of pure aluminium, thus showing no superactivation. 

This suggests that gallium only superactivates aluminium by modifying any oxide layer 

that is formed at steady state. 
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The nature of this experimental technique produces an inherent spread of data, 

but by inspection of the fast cut graphs it is evident that reproducibility increases with 

increasing hydroxide concentration and increasing aluminate concentration. This is best 

illustrated by comparing graphs 3.1 and 3.2 . 
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3.4.2 The Steady State Potential 

The steady state potential is defined as the potential of the electrode 3 minutes 

after the cut has been made under no load conditions. The graph below, graph 3.5, 

shows that indium is quite effective in making the steady state potential more negative 

(super-active) than for pure aluminium. 
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Graph 3.5 Indium influence on potential 3 minutes after cut; 

on KOH concentration in solutions at room temperature (200C). 

Equation of best fit: Potential = -1906.9 - 94.22*Log(wt%In) 

Least Squares Regression Coefficient: r2 = 0.985 

The steady state potential of the 4M KOH flowcell data has also been plotted and 

fitted logarithmically on to graph 3.5. The steady state potentials of the flowcell data 

correspond to the electrode potential 30 minutes after initial immersion in solution, and/or 

30 mins after loading has ceased. This data fits well with the data from the fast cut cell, 

thus illustrating that the potential 3 minutes after cutting is representative of the true steady 

state potential. 

The logarithmic fit of the flowcell data in graph 3.5 describes how effective 

indium is in inhibiting the cathodic electrode process, by either inhibiting cathodic sites 

and/or increasing the hydrogen discharge overvoltage. 

This graph brings out two major points, (1) it is clearly advantageous to use 

hydroxide solution of greater than Imol.l-1 concentration to make the electrode potential 

more negative, and (2) that there is little advantage in using an indium alloy content of 

greater than 0.04wt%. This second point is supported by Jeffery and Halliop's (34) 

optimization experiments using Al - Mg - In - Mn quaternary alloys. 
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A plot of the solution concentration versus potential for the different indium 

containing alloys is given below. This graph would suggest that an optimum solution 

concentration of about 4M KOH should be used. 
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The potential - concentration curves shown become more negative up to 

4 moLl-I, this is due to thinning of the surface film as the hydroxide concentration 

increases (67, 77). As the concentration increases above 4 mol.l-I the cathodic (hydrogen 

evolution) rate further increases, with little corresponding thinning of the surface film, 

thus the electrode potential becomes more positive, explaining the observed optimum. 

The observed trend held in general for all the indium containing alloys, for 

solutions with and without aluminate. However the gallium alloys behaved quite 

differently, as shown in graph 3.7 below. 
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The steady state potential for the gallium alloys, unlike indium alloys, continued 

to become more negative with increasing hydroxide concentration. The potential of the 

0.046%Ga alloy is more negative than that of the 0.11 %Ga alloy, which is a reversal of 

the trend found for the peak potential, and can be directly attributed to the cathodic effect 

of gallium preferentially segregating to the grain boundary and assisting hydrogen 

evolution. 
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Gallium segregation is discussed later in section 4.2. 
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The super - activating effect of gallium can be better comprehended in graph 3.8, 

where the mixed potential of the AI-0.046%Ga alloy is more negative than for pure 

aluminium and the higher gallium containing alloy electrodes. This supports the results of 

Hunter(33), who found gallium containing alloys of greatet than 0.026 wt% 

superactivated aluminium at steady state. It is concluded that an electrode of gallium 

content between 0.026% and 0.046% could be effective as an anode for battery pUlposes. 

This graph further illustrates the effectiveness of solutions with a hydroxide 

concentration greater than 1mol.l-1 in obtaining more negative mixed potentials. 
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A comparison of graphs 3.8 (gallium content) and 3.5 (indium content) shows 

the relative effect of the gallium and indium on the steady state potential. At an alloying 

level of approximately 0.04% the potentials are the same, but at higher alloy contents the 

gallium steady state potential is always positive to that of its indium counterpart, atleast 

upto the 0.1 % alloy level investigated, this shows indium to be of greater value. 
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The effect on potential due to aluminate in the hydroxide solutions is illustrated 

in the tables below. 

Table 3.4.2 The Aluminate effect on Potential for Al - 0.1 %In 

Solution: 3M KOH @ 250C 

Aluminate Steady State Peak: 

content Potential Potential 

gil mV mV 

0.0 -1825 -1950 

9.5 -1760 -1965 

47.5 -1760 -1960 

Table 3.4.3 The Aluminate effect on Potential for AI- O.II%Ga 

Solution: 3M KOH @ 250C 

Aluminate Steady State Peak 

content Potential Potential 

gil mV mV 

0.0 -1650 -1965 

9.5 -1660 -1975 

47.5 -1640 -1975 

It can be clearly seen from the tables above that within experimental error 

aluminate has no significant effect on the peak potential for either alloy. The steady state 

potential for the gallium alloy also appears independent of aluminate concentration, but 

there does appear to be an effect for the indium alloy, when going from 0.0 gil to 9.5 gil, 

which follows Nemst theory, but this does not continue for further increases in aluminate 

concentration, possibly due to the polymeric nature of aluminate (14), 
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Chapter .4 
Results and Discussion of 

Flowcell Experiments 

4.1 Introduction • Flowcell operation 

The flowcell used in this work has been described in detail in chapter .2. 

The flowcell gives similar results to what might be obtained using a rotating disc 

electrode. with the advantage that the flowcell can be operated for longer periods. at much 

higher current densities. 

The flow profile in the cell under operating conditions can be seen by the dark 

fluid in the photograph below. with a gap Reynolds Number of 4650 which would 

suggest turbulent flow conditions. 

PDi~t of 
'3>1~ 

:!nj~c.\iOI\ 

Photo 4.1 Elevation photograph showing dye injection into the flowcell 

from the needle on the left. with maximum solution velocity across the 

electrode surface of 1.5 mis, Reynolds No. = 4650 

The experimental program carried out was to investigate aluminium alloy 

electrodes in electrolytes, (1) at temperatures from 20 to 80 oC, (2) using 1 to 6 molJ- 1 
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hydroxyl ion concentrations, (3) with varying cation species (Le. K+ and Na+), and (4) 

with varying dissolved aluminate concentrations (Le. 0 to 70 gil Al02-). The polarization 

dependence on flow velocity was also investigated. 

4.2 Electrode dissolution morDholo~y 

All the electrodes that have been tested are in the as cast state as received from 

Comalco Research Centre, Melbourne, with no further heat treatment being carried out 

The electrodes dissolved in a uniform manner, with slight differences in their 

surface appearance. The dissolution behaviour supports Macdonald's (32) theory of a 

passive - active transition, which is related to the fUm formed on the electrode surface. 

Scanning Electron Micrographs (S.E.M) have been carried out for the following 

aluminium samples, 

(1) Pure Aluminium 

(2) Al - 0.1 %In 

(3) Al- 0.1 %Mg - 0.1 %In 

all of which were polarised in a solution initially at 4M KOH with aluminium dissolved 

into it to give an aluminate concentration of 9.S gil (0.161M AI02-). The solution 

hydroxyl ion concentration remained depleted after the aluminium dissolution (solution 

concentration approx. 3.84M KOH). The solution temperature was held constant at 

SooC, with a flow velocity of 1.47 mls. 

The following alloy samples were highly polished, and etched, then 

microscopically examined, 

(1) AI.- O.l%In 

(2) Al - 0.1 %Mg - 0.1 %In 

(3) AI- 0.08S%In - 0.09%Ga 

(4) AI- 0.11 %Ga 

The micrographs below (photos 4.2.1 - 3) show the relatively even dissolution 

of the alloy electrodes, and varying surface appearance. The electrodes have undergone a 

greater amount of dissolution at their edge, which is due in part to the highest flow 

velocity being at this point. 

As expected each electrode shows a small degree of pitting. The pure aluminium 

electrode appears to have a smoother surface (photo 4.2.S) than the two alloys, and is 

covered with a film which from Hunter (33) and Macdonald's(32) work would seem to 

be oxide or hydroxide. The two indium containing alloys are both covered in a fUm, with 

the evenness of the Al - 0.1 %In alloy surface suggesting that the indium is relatively 

evenly distributed. The Al - Mg - In electrode however has a large crater on its surface, 

which will be discussed later in this section. 

44 

Results - Flowcell 



Photo 4.2. I-Pure Aluminium 

4.2.3-Al~O.1%Mg- 0.1 %Iil 



A closer inspection of the electrode surfaces (photos 4.2.5 ~ 7) shows three 

different aspects. The pure aluminium electrode (photo 4.2.5) has a smooth amorphous 

layer which shows a few small pit sites generally smaller than 5J..lm in diameter. whereas 

the Al ~ 0.1 %In electrode (photo 4.2.6) has a relatively uniform film. The general surface 

micrograph (photo 4.2.7) for the ternary alloy shows a very open I porous surface 

structure. which explains the occurrence of dendritic (whisker) growth from the electrode 

surface after experimentation, even after the electrode has been thoroughly washed with 

distilled water to remove residual hydroxide solution. The growth was similar in nature 

to that which occurs when mercury comes into contact with aluminium. The dendritic 

growth observed on the Al - 0.1 %Mg - 0.1 %In electrode makes this alloy less favourable 

for use in an All air battery system, under present operating regimes, due to possible 

electrical shorting between electrode plates, and blocking of the electrolyte flow paths. 

Inspection of the ternary alloy crater (photo 4.2.4 below) showed preferential 

corrosion to have occurred. possibly due to low melting point species concentrating near

this region. As the low melting point species have not concentrated at the centre. as 

would be expected from crystalization theory. it is suggested that the coolling rate of the 

casting was higher than the diffusion rate of the low melting point species through the 

lattice, thus trapping them at some distance from the centre of the electrode. The trapped 

low melting point species would create a region having a higher concentration of cathodic 

sites, thus m~king the centre more anodic to the surrounding material. The observed 

preferential dissolution at the centre of the electrode is thus explained. given the galvanic 

cell that would occur between the anodic and cathodic regions. 

Photo 4.2.4 -AI -0.1 %Mg -0.1 %In 
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Photo 4.2.5-Pure Aluminium 

Photo 4.2.7· Al -'0.1 %Mg - O.l%In 



Photographs 4.2.8 - 4.2.11 (below) show the smfaces of the highly polished, 

then etched Al - 0.1 %In and Al - 0.1 %Mg - 0.1 %In samples at varying magnifications. 

Photos 4.2.8 and 4.2.9 show that both samples have a definite radial appearance. The 

radial appearance is also evident for pure aluminium, as seen in photos 4.2.12 and 

4.2.13, and is directly attributable to the columnar growth pattern of the as cast samples, 

which may vary slightly with casting cooling rate. 

The AI- 0.1 %In electrode (photo 4.2.8) shows a significant amount of second 

phase, generally situated on or close to grain boundaries, which is relatively evenly 

distributed over the electrode smface. A second phase formation at a grain boundary is 

clearly seen in photo 4.2.10. Hunter (33) has showed that the presence of second phase 

particles has little effect on the polarization characteristics of the Al - In alloys and this 

work confirms his observations. 

The Al - 0.1 %Mg - 0.1 %In alloy (photo 4.2.9) shows a similar radial 

appearance to the Al - In alloy. The grain structure is however much finer, with a 

segregation zone at the grain boundary being apparent. The dispersion, which is better 

seen in photo 4.2.11, means that there is a concentration gradient between the bulk alloy 

and the grain boundary. The existence of the radial appearance would suggest that any 

low melting point species formed will concentrate at or close to the centre of the casting, 

depending on the casting coolling rate, which is supported by the surface appearance 

shown in photo 4.2.3 earlier. 

Any concentration gradient that is formed while casting can easily be removed 

via a solution heat treatment stage, which homogenises the electrodes, to produce a 

uniform solid solution. 

It is yet to be proved that there is any difference in macroscopic polarisation 

behaviour due to an alloys heat treatment history. This is partially supported by the 

findings of this work and Macdonald (32), who used homogenized alloys, that the 

polarization of indium containing alloys, depended generally on the presence of indium 

and not quantity. 
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Photo 4.2.8 - Al - 0.1 %In 

Magnification 65x 

Photo 4.2.9 - Al -0.1 %Mg - 0.1 %In 

magnification 65x 



Photo 4.2.10 - Al - 0.1 %In 

Magnification 645x 

Photo 4.2.11 - Al -0.1 %Mg - 0.1 %In 

magnification 260x 
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The radial appearance, mentioned previously, as shown below in photo 4.2.12 

for pure aluminium polarised in 2M KOH at 600 C and 1.47 mis, is very similar to the 

electrode shown in photo 4.2.13, which is for pure aluminium in 4M NaOH at 75°C and 

1.47 mis, with this electrode showing a heavily etched surface structure. 

Photo 4.2.12 - Pure Aluminium - 2M KOH 

Photo 4.2.13 - Pure Aluminium - 4M NaOH 

The radial formation is due to a columnar grain boundary growth, which occurs 

at right angles to the isotherms on cooling of the casting. 

X-ray analysis of an AI - 0.04S%ln electrode polarized in 4M KOH + 9.S gil 

AI02- at SooC has given support to Macdonald's (32) theory that the alloy electrodes in 

the passive state are protected by a thin layer of metallic alloying element(s). Figure 4.2.1 

shows the X-ray intensity curve for the polished electrode surface, and figure 4.2.2 that 

of the etched surface. Comparing these two figures clearly shows that there is a much 

higher surface concentration of indium on the electrode surface after polarization than 

before. 
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A similar phenomenon of surface buildup was also found to occur for gallium, 

with the gallium preferentially concentrating at grain boundaries. The X-ray analyses for 

the Al - 0.046%Ga electrode in 4M KOH at 40°C are given in figure 4.2.3 and figure 

4.2.4 below. The increased surface concentration of gallium for the etched sample is 

easily seen when comparing the two figures. The gallium forms local cathodes which 

increases the already high self corrosion rate, eventually leading to electrode 

disintegration. This effect has been observed by other workers (32,33,43), making 

gallium doubtful as a viable binary or higher order alloy for battery anodes. 

Hunter (33) showed that gallium alloys dissolve via two mechanisms dependent 

on gallium concentration in the alloy. At high concentrations (2.3%Ga) he showed the 

alloy to undergo serious grain boundary etching, with no pit mechanism. The massive 

grain boundary dissolution eventually leads to disintegration of the anode surface. At low 

gallium content the alloys were pitted, with gallium present at the bottom of the pits and 

the surrounding areas being gallium free. The reaction surface was a dense network of 

pits, with merging pits creating discontinuities in the pit walls leaving isolated pillars of 

material. 

The two photographs below illustrate the destructive effect that gallium 

provides. Thi~ electrode is a ternary alloy (AI - 0.085%ln - O.09%Ga), in 4M KOH + 
9.5 gil AI02- at 60°C and 1.47 m/s flow velocity, which even with its indium content is 

aggressively attacked at the grain boundaries (Photo 4.2.15). 

Photo.4.2.14 Photo.4.2.15 
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Even though it has been shown above that gallium concentrates at the grain 

boundary when polarised, photos 4.2.16 - 4.2.19 below show that there is very little 

segregation to the grain boundary in the as cast state for the Al - 0.0.085%In - 0.09%Ga 

and Al - 0.11 %Ga alloys. 

Photos 4.2.16 and 4.2.18 for the Al - In - Ga ternary alloy show that gallium 

increases the solubility of indium in the aluminium structure, giving a relatively 

homogeneous solid solution. The Al O.l1%Ga binary alloy ( photos 4.2.17,4.2.19) 

shows a similar structure to that of the ternary alloy. 

Given the homogeneous appearance of the gallium alloys (photos 4.2.16 -

4.2.19), it is clear that gallium has a high affinity for the grain boundary under polarising 

conditions (photos 4.2.14 - 4.2.15). This is supported by Hunter (33), who used 

homogenised electrodes, and found that gallium diffuses back into the aluminium bulk via 

grain boundaries, after having accumulated on the electrode surface during polarization. 

He found that gallium needed to be in direct contact with the aluminium bulk material, and 

that only the gallium accumulated during superactive discharge could diffuse back in the 

bulk material. He found no evidence that indium diffused back into the bulk material, 

which indicates that the grain boundary diffusion rate for indium is much lower than that 

of gallium, or that indium is more strongly bound to the electrode surface than gallium. 
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Photo 4.2.16 - Ai- O.85%ln· O.09%Ga 

Magnification 130x 

Photo 4.2.17 - Al - 0.11 %Ga 

magnification 130x 



Photo 4.2.18 - Al - 0.085%ln - 0.09%Ga 

Magnification 1300x 

Photo 4.2.19 - Al - D.11 %Ga 

magnification 13DDx 



4.3 Comparing results of other workers 

The reliability of any new or modified piece of apparatus is often checked by 

comparing the results with those of other workers in the field where possible. Using the 

published results of two different sets of workers (27.32). a comparison of results at 25 

and 50 °C for pure aluminium in 4M KOH is given below. 
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Graph 4.3.1 Comparison of Macdonald et al (ref. 32) 

Brown & Whitley (ref. 27) with our data for 

Pure aluminium in 4M KOH at 25 and 500C 

The results for this work agree more closely with those of Macdonald et al (32), 

with only minor differences being evident, which are possibly due to differences in 

experimental conditions. 

The results of Brown and Whitley (27) are very different from both this work 

and Macdonald's results, thus suggesting that there were significant experimental 

differences. 
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For this work it was not thought necessary to have hydrogen continually passing 

through the solution to remove any free oxygen present. This was due to the continual 

hydrogen production at the electrode surface, at rest and to reasonably high current 

densities ( 100 - 1000 mAlcm2 ), thus making it unlikely that oxygen would reach the 

electrode surface unreacted. 

The graph below supports these assertions, showing that with or without 

oxygen removal the polarization curves are identical to within experimentiI error. 
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Graph 4.3.2 Polarization of Al - 0.1 %Mg 0.1 %In in 

6M KOH, at 60oC, with a flow velocity of 1,47 m/s 

with and without H2 removal 

Support is also provided by the closeness of these results to those of Macdonald 

et al (32), graph 4.3.1, given that Macdonald used oxygen free solutions. 
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4.4 Aluminium & In I Ga I Mg alloys 

Only a selection of the polarization results are presented here to illustrate specific 

points. The remainder are given in appendix C. 

It is shown in the following sections how the polarization characteristics of 

aluminium vary with environmental factors, and low level alloying. The purpose of this 

work is to identify the electrochemical behaviour of various aluminium alloys suitable for 

All Air battery systems. 

Temperature effects 

The polarization curves for pure aluminium with varying temperature are given 

below, 
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Graph 4.4.1 Polarization curves for Pure (5N) Aluminium 

in 4M KOB with a flow velocity of 1.47 mls 

The rest potential becomes significantly more negative for pure aluminium with 

an increase in temperature from 25 to 40 oC, but does not become increasingly more 

negative for further rises in temperature. This trend is opposite to that predicted by 

theory, for a metal! metal ion couple, as shown by Macdonald (73), but can be explained 

by an increase in oxide conductivity, and a thinning of the oxide layer, with increasing 

temperature. Some standard electrode potentials (vs SHE) for metal! metal ion couples, 

from (73), are: 

Fe2+ ! Fe -0.44V @ 25, -0.42V @150, -0.39V @300oC 

Al3+ ! Al -1.67V @ 25, -1.61 V @150, -1.53V @300oC 

CU022-! Cu 1.51V @ 25, 1.67V @150, 2.00V @300oC 

all of which become more positive with increasing temperature. 
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The effect of temperature on the rest potential for aluminium and its alloys is best 

illustrated below (graph 4.4.2). 
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The above graph shows the significant effect on potential that occurs when small 

amounts of alloy are added to pure aluminium. It is interesting to note that the effect on 

potential bought about by the addition of magnesium to the binary Al - In alloy diminishes 

with increasing temperature, thus the ternary AI- Mg - In curve coincides with the binary 

Al - In curve above 500C. 

The pure aluminium curve shows a minimum at approximately 550 C, which is 

explained by a thinning of the oxide layer and an increase in hydrogen production with 

increasing temperature. 

The Al - 0.1 %In alloy rest potential becomes more positive with increasing 

temperature, due also to the increased hydrogen production with increasing temperature. 

This trend of the potential becoming more negative with increasing temperature, 

as found for pure aluminium (graph 4.4.1), is also evident for the Al - O.l%Mg alloy 

(graph 4.4.3 below), but is not present for the Al - 0.1 %Mg - O.l%In ternary alloy 

(graph 4.4.4 below). This indicates that the indium directly modifies the oxide layer, 

which is observed experimentally by the appearance of a black surface film, and that the 

magnesium is involved mainly in modifying the grain structure ( i.e. grain refinement as 

shown in micrographs earlier). 
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The polarization curves for the Al - 0.1 %Mg - 0.1 %In alloy.(graph 4.4.4) 

shows the current density increasing with temperature as expected, but more significant is 

the independence of the rest potential. This independence of the rest potential also occurs 

for the indium containing binary alloys, which also form a black surface film in 

hydroxide solutions. The above trends have been observed to occur for hydroxide 

solutions with or without aluminate present 

The onset of significant polarization for the alloys generally coincides with the 

removal of this surface film (Le. the black surface film disappears, leaving a metallic 

looking surface), after which the aluminium dissolution reaches its limiting current 

density, and the potential is positive enough that hydrogen production ceases. At this 

point the anode current efficiency is approximately 100%, as shown later in this chapter. 

By contrast, observation of the pure aluminium electrodes showed that they 

undergo parasitic corrosion in alkaline solutions, which increases with increasing solution 

temperature. The gasing at the electrode increases with current density, this is the so 

called" Negative Difference Effect" (NDE) and has been observed by other workers 

(11,23). No quantitative measurements were made of the NDE, as this was not an 

experimental objective. 

As predicted by theory (shown by Butler - Volmer equation in appendix .E) the 

current density obtainable for a particular overpotential is increased by increasing the 

solution temperature, which is attributed to an increase in the exchange current density, or 

the transfer coefficient (a) and diffusivity. This is best illustrated in graphs 4.4.3 and 

4.4.4 below, and is discussed further in the "alloy effects" section. 
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A short experimental program to investigate the anode efficiency and corrosion 

current (method of calculation given in appendix.G) for the Al - 0.1 %Mg - 0.1 %In and 

Al - 0.1 %In alloys was undertaken. The electrodes were placed in the flowcell under no 

load conditions for 5 hours to obtain the corrosion current, via weight loss 

measurements. 

Two one hour polarization stages were carried out using new electrodes for each 

stage, where the electrodes were polarised to as high a current density as possible without 

removing the surface film, and then to a very high current density, so dissolution was in 

the passive region, with no black surface film or visible gasing. The tables below show 

the results of this work. 

Table 4.4.1 Anode efficiency at different current densities for AI-0.1%Mg -O.l%In 

Temperature H2 Icorr Efficiency Efficiency without 

°C mA/cm2 with film (@ -175OmV) film (@ -1600mV) 

50 65.6 92.5% @ 325 mA/cm2 100% @ 600 mA/cm2 

60 44.2 80.7% @ 454 mA/cm2 99.1 % @ 1227 mA/cm2 

75 52.0 81,4% @ 785 mA/cm2 97.2%@ 2164 mA/cm2 

Solution = 4M KOH + 70 gil AI02-

Table 4.4.2 Anode efficiency at different current densities for Al -O.l%In 

Temperature H2 Icorr Efficiency Efficiency without 

°C mA/cm2 with film (@ -1775mV) film (@ -l600mV) 

60 77.7 84.6% @ 738mA/cm2 99% @ 1353mA/cm2 

75 62.6 

Solution = 4M KOH + 70 gil AI02-

Hunter (33) has investigated different grades of aluminium in 4N NaOH at 

60oC, the table (4,4.3)below is a summary of his corrosion results. 

Table 4.4.3 Hunter's Corrosion Results 

Aluminium H2 Icorr Efficiency 

Purity % mA/cm2 @ 300mA/cm2 

99.999 118.1 79.3 % 

99.99 286.4 71.6 % 

99.9 407.5 60.3 % 
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The above tables 4.4.1 - 4.4.3 show the significant improvement that can be 

obtained by using small amounts of alloys in the aluminium bulk. The ternary alloy (table 

4.4.1) shows a minimum in parasitic corrosion at 600 C and a no load corrosion current 

lower than for the Al- 0.1 %In alloy at the same temperature. The ternary alloy and the 

AI- In alloy have the same rest potential at 60oC, with the ternary alloy having a no load 

corrosion rate of 44.2 rnA/cm2 and the binary indium alloy that of 77.7 rnA!cm2. This 

represents a 43% reduction in corrosion rate, thus illustrating the beneficial effect of 

magnesium, and supporting assertions made by Macdonald et al (32) and Jeffery & 

Halliop (34) that magnesium is a corrosion reducer. 

From the three tables above the effect of the alloying components on pure (5N) 

aluminium can be seen. The addition of 0.1 % indium to aluminium reduces the corrosion 

current from 118 rnA!cm2 to 77.7 rnA!cm2, whilst the addition of 0.1 %Mg to this binary 

AI- In alloy further reduces the corrosion current to 44.2 rnA/cm2,which is 37% that of 

the original value for pure aluminium. 

Table 4.4.3 illustrates the significance of aluminium purity, showing the 

corrosion current to be greatly decreased, and the anode efficiency to be increased, as the 
I 

aluminium purity increases. 

Wasteful corrosion, which can be measured by the amount of hydrogen 

produced, is not of real concern from a safety point of view in an operating All air cell, 

as the cell gases will be exhausted with the excess air that passes through the cell. It does 

however represent a drop in anode efficiency. 

Of major importance in any battery system is the continuous power availability, 

which is measured by the power density obtainable for any particular electrode. 

The maximum attainable power density, as seen in graph 4.4.5, increases with 

increasing temperature. The initial slope of each curve is the same, which indicates that 

although the reaction rate is changing with temperature, the rate determining step for the 

Al - Mg - In alloy is still the same. This is supported by the observation that the surface 

f:tlm remains to higher current densities as the temperature increases. 
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How each alloying component contributes to the power density is also of interest 

and is illustrated below in graph 4.4.6 . 
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The power density of aluminium is improved with indium and magnesium 

whether in the binary or ternary alloy. The maximum power density attainable for the 

two binary alloys is however greater than that of the ternary alloy. The ternary alloy 

generally follows the same curve as the indium alloy, with a deviation which apparently 

coincides with the removal of the surface film. After the film has been removed the 

ternary alloy tends to behave in a similar manner to the Al ~ Mg binary alloy, until its 

maximum power density is reached. 

The slope of the power density curve clearly becomes steeper by addition of 

either alloy. This is due to the alloying elements modifying the polarization characteristics 

of aluminium, and inhibiting the cathodic hydrogen evolution reaction. 

The effect of the indium alloying component on aluminium is illustrated in the 

graph below. 
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Graph 4.4.7 Indium alloy polarization curves at 60oC, 

in 4M KOH, with a flow velocity of 1.47 mls 

Very little indium is required to effect the polarization characteristics of 

aluminium. The polarization curves for all the indium alloys above are the same at low 

current densities «400 mA/cm2), possibly due to the presence of this black surface film, 

which appeared on all the indium containing alloys, and was independent of the indium 

content in the alloy. However the maximum current density attainable, without 

significant polarization occurring, for each alloy is dependent on the indium content of the 

alloy. As the potential shifts away from its no load condition the effectiveness of the 

alloying component diminishes, until eventually the pure aluminium and the alloy current 

- voltage curves coincide. 
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Graph 4.4.8 below illustrates the effect of indium at a specific overpotential. 

This graph shows the dramatic improvement associated with adding indium, but more 

importantly that there is little difference in attainable current density between 0.016% In 

and 0.1 % In once the electrode significantly polarizes. 

The current density - temperature dependence of the polarized alloy electrodes is 

shown in graph 4.4.9 below. This illustrates the improvement of the alloys over pure 

aluminium in the 20 to 80 °C range, and the need for magnesium shown by the 

improvement of the ternary alloy over the binary indium alloys at 75°C. This also shows 

that simple rate law theory (74) applies, given that in general the current approximately 

doubles for a 10 degree change in temperature. The Al - 0.1 %In electrodes deviates from 

this simple theory above 700C. 
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AI - 0.1 %Mg - 0.1 %In alloy polarization curves 

at 60oC,in 4M KOH, with a flow velocity of 1.47 mls 

Indium is clearly the dominant alloy in the ternary fonn, with magnesium having 

little effect o~ the polarization characteristic. 

Magnesium alone as an alloying component tends to shift the aluminium 

polarization curve to higher current densities, whiCh is obviously beneficial in a working 

cell. This is due to magnesium inhibiting the parasitic corrosion reaction as shown by 

tables 4.4.1 and 4.4.2, which is consistent with other workers observations (32,34), and 

increasing the exchange current density for aluminium discharge. 

Even though the indium containing alloys shown in graph 4.4.10 have very 

negative rest potentials, it is clearly seen that these alloys have a more positive rest 

potential to that of pure aluminium. This is expected given that the theoretical indium 

reversible potential is positive to that of aluminium. 

The maximum current density attainable is increased when indium is present, 

this could be due to a change in the exchange current density or transfer coefficient for 

aluminium dissolution and / or the hydrogen evolution reaction. 

It has been suggested by Mosley (52) that an operating cell would operate in a 

current density range of 100 - 200 mA/cm2, although this work clearly shows that 

1000 mA/cm2 would be quite acceptable. This means that there would be a potential 

advantage of approximately 60 mV by using the binary AI- Mg alloy, as compared to the 

ternary alloy. 
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Comparing the polarization characteristic for the Al-Ga-In ternary alloy to that of 

the Al - 0.1 %In alloy clearly shows that it is the gallium that causes the rapid polarization 

of the ternary alloy in the low current density range. The only advantage that this has is 

that there is negligible gasing from this electrode once polarised. At the very high current 

densities the electrode behaves as if it were a binary AI-In alloy. This only partly agrees 

with Hunter's assertions that the indium alloying component is dominant over the other 

low level alloys (Mg, Ga, 11). Any improvement in current - voltage characteristics for 

gallium containing alloys is likely to be due to grain boundary dissolution, which vastly 

increases the surface area of the electrode and consequently leads to its destruction. 

The results observed here for gallium alloys effectively eliminate it as an alloying 

component for any battery applications. 
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Solution effects 

The use of different cation species; varying the hydroxyl ion concentration, and 

the buildup of aluminate in the electrolyte with and without hydroxyl ion adjustment are 

three aspects of solution modification which have been investigated. 

Despic et al (23) have investigated the cation effect on parasitic hydrogen 

production, and found that the NDE depended to some extent on the ionic radius of the 

cation, with the ammonium ion, which has a larger atomic radius than potassium or 

sodium, giving the lowest loss of aluminium due to parasitic corrosion. Roebuck & 

Pritchett (37) also found that the cations in solution can have a significant effect on the 

corrosion rate. 
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Graph 4.4.11 Comparison of Pure Aluminium and 

Al - 0.1 %Mg - 0.1 %In, in 4M KOH and 4M NaOH 

at 60DC, with a flow velocity of 1.47 mls 

In this work N aOH has been compared to KOH, and found to give no 

significant difference in polarization behaviour (graph 4.4.11). Any differences been the 

two solutions for the pure aluminium electrode can be attributed to solution impurities, of 

which the effects become insignificant at current densities above 50 mA/cm2 due to 

aluminium dissolution predominating. There was no detectable cation effect on 

polarization for either the ternary alloy or the pure aluminium electrode as shown in the 

graph above. 
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Graph 4.4.12 below shows that the trends already established for the various 

alloys in KOH solution, hold similarly for the NaOH solution (i.e. similarity between the 

binary and ternary alloys, and the improvement obtained over pure aluminium when 

alloying ). 
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Graph 4.4.12 Aluminium alloy polarization curves 

in 4M NaOB, at 60oC, with a flow velocity of 1.47 mls 

The effect of increasing hydroxyl ion concentration has also been investigated, 

and a significant difference in trend between the ternary alloy and pure aluminium has 

been found. The polarization curves for pure aluminium (shown below, graph 4.4.13) 

move to slightly higher current densities with increasing concentration. This is in 

agreement with Macdonald's (17) stepwise dissolution mechanism, where the rate 

controlling step, and the current density, are dependent on the availability of hydroxyl 

1Ons. 

The ternary alloy (graph 4.4.14 below) behaves quite differently, showing a 

marked dependence on the concentration of hydroxyl ions. The curve for the 2M KOH is 

polarized at a markedly lower current density, whereas the 4M KOB and 6M KOB 

curves are virtually indistinguishable. This trend indicates that the surface film is 

concentration dependent for KOB concentrations below 4 mol.l-1, with no significant 

advantage in using solutions of greater than 4 mol.l- 1 for the ternary alloy. 
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A comparison of how the current density varies for a specific overpotential is 

illustrated in graph 4.4.15 below This graph shows an optimum concentration of 

approximately 4M KOH for the two alloys. Pure aluminium on the other hand does not 

show this behaviour. The fast cut results (chapter.3) also suggest this. There is little 

difference between the AI-O.1 %In binary alloy and the AI-O.1 %Mg-O.1 %In ternary alloy. 

The steady increase in the aluminium current density with concentration, observed here, 

has also been reported by Koshel et al (18). 

The power density for the ternary alloy at varying KOH concentrations (graph 

4.4.16) shows the same trends as for current density, with a discontinuity for each curve 

corresponding to the disappearance of the black surface fIlm. The change from 2M to 4M 

KOH represents an increase in the maximum power density attainable from 1.2 watt!cm2 

to 2.2 watt!cm2, but there is no significant increase in going from 4M KOH to 6M KOH. 
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The effect of aluminate has been investigated in two ways, so that an AI, air cell 

with and without hydroxyl ion regeneration can be represented. The regeneration of 

hydroxyl ions in the AI/air electrolyte normally occurs by seeding the aluminium 

hydroxide solution, thus causing further precipitation of aluminium hydroxide. The 

precipitation reaction is as follows: 

-----> Al(OHh (sol) + OH- (aq) 

The release ofthe single hydroxide ion helps maintain the solution alkalinity. 

The film covered ternary alloy (Al- 0.1 %Mg - 0.1 %In) in 4M KOH solution 

with aluminate and hydroxyl ion adjustment (graph 4.4.17) shows no distinguishable 

change on the electrode potential due to the aluminate in solution. Once the surface film 

has been removed there is a significant difference in polarization curves. The polarization 

curves for the 9.5 gil (0.16M) and 70 gil AI02" (1.18M) solutions are within 

experimental error, and have shifted to lower current densities (approximately 100 

mA/cm2(m -1400m V) to that of the curve for the pure KOH solution. 

The trend of a shift in polarization curves with aluminate concentration found for 

the hydroxyl ion adjusted solutions (Le. solutions with regeneration), has been found to 

also apply to the solutions non-adjusted for hydroxyl ion depletion due to aluminium 

dissolution (Graph 4.4.18). This graph shows that the polarization curves are shifted to 

lower current densities as the aluminate concentration increases. The observed shift is 

greater in the non - adjusted solutions due to a decrease in hydroxyl ion concentration, 

e.g. the KOH solution was initially at 4M, but after dissolution of aluminium to obtain 

70 gil aluminate the hydroxyl ion concentration has fallen to 2.8M. 

A direct comparison of the adjusted and non-adjusted hydroxyl ion solutions is 

given in Graph 4.4.19. As expected there is no difference between the polarization 

curves when the surface film is present. The current - voltage characteristic for the non

adjusted solution polarizes at a slightly lower current density to the adjusted solution. At 

the upper polarization limit (> -1400 m V) the curves for the aluminate containing 

solutions coincide, however the current - voltage curve for the aluminate free solution is 

more favourable in all cases. 
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Flowrate effects 

Varying the flowrate has the effect of changing the boundary layer thickness 

over the electrode surface, which effects the rate at which the reaction products are 

removed from the electrode surface. 

The influence of flowrate on pure (5N) aluminium (Graph 4.4.20) shows little 

difference in polarization characteristics in the low « 40 mA/cm2) current density region, 

but as shown by the curve for the 4M NaOH solution the limiting current density is 

increased with increasing flowrate. 
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However the difference in polarization curves over the current density range of 

40 - 800 mA/cm2 is greater than can be explained by any error in the correction of the 

solution potential drop, thus is attributed to varying rates of hydrogen gas removal from 

the reaction surface. The hydrogen gas removal is coupled to the increase in hydrogen 

evolution with increasing current density, which cathodically polarises the electrode. 

The gas bubbles coming off the electrode surface at the low flowrate (0.38 m/s) 

were observed to be much larger than those at the high flowrate (1.47 m/s), thus the 

flowrate effects the degree of coalescence on the electrode surface. 
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The power density curves for the pure aluminium electrode (Graph 4.4.21 

below) do not show any significant variation with flowrate, even though the current -

voltage curves (graph 4.4.20) have a distinct deviation. This shows that the power 

density is less sensitive to changes in polarization characteristics. 
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The power density curve for the ternary Al - 0.1 %Mg - 0.1 %In alloy is shown 

in the above graph, illustrating the significant improvement that is attainable by adding 

small amounts of alloy to pure aluminium. 
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The polarization curves, showing flowrate dependence, for the indium 

containing alloys (Graph 4.4.22) are quite different to those of pure aluminium. These 

curves show a polarization independence on flowrate while the surface film is present, 

and a higher polarization at lower current densities for the lower flowrate (0.38 mls) after 

the surface film has been removed. It would appear that within experimental error it is 

unneccessary to use flowrates greater than 0.75 mls for the ternary alloy. 
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It can be concluded that for flowrates above 0.75 mis, the dissolution of 

aluminium is activation controlled, and not diffusion controlled. 
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General: 

Chapter.5 
Conclusions & Recommendations 

84 

The purpose of this work has been to investigate the dissolution behaviour of 

aluminium and its alloys in hydroxide solutions at elevated temperatures, and to identify 

the parameters that will most effect an operating AI/air battery system. 

It is quite clear that the addition of small amounts of indium, magnesium and 

gallium to aluminium shifts the rest potential in a negative direction. This is also 

accompanied, in the case of indium and magnesium, by a decrease in the cathodic 

hydrogen evolution reaction. 

All the alloys used in this work have been used in the as - cast condition, and 

have shown various amounts of segregation to grain boundaries, and a radial appearance 

on etching of the surface. Most workers to date have used heat treated alloys to maintain 

the alloying elements at their maximum solubility in the aluminium bulk (homogenized). 

The significance of whether an electrode is used in the as - cast or homogenized condition 

needs to be further clarified, especially for the higher order alloys. The results of this 

work show that many of the alloys investigated here are suitable for use as anodes in an 

electrochemical cell. It is clearly advantageous, from cost considerations, if an alloy can 

be used in the as - cast state. 

Many workers (15,25,33,39,41,42) have investigated alloys made using lower 

than 99.99% aluminium, and have found that any beneficial alloy effects are reduced with 

increasing impurity level. It is recommended that only aluminium of greater than 

99.999% purity be used to make the alloy anodes. 

The alloy dominance effect reported by Hunter (33) can not be supported from 

these results, which suggest that this effect may be heat treatment related, given that 

Hunter used homogenized alloys. 

Even though gallium aids in the solvation of indium into the aluminium lattice, 

its high affinity to the grain boundary, which results in the eventual destruction of the 

electrode, means that it is most unsuitable as an alloying constituent for anodes. 

Fast cut work: 

The use of the fast cut technique showed the measured peak potential to be a 

transient mixed potential, which was more positive ( approx. -1960 mY) than the 

expected theoretical value (-2370 m V @ pH=14). This is due to immediate onset of the 

cathodic hydrogen evolution reaction in alkaline solutions, after cutting of the electrode. 
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It has been found that the peak: potential is independent of indium concentration 

for indium alloys of less than 0.1 %In, but dependent on the gallium concentration, 

shown to become more negative with increasing gallium content (upto the 0.11 % level 

tested). 

It was found that the steady state / mixed potential data obtained from the fast cut 

results for the Al ':" In alloys corresponded well with the rest potentials measured using the 

flowcell. The results showed that there is a logarithmic relationship for the mixed 

potential with indium content of the binary alloys, and that there is little advantage in 

using an indium content of greater than 0.04%. 

The fast cut results showed that the hydroxide concentration should be greater 

than 1mol.l-1 and less than 6mol.l-1 . The flowcell results showed there to bean optimal 

hydroxide concentration of approximately 4mol.l-1 . 

F]owcell work; 

The flowcell that was developed to investigate the polarization behaviour of the 

alloys at elevated temperatures, also showed that the construction materials used (ABS 

plastic, teflon and perspex) would be suitable for use as a construction material for an 

operating battery system. 

A black film covered the surface of the indium containing alloys, which 

remained to high current densities, and the onset of significant polarization coinciding 

with its removal. Once the electrode has significantly polarised (approximately 400 -

500m V) from its rest potential the effects of the alloys are greatly diminished, with the 

electrode behaviour tending toward that of pure aluminium. 

x - ray analysis showed that there is a buildup of alloy component on the 

electrode surface during polarization for both the indium and gallium alloys. This is 

consistent with the dissolution mechanism proposed by Macdonald (32), and supported 

by Pickering et al (75,76), who investigated the dissolution behaviour of binary alloys. 

It has been shown that the rest potential for pure aluminium has a minimum or 

most negative potential of -1830 mV at about 550 C, wheres the rest potential for the 

indium containing alloys is only weakly temperature dependent. 

The dissolution current density was shown to increase with increasing 

temperature, which is predicted by the Butler - Volmer equation (appendix .E), and 

shown to follow simple rate law kinetics. It follows from this that the power density of 

the electrodes also increased with increasing temperature, with the power density of the 
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indium and magnesium containing alloys increasing at a faster rate than pure aluminium 

anodes. 

It was discovered that magnesium caused a finer grain structure to develop in the 

ternary AI- 0.1 %Mg - 0.1 %In alloy, as compared to its binary AI- In counterpart, but 

also had an accumulation of low melting point species near the centre of the electrode. 

The no load or rest potential for the ternary alloy at 600 C was the same as that of the 

binary AI- 0.1 %In alloy, b,ut it had a corrosion current 43% lower, showing magnesium 

to be a corrosion reducer and hence a valuable alloying constituent 

KOH and N aOH solutions have been used to investigate possible cation effects 

on polarization, but no significant difference could be found. Following Despic's work 

(23) improvements in potential might be made by using ammonium hydroxide. 

Following the dissolution mechanism of hydroxyl ions interacting directly with 

aluminium, it would be expected that an increase in hydroxyl ion concentration would 

increase the aluminium dissolution current density. This was found to be the case for the 

pure aluminium electrode, however the ternary Al - Mg - In alloy only showed a 

dependence on hydroxyl ion concentration upto 4mol.l-l. This was also reflected in the 

maximum power density attainable for the ternary alloy going from 1.2 watts/cm2 (2M 

KOH) to 2.2 watts/cm2 (4M KOH), with no further improvement at higher 

concentrations. 

The use of aluminate solutions, with and without adjustment for the depleted 

hydroxyl ion concentration after aluminium has been dissolved into the solution, was to 

simulate an operating cell with and without regeneration of the electrolyte. In all cases the 

polarization curves for the solutions containing aluminate were shifted to lower current 

densities (e.g. 70 gil AI02- solution with hydroxyl adjustment is approximately 100 

mA/cm2 lower at -1400mV to the aluminate free solution curve). The curves for the 

unadjusted hydroxyl ion solutions were shifted to lower current densities than those of 

the adjusted solutions (e.g. approx. 100 rnNcm2 lower at -1400mV for the 70 gil AI02-

solution). 

It has been shown that the film covered indium containing alloys are independent 

of aluminate concentration. 

An increase in flowrate has been shown to increase the dissolution current 

density for aluminium. The shape of pure aluminium polarization curve changes 

markedly, due to an increased cathodic polarization effect with increased hydrogen 

removal from the electrode surface as flowrate increases. The ternary alloy polarization 

curve on the other hand was independent of flowrate when the surface film was present, 

and showed no increase in dissolution current density for flowrates above 0.75 m/s 

when the surface film had been removed, this indicates that the dissolution at this point is 

activation controlled. 
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Al I Air Batteries: 

Before an AI/air battery system can be built consideration must be given to the 

current loading at which the cell will be operated. The cell design is dependent on 

whether the current loading is low « 100 mNcm2), medium (>100, <1000 mA/cm2) or 

high (>1000 mA/cm2). 

In all cases it is recommended that the cell has regeneration of the electrolyte by 

precipitation of aluminium hydroxide; if not to give a more advantageous polarization 

characteristic, then to avoid preyipitation of aluminium hydroxide between the cell plates, 

which would eventually block the electrolyte flowpath. An electrolyte concentration of 

4moU-1 is also recommended, with the possible use of a corrosion inhibitor in solution. 

The choice of anode alloy at the low current loading will be a matter of 

preference, but it would be recommended from these results to use an alloy containing 

indium. The cell temperature can also be reduced at the low current density level, which 

will reduce the amount of parasitic corrosion. A flow velocity of less than 0.375 mls is 

recommended, but this is dependent on the anode alloy chosen. 

The medium current density range would require the cell to be operated at about 

600 C with an anode with indium content. A flow velocity of about 0.375 mls is 

required. 

The high current density cell should be operated using an Al - Mg - In alloy at a 

temperature of 600 C or greater. The flow velocity should be atleast 0.75 mis, with 

regeneration of the cell electrolyte being essential. 
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Further work in this field: 

The recommendations for further work are: 

(1) An in depth investigation into the effect of heat treatment on the low level aluminium 

alloys used in or envisaged for AI/Air fuel cells, and how the heat treatment effects their 

electrochemical behaviour is suggested. 

(2) Further investigation into solutions containing corrosion inhibitors, and the effect they 

have on the polarization behaviour of aluminium alloy electrodes. 

(3) The construction of an aluminium / air fuel cell system, and its modelling using the 

Kwong -Yu Chen & Savinell (56) model, later be extended to aluminium alloy anodes, 

would be very beneficial in obtaining infonnation for further improved cell design. 

(4) The extension of Macdonald's work (31) with bismuth as a alloying component is 

suggested, as this element showed promising results, but was unable to be investigated in 

this work. 

(5) The investigation of the role of manganese, when it is added to binary and higher 

order alloys. 
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CHAPTER.7 
APPENDICES 



APPENDIX.A 



A.l 

Notation & Symbols 

Notation: 

SCE = Saturated Calomel Electrode 

Potential of 245mV v.s. S.H.E at 25°C 

SHE = Standard Hydrogen Electrode 

NDE = Negative Difference Effect 

EDTA = Ethylene diammine tetra - acetate 

IR = solution resistive voltage drop 

rds = rate determining step 

Symbolsj 

io = Exchange current density (mNcm2) 

A<D the potential difference between the metal and solution (volts) 

A<De = the equilibrium between the metal and solution with respect to 

the reference electrode (volts) 

11 A<D - A<De (volts) 

R = Universal gas constant ( 8.314 J.mol-1.K-1) 

F = Faraday's constant (96485 C.mol-1) 

a kinetic transfer coefficient (0 < a < 1) 

EO equilibrium potential with respect to SHE (The potential IUPAC 1953) 

E~ = standard equilibrium potential @250C 

~ = chemical potential 

I = current density (mA/cm2) 

Z = number of electrons transferred in the anodic reaction 

T = absolute temperature (K) 
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List of Graphs; 

All graphs not given in the main text of chapter.3 

B 1.1 In peak potential V.s. KOH concentration (0.0 gil AI02-) 

B 1.2 In peak potential V.s. pH (0.0 gil AI02-) 

B 2.1 Ga peak potential V.s. KOH concentration (9.5 gil AI02-) 

B 2.2 In peak potential v.s. In content (0.0 gil AI02-) 

B 3.1 In peak potential V.s. In content (9.5 gil AI02-) 

B 3.2 In peak potential v.s. In content (47.5 gil AI02-) 

B 4.1 Ga peak potential V.s. Ga content (9.5 gil AI02-) 

B 4.2 Ga peak potential v.s. Ga content (47.5 gil AI02-) 

B 5.1 In peak potential v.s. In content (lM KOB) 

B 5.2 In peak potential V.s. In content (3M KOH) 

B 6.1 In peak potential v.s. In content (6M KOB) 

B 6.2 Ga peak potential v.s. Ga content (1M KOH) 

B 7.1 Ga peak potential v.s. Ga content (3M KOB) 

B 7.2 Ga peak potential V.s. Ga content (6M KOB) 

B 8.1 In 3min potential v.s. KOH concentratiort (9.5 gil Al02-) 

B 8.2 In 3min potential v.s. KOB concentration (47.5 gil AI02-) 

B 9.1 Ga 3min potential v.s. KOB concentration (9.5 gil AI02-) 

B 9.2 Ga 3min potential v.s. KOB concentration (47.5 gil AI02-) 

B 10.1 In 3min potential v.s. In content (9.5 gil AI02-) 

B 10.2 In 3min potential V.s. In content (47.5 gil AI02-) 

B 1 L 1 Ga 3min potential v.s. Ga content (9.5 gil AI02-) 

B 11.2 Ga 3min potential V.s. Ga content (47.5 gil AI02-) 

B 12.1 Ga 3min potential V.s. Ga content (lM KOB) 

B 12.2 Ga 3min potential v.s. Ga content (3M KOH) 

B 13.1 Ga 3min potential v.s. Ga content (6M KOB) 

B 13.2 In 3min potential v.s. In content (1M KOB) 

B 14.1 In 3min potential v.s. In content (3M KOB) 

B 14.2 In 3min potential v.s. In content (6M KOB) 

B 15.1 Ga peak potential v.s. KOB concentration (47.5 gil AI02-) 

B 15.2 In peak potential v.s. KOB concentration (9.5 gil AI02-) 

B 1.1 and B 1.2 are different representations of the same data, and serve to illustrate that 

there is no significant difference in plotting the original data, given as potential versus 

KOH concentration, as potential versus pH. As there is no advantage in changing the 

KOH concentration to 'pH' the data has been left in its original form. 
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E.1 

The Butler - Volmer Equation Derivation: 

The following derivation is similiar to that given by Atkins (74). Assumptions 

in this derivation are, the rate determining step is a single electron transfer 

process, and that the charge transfer is described via a Boltzmann distribution. 

k == 
-Ea 

A.exp(RT) eqn (1) 

Starting with the Arrhenius rate law equation for the reaction of chemicals at a 

specific temperature, an analogy can be drawn. Ea , the activation energy for 
* reaction changes to .8.Gm the molar Gibbs function for activation (Le. * indicates 

the transition state), and the constant 'A' changes to constant 'B' which will be 

defined later in this appendix. 

* 
k = 

-.8.G 
B.exp( RT~ eqn (2) 

[Ox],[Red] = concentration of the oxidised and reduced species in the bulk 

solution. 

For a single electron transfer the charge passed for a unit amount of product is 

e-.L == F (Faraday's constant 96520 Coull mol) 

Current density forward reaction (lfor) F.kred.[Ox] 

Current density reverse reaction (Irev) = F.kox.[Red] 

Let kred = lee ec' for cathodic reaction) 

and kox == ka Ca' for anodic reaction) 

Net current density (1) == Ifar - Irev 

== F.kred.[OX] - F.kox.[Red] 

substitu ting for 'k' 

* * -.8.Gm.c -.8.Gm.a 
I == Be F[Ox].exp( ) - Ba F[Red].exp( RT ) 

eqn (3) 

eqn (4) 



E.2 

This is the net current density with no potential difference between the solution 

and metal surface. 

Let <P(m) = the potential of the metal 

and <P(s) = the potential of the solution. 

Therefore 6<P = <P(m) - <P(s) : the potential difference across the double layer. 

The work required to bring one electron across the charged double layer = e-.6<P 

Therefore the work for unit amount of product = F.6<P 

Let it be assumed that 6<P > 0, thus required to do work to bring the oxidised 

species to the transition state within the double layer. 

a = the transfer coefficient or symmetry factor 

if a = 0 the transition state is at the outer boundary of the double layer, 

if a = 1 the transition state is at the electrode surface. 

Thus the Activation Gibbs function for reduction is increased by a .F.6<P 

and that for the oxidation is increased by «I-a ).(-F.6<P» 

adding these into equation (4) gives 

* - (6Gm.c+ a .F.6<P) 
I = Be F[Ox]exp( RT ) 

* - (6Gm.a+ (l-a)(-F.6<P» 
- Ba F[Red].exp( RT ) 

at equilibrium 6<P = 6<Pe and I = 0 

therefore Ie,e = Ia,e == 1.0 (the exchange current density) 

* . - (6Gm.a+ (l-a)(-F.6<Pe» 
10 = Ba F[Red].exp( RT ) 

* - (6Gm.c+ a .F.6<Pe ) 
= Be F[Ox]exp( RT ) 

If a Boltzmann distribution has been assumed, it is found that 
kT 

Ba = Be = 11 where 

k is Boltzmann's constant 

T is the absolute temperature 

h is Planck's constant 

eqn (5) 

eqn (6) 

eqn (7) 



E.3 

Thus Io increases proportionally with any increase in temperature, which 

directly increases'!', given that 6<1> is held constant. 

Io will also increase as temperature increases given the (-lff) exponential 

relationship with temperature that also exists. 

Let Tl = 6<1> - 6<1>e overpotential 

thus rearranging the above equation to give 6<1> = 'll + 6<1>e 

and substituting this into equation (5). 

I - I [ ( - (a .F.'ll) ) ( ((l-a).F.Tl ) )] 
- o. exp RT - .exp RT 

for a single electron transfer. 

eqn (8) 

If 'z' is the number of electrons transfered in the reaction the equation (8) 

becomes: 

I - I [ ( - (a.z.F.Tl) ) ( ((l-a).z.F.Tl ))] 
- o. exp RT - .exp RT eqn (9) 

for a multiple electron transfer. 
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· F.1 

The equilibrium Potentia I Equation Derivation 

This derivation follows that of Pourbaix (67) for the establishment of pH -

potential diagrams. The standard dissolution reaction for aluminium in alkaline solutions 

is 

AI + 4 OH- ----> 3e- eqn (1) 

but in establishing the potential - pH relationship it is better to represent the above 

equation in the following way 

eqn (2) 

It is assumed that the potential is measured with respect to the standard hydrogen 

electrode. 

By defInition the equilibrium reaction potential is 

A* 
EO = zF where fA * f is the chemical affinity of the reaction 

'z' is the number of electrons transferred 

'F' is faradays constant 

A* = -Lvll 'v' is the stoichiometric reaction coeffIcient 

'Il' is the chemical potential 

Now calculating the potential equation via eqn (2) 

3 
(IlAl + 21lH20 -IlAI02- -4IlH+ +( 31lH+ - ~H2 » 

Ili = lliO(T,p) 

= lliO(T,p) 

+ RT In Ai 

+ 2.3RT log Ai 

By convention 21lH+ - IlH2 = 0 at all temperatures 

but at 25°C lloH+ = 0, lloH2 = O. 

It is also noted that for any element in its normal molecular state at 25°C Il = 0; 

therefore IlAl = 0 . 

AH20 =_v_a-l,p-,-, .J.;p_re.:,...s:...:.s-,-ur.:....e-,-s=--:o:..::,l u.::.:..t::::.io=-=n=- :::: 1; vap. pressure solvent 

eqn(3) 

eqn(4) 

eqn(5) 



F.2 

Substituting eqn (5) into eqn (3), and applying the appropriate conditions 

eqn(6) 

EO jl 0 AI02- - 2jl °H20 
o 3F the standard equilibrium potential 

- 839770 J - 2* -237191 J 
- 96487 Coul.mol- 1* 3 mol e- 's 

= -1.262V 

as pH = - log AH+ and 2.3RT = 0.059V @ 250C 

o 2.3RT 9.2RT 
EO = Eo + 3F log AAI02- - 3F pH eqn (7) 

This equation predicts the effect on the equilibrium potential for changing Al02-

concentration, pH and temperature. 
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6:1 

The Corrosion Current & Current Efficiency Calculation 

Corrosion Current: 

The corrosion current is calculated from weight loss measurements of the electrode which 

has been placed in the flowcell apparatus under no load conditions. 

Weight loss (g) = weight of electrode before - weight of electrode after 

It is assumed that 3 electrons are liberated per aluminium atom that goes into solution. 

Corrosion Current (amp) weight loss * 3 e' s * 96500 Coul * . 1 
Mr (AI) mol Al mol e's expt duration (s) 

This can be divided by the surface area of the electrode to give the result in terms of 

current density. 

Current Efficiency: 

The current efficiency is calculated by firstly calculating the charge passed to the electrode 

over the duration of the experiment from measurements of the applied current, then 

comparing this with the faradaic charge required from the weight loss measurements. 

Ch fr . h 1 ( 1) weight loss (g) * 3 e' s * 96500 Coul 
arge om welg toss cou = Mr (AI) mol Al mol e's 

Actual charge passed (coul) = I. (Current (amp) * duration of current application (s) 

N.B. Over a single experimental run the current might be varied over several orders of 

magnitude for various lengths of time. 

. . Actual charge passed 
Current EffICIency (%) = Ch f . ht 1 * 100 arge rom welg oss 
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