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a b s t r a c t

Aluminiumeair cells are high-energy density (<400 W h kg�1) primary batteries developed in the 1960s.
This review shows the influence of the materials, including: aluminium alloy, oxygen reduction catalyst
and electrolyte type, in the battery performance. Two issues are considered: (a) the parasitic corrosion of
aluminium at open-circuit potential and under discharge, due to the reduction of water on the anode and
(b) the formation of a passive hydroxide layer on aluminium, which inhibits dissolution and shifts its
potential to positive values. To overcome these two issues, super-pure (99.999 wt%) aluminium alloyed
with traces of Mg, Sn, In and Ga are used to inhibit corrosion or to break down the passive hydroxide
layer. Since high-purity aluminium alloys are expensive, an alternative approach is to add inhibitors or
additives directly into the electrolyte. The effectiveness of binary and ternary alloys and the addition of
different electrolyte additives are evaluated. Novel methods to overcome the self-corrosion problem
include using anionic membranes and gel electrolytes or alternative solvents, such as alcohols or ionic
liquids, to replace aqueous solutions. The air cathode is also considered and future opportunities and
directions for the development of aluminiumeair cells are highlighted.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Current research across the breath of energy storage technolo-
gies is focused on reducing system weight to improve energy
density [1]. The lightness of aluminium energy storage technolo-
gies, such as Al-H2O2 or Al-S systems, has meant that they have
received renewed interest for a variety of applications [2,3]. Among
these systems is the aluminiumeair batterywith a practical specific
energy density of 400 W h kg�1 surpassing that of lithium-ion
batteries [4e7]. The aluminiumeair cell (Fig. 1) is a primary
metaleair battery with an aluminium anode and an air-breathing
cathode in contact with an aqueous electrolyte, typically sodium
hydroxide, potassium hydroxide or sodium chloride [8]. The

geological abundance of aluminium metal, a recyclable reaction
product of Al(OH)3, and rapid mechanical rechargeability are
additional benefits of this battery along with a very negative
thermodynamic electrode potential for aluminium in alkaline so-
lutions of ca. �2.4 V vs. Hg/HgO, as indicated by the Pourbaix Di-
agram [9].

In practice, the open-circuit potential of aluminium is more
positive at �1.66 V vs. Hg/HgO [10], due to the competition be-
tween the numerous electrode processes that take place on the
aluminium surface [11]: (i) formation and/or dissolution of an
initial Al2O3 and subsequent Al(OH)3 layer, (ii) three-electron
charge transfer yielding AlIII species, (iii) formation of corrosion
products, Al(OH)4� and Al(OH)3, as well as (iv) a parasitic corro-
sion reaction involving the reduction of water at localised
cathodic centres on the aluminium surface, which releases
hydrogen [12]. This self-corrosion at open-circuit prevents the
storage of wet aluminiumeair batteries and reduces their
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discharge efficiency. Research has focused on ways to enhance the
aluminium oxidation rate while inhibiting the self-corrosion
reaction.

This literature on aluminiumeair batteries spans fifty years
(Fig. 2), some of which is accessible as publications and patents
while others, such as internal company reports, are more restricted.
The extent to which this large body of work has been reviewed is
variable. For example some surveys covering the variety of
aluminium energy storage systems devote a subsection to the
aluminiumeair battery electrochemistry [2,3]. Others focus solely
on aluminiumeair batteries and detail the advances made together
with their developing applications [13e20], such as a power source
for electric vehicles [21,22]. There are specialised reviews that
examine aluminium corrosion mechanisms in saline solutions for
the cathodic protection of marine structures [23] and under open-
circuit conditions in alkaline solutions with relevance to nuclear

engineering [24]. Currently, the rapid development of rechargeable
metaleair cells such as the lithiumeair and zinceair ones has
attracted considerable interest. The classical aluminiumeair cell
retains niche applications and continues to attract attention,
however, since it is simple in design and robust, has none of the
safety concerns raised by lithiumeair and is environmentally sus-
tainable due to the known resources of aluminium and the facility
for recycling the metal.

In this review, experimental data from the literature is critically
compared with the aim of examining how different aluminium
alloys and alkaline electrolytes affect the performance of the
aluminiumeair battery by reducing the parasitic corrosion and
overcoming the passive hydroxide layer, often referred to as ‘acti-
vating’ the aluminium. Research has focused on alloying pure
aluminium with certain elements to achieve such activation. The
rationale behind the choice of alloying elements, their concentra-
tion and the mechanisms by which they activate the aluminium to
yield higher anodic currents is discussed. Given that the maximum
electrical energy cycle efficiency of an aluminium energy storage
system is 22% [2], one lower cost solution involves using com-
mercial grade aluminium and adding inhibitors to the electrolyte.
The effectiveness of these inhibitors, singly and in combination, and
in different concentrations is reviewed. The air cathode of the
battery is concisely discussed, with the essential factors influencing
its performance being summarised but the review does not
consider cell design in detail. Finally, future developments in
aluminiumeair batteries are discussed.

2. Corrosion of 99.999 wt% high-purity aluminium in alkaline
solutions

Aluminiumeair batteries employing alkaline electrolytes are
primary energy storage devices since electrodeposition of
aluminium from alkaline solutions is not thermodynamically
feasible due to its negative standard potential which will lead to
hydrogen evolution at the negative electrode before any aluminium

Fig. 1. Illustration of the structure of an aluminiumeair battery using a 3-layer gas
diffusion electrode and, in this case, pure aluminium as anode with its passive hy-
droxide layer.
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can be deposited [25,26]. Mechanically recharging is possible by
replacing the aluminium anode after each discharge [27]. The ideal
overall discharge reaction of the aluminiumeair cell is:

4Al þ 3O2 þ 6H2O / 4Al(OH)3 Ecell ¼ 2.7 V (1)

The positive electrode is an air or gas diffusion electrode,
conventionally comprising a carbon-based structure which brings
oxygen and the electrolyte into contact with a catalyst resulting in
oxygen reduction [28]:

O2 þ 2H2O þ 4e� / 4OH� Ec ¼ 0.3 V vs. Hg/HgO (2)

At the negative electrode the overall anodic reaction involves
the oxidation of aluminium to aluminate ions [29]

Al þ 4OH� / Al(OH)4� þ 3e� Ea ¼ �2.4 V vs. Hg/HgO (3)

In parallel with the oxidation of the aluminium, is a parasitic
reaction involving the reduction of water resulting in hydrogen gas
evolution:

H2O þ e� / 0.5H2 þ OH� E ¼ �0.93 V vs. Hg/HgO (4)

Reactions (3) and (4) are competing reactions on the surface of
aluminium when in contact with an alkaline electrolyte. The net
current, I, that flows through the external circuit is the difference in
magnitude of the dissolution of aluminium, Id, and corrosion cur-
rent, Icor.

I ¼ Id � Icor (5)

The corrosion behaviour of aluminium and its alloys can be
compared by evaluating the corrosion current at open-circuit po-
tential and under discharge. Suitable methods are discussed in the
next section.

2.1. Evaluating the electrochemical behaviour of aluminium

The most quantitative technique for evaluating the corrosion
behaviour of aluminium involves measuring the corrosion current
as a function of applied potential or discharge current [10,11,30e
35]. The corrosion rate of aluminium alloys in alkaline solutions
varies with time [36], which is particularly evident at the open-
circuit potential for aluminium alloys when the changes in the
rate of hydrogen evolution exactly mirror the changes in the
open-circuit electrode potential with time [37]. Upon immersion,
the open-circuit potential of aluminium alloys shifts to a very
negative value of �2.0 V vs. Hg/HgO due to the presence of
aluminium hydrides [38,39], and possibly hydrides of the alloying
elements, creating a hydroxide-free surface and a high rate of
hydrogen evolution [37]. Once the alloy surface becomes passiv-
ated by a hydroxide layer, its potential shifts more positively,
which is accompanied by a reduction in the rate of hydrogen
evolution.

The variable nature of the corrosion rate means that mass loss
data, for example, recorded at the end of an experiment, would not
give an accurate measure of the steady-state corrosion current. An
in-situ technique would be preferred such as oxidising the evolved
hydrogen on nickel foam [30] or on the platinum ring of a rotating
ring-disc electrode [11]. Such techniques, however, have un-
certainties as to whether all the evolved hydrogen is detected,
particularly during periods of high hydrogen evolution.

The most accurate technique involves calculating the corrosion
current from the volume of evolved hydrogen gas, collected during

galvanostatic tests [10]. The corrosion current, Icor, is calculated
from the volume of hydrogen using Eq. (6), derived from Faraday’s
laws of electrolysis and the Ideal gas law [40]:

Icor ¼ zFPV
tRuT

(6)

Using Faraday’s law, the corrosion current density, jcor is related
to the corrosion rate (CR), as follows

CR ¼ jcorMw

zF
(7)

where z is the two electrons consumed to reduce water to
hydrogen, F is Faraday’s constant, Mw is the molar mass of
aluminium, 27 g mol�1, P is atmospheric pressure, V is the volume
of hydrogen evolved, t is time for which hydrogen was collected, Ru
is the universal gas constant, 8.314 J mol�1 K�1 and T is the tem-
perature in Kelvin.

In this review, using corrosion currents reported in the litera-
ture, two parameters were used to evaluate the corrosion behav-
iour of the alloys: the open-circuit inhibition efficiency, 4inh and the
discharge efficiency, 4dis. The open-circuit inhibition efficiency in-
dicates the percentage difference between the corrosion of the
alloy and that of pure aluminium.

4inh ¼
�
Icor;p � Icor;a

Icor;p

�
*100 (8)

where Icor,p and Icor,a are the corrosion currents for pure aluminium
and the alloy at open-circuit. If an alloy has positive inhibition ef-
ficiency at open-circuit, then its corrosion current is lower than that
of pure aluminium, i.e. Icor,a < Icor,p, which is desirable of a suitable
anode material in an Aleair battery. An alloy with negative inhi-
bition efficiency indicates that its open-circuit corrosion current is
worse than that of pure aluminium. The vector for evaluating the
corrosion behaviour of the aluminium alloys under discharge is the
discharge efficiency, 4dis, which is the ratio of the discharge current,
I, to the sum of discharge and corrosion current, Icor:

4dis ¼ I
I þ Icor

*100 (9)

2.2. Choice of electrolyte for aluminiumeair cells

The electrolyte used in aluminiumeair cells is typically an
aqueous alkaline solution such as sodium hydroxide or potassium
hydroxide. Neutral saline electrolytes have also been used
[27,28,41e47], because compared with caustic solutions they
exhibit a lower open-circuit corrosion rate and pose a lower risk to
health [48,49]. Carbonation of the alkaline electrolyte by carbon
dioxide in the air can impede air access and cause mechanical
damage to the gas diffusion electrode [3]. However the higher
conductivity and Al(OH)3 solubility of alkaline solutions [27] allows
high cell power (175 W kg�1) and energy densities (400 W h kg�1)
to be attained compared to saline systems (30 W kg�1,
220 W h kg�1) [50]. This is attractive for high-power applications
such as standby batteries together with propulsion of unmanned
underwater vehicles and electric vehicles.

Some papers have reported using sulphuric acid as an electro-
lyte for aluminiumeair cells, in which the theoretical cell potential
differences are higher than in alkaline electrolytes and carbonation
problems for the air electrode can be avoided [51,52]. However,
aluminium is passivated by a relatively thick oxide layer in
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concentrated sulphuric acid solutions [51], necessitating the addi-
tion of Cl� or F� ions to partially destroy the oxide through pitting
[51,53], These ions adversely affect the air electrode by adsorption
on the platinum catalyst diminishing the amount of platinum oxide
that can be formed and increasing the overpotential for oxygen
reduction [51,54]. Hence, this review will focus on alkaline solu-
tions as electrolytes for aluminiumeair batteries.

Preferred electrolytes for aluminiumeair batteries are
4 mol dm�3 NaOH and 7 mol dm�3 KOH, which correspond to their
peak electrolytic conductivities [32e34,50,55]. The purity of the
electrolyte must be of analytical grade, as any electrolyte impurities
such as Fe2þ ions would reduce on the aluminium surface creating
preferential sites for hydrogen evolution, influencing the corrosion
and electrode potential [10,55]. The peak electrolytic conductivity
of potassium hydroxide at 0.7 S cm�1 [56], is superior to that of
4 mol dm�3 sodium hydroxide (0.39 S cm�1) [55]. Also KOH shows
superiority to NaOH solutions for oxygen reduction because of
higher solubility for oxygen, higher oxygen diffusion coefficients
and lower viscosity [57]. However KOH solution does not allow the
recycling of alumina via the industrial HalleHéroult process [3].
This would be important for mass-production of aluminiumeair
cells requiring the recycling of spent electrolytes [3].

The solubility limit of the reaction product, aluminate, is also
higher in 7 mol dm�3 KOH at 6 g per 100 g of electrolyte compared
to 4 g per 100 g of electrolyte for a 4 mol dm�3 NaOH solution
[58,59]. This is an important consideration for aluminiumeair
batteries using static electrolytes, as when the saturation level for
Al(OH)4� is reached, it precipitates out as Al(OH)3 or the hydrargil-
lite phase. The Al(OH)3 binds to water, reducing its availability for
oxygen reduction at the cathode and blocks pores. The accumula-
tion of the Al(OH)4� in static electrolyte aluminiumeair batteries
results in a viscous gel layer, slowing the diffusion of OH� ions
towards the Al surface and reducing the rate of aluminium disso-
lution [10]. In addition, the consumption of OH� ions to form

Al(OH)4� lowers electrolyte conductivity allowing the hydroxide
film to thicken impeding further dissolution [33]. Conductivity rises
again once precipitation of Al(OH)3 liberates OH� ions.

To overcome these issues of fluctuating electrolyte conduc-
tivity and accumulation of Al(OH)3 at the electrodes, large-scale
aluminiumeair systems typically employ a circulating electro-
lyte pumped from an external tank. This prevents hydroxide
build-up and cathode pore blocking [60], removes hydrogen
bubbles from the aluminium surface [61] and allows integration
of peripherals such as a heat exchanger or filter/crystalliser unit
[15]. A heat exchanger helps to cool down the electrolyte, pre-
venting it from boiling [62], while a crystalliser promotes the
crystallisation of Al(OH)4� into insoluble Al(OH)3, increasing the
OH� ion concentration, via reaction (13). The subsequent rise in
electrolytic conductivity helps to maintain a steady cell poten-
tial difference for a longer time, enhancing the energy density of
the cell for a given electrolyte tank volume [63]. The initial
fluctuations in electrolyte conductivity can be avoided by adding
seed crystals of Al(OH)3, typically 1 mm in size, to the electrolyte
saturating it with aluminate. Aluminate ions formed during the
oxidation of the aluminium anode would immediately precipi-
tate to form aluminium hydroxide [64], which is filtered from
the electrolyte [3,17,28,65].

2.3. Mechanism of super-pure aluminium corrosion in alkaline
solutions

In open atmosphere, the surface of aluminium is covered by a
4 nm thick oxide film of Al2O3 [66]. Upon initial immersion of
99.99 wt% aluminium in a 4 mol dm�3 sodium hydroxide solution,
the Al2O3 layer is rapidly dissolved under a high rate of hydrogen
evolution as a result of the alkalinisation of the electrode surface
[10,24].

At this point, the electrode potential at open-circuit is �1.73 V
vs. Hg/HgO [67], which is a mixed electrode potential owing to the
oxidation of aluminium, the reduction of water and the growth of
aluminium hydroxide layer. The film-free surface then undergoes
dissolution via a series of 3 one-electron steps and hydroxide
addition, leading to the final tri-hydroxide, Al(OH)3 [10]:

Al þ OH� / Al(OH)ads þ e� (10)

Al(OH)ads þ OH� / Al(OH)2ads þ e� (11)

Al(OH)2ads þ OH� / Al(OH)3ads þ e� (12)

An Al(OH)3 film is formed because Al3þ ions are thermody-
namically unstable in the alkaline solution. The final step involves
the dissolution of the hydroxide film forming soluble aluminate
ions in the electrolyte and the regeneration of a bare aluminium
surface site.

Al(OH)3 þ OH� / Al(OH)4� (13)

At the same time, water is reduced on the aluminium surface
according to a VolmereHeyrovsky mechanism [10,68].

H2O þ e� / Hads þ OH� (14)

Hads þ H2O þ e� / H2 þ OH� (15)

At longer times, the open-circuit potential shifts to more posi-
tive values and eventually stabilises at �1.66 V vs. Hg/HgO. This
transient positive shift in open-circuit potential upon initial im-
mersion is due to a lowering of solution pH. As the aluminium

Table 1
The regions of thermodynamic stability for metals in pH 14 alkaline electrolytes.
Compiled from Pourbaix Diagrams [9], together with hydrogen overpotential vs.
melting temperature data for various metals in 6 mol L�1 NaOH solution at 25 �C
[187,188]. Tm is melting temperature and hH2

is hydrogen overpotential.

Metal Region of stability in pH 14 electrolyte Tm/
�C

hH2
/

V
Solubility
limit in Al

Reduced species
vs. Hg/HgO/V

Oxidised species
vs. Hg/HgO/V

Fe �1.06 1540 0.41 0.025%
at 600 �C

Cu �0.55 1080 0.59 2.97%
at 600 �C

Pb �0.83 328 1.05 0.15%
at 658 �C

Bi BiH3 �1.70 BiO3
� �0.61 272 0.96 <0.10%

at 657 �C
Cd HCdO2

� �1.06 322 0.85 0.25%
at 600 �C

Sb SbH3 �1.32 SbO3
� �0.90 631 0.70 <0.10%

at 657 �C
Sn SnH4 �2.05 SnO3

2� �1.27 232 1.00 0.10%
at 600 �C

In �1.15 157 0.13%
at 600 �C

Ga Ga(OH)4� �1.61 30 6.00%
at 600 �C

Zn ZnO2
2� �1.61 420 1.10 14.6%

at 600 �C
Mn �1.74 1250 0.76 1.03%

at 600 �C
Al Al(OH)4� �2.48 657 0.47
Mg Mg(OH)2 �2.79 650 1.47 3.6%

at 600 �C
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oxidises, OH� ions are consumed at the interface and Al(OH)4� ions
are produced leading to passivation of the surface by a thicker
Al(OH)3 film [10,29]:

2Al þ 2OH� þ 6H2O / 2Al(OH)4� þ 3H2 (16)

Anodic discharge of aluminium proceeds via the direct
dissolution of the aluminium metal, whereby OH� ions migrate
through the hydroxide layer, via Eq. (13) towards the interface
between the aluminium and the hydroxide film, and indirect
metal dissolution reaction by consecutive film formation and
dissolution [29].

3. Aluminium alloys

Super-pure aluminium, in an uninhibited alkaline electrolyte,
is unsuitable for use as the anode of an Aleair battery since (i) its
surface is covered by a passive hydroxide layer creating high
overpotentials during anodic dissolution and (ii) it suffers from
high corrosion currents as water reduces on preferential surface
sites evolving hydrogen. Alloying aluminium with particular el-
ements improves its electrochemistry or activates it. The pur-
pose of activation is to (a) reduce the overpotential for the
oxidation by breaking down the passive hydroxide layer and (b)
to increase the overpotential for the reduction of water on the
surface.

Aluminium of purity greater than 99.99 wt%, should be used as
feedstock for the alloy because impurities such as copper, iron
and silicon aggravate self-corrosion [37,55,69]. Such contami-
nants form cathodic sites of localised galvanic cells on the
aluminium surface where hydrogen evolves because of their low
overpotential for the hydrogen evolution reaction, see Table 1
[70,71]. In purity grades, such as 99.9 wt% aluminium, the
levels of impurities such as iron exceed their solubility limit in
aluminium and precipitate out as second phase particles; for
example Al3Fe can act as cathodic centres for the generation of
hydrogen, resulting in higher corrosion rates of the lower purity
grades of aluminium [37,55].

3.1. The influence of alloying elements and activation mechanisms

An effective alloying element should possess the following
properties: (i) a melting point below the melting temperature of
aluminium (657 �C), (ii) good solid solubility in the aluminium
matrix, (iii) a higher nobility than aluminium in the electro-
chemical series as determined from the Pourbaix Diagram [19,72],
(iv) good solubility in an alkaline electrolyte [37] and (v) a high
hydrogen overpotential [17,73]. These properties are pivotal to the
mechanisms by which the alloying elements activate the
aluminium in alkaline solutions and are explained below.

The melting temperature of the alloying element should be
lower than that of pure aluminium to facilitate its diffusion in the
aluminium matrix via solution heat treatment to form a solid so-
lution alloy. Alloying elements will only activate the aluminium
when they are in solid solutionwith the aluminiummatrix, yielding
higher anodic currents compared to when they are present as

Fig. 3. Effect of tin concentration on the anodic polarisation of binary aluminium al-
loys in alkaline solutions at 25 �C. Data from rotating disc, potential sweep experi-
ments performed on six Al/Sn alloys in 4 mol dm�3 NaOH [5,37]. Alloys were heat
treated at 600 �C for 2 h followed by a water quench. Electrode area: 0.5 cm2. Potential
sweep rate: 5 mV s�1. 20 Hz rotation speed. Counter-electrode, platinised titanium
strip. B 99.995% Al, : Al/0.044 wt% Sn, > Al/0.089 wt% Sn, - Al/0.12 wt% Sn, 7 Al/
0.23 wt% Sn, A Al/0.45 wt% Sn, ‒ ‒ ‒ ‒ pure Sn.

Fig. 4. (a) Auger depth profiles of oxidised and metallic tin on an Al/0.1Sn exposed for
1 h in 1 mol dm�3 NaOH at an applied current density of 1 mA cm�2 [82]. Depth is
measured from the top of the surface hydroxide layer. The alloy was heat treated at
620 �C for 16 h and water quenched. Electrolyte temperature: 25 �C. B oxidised tin, C
metallic tin. (b) Illustration of the activation mechanism.
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precipitates [23,63,74]. As precipitates, the alloying elements
aggravate the self-corrosion of the aluminium and decrease its ef-
ficiency [50,73,75]. Heating for 8 h at 600 �C, followed by rapid
cooling or quenching in water to suppress precipitation of alloying
elements is a suitable heat treatment to achieve a solid solution
alloy [73,75,76]. The heat treatment temperature can be deter-
mined from the phase diagram of the particular alloy [77,78].

The third desirable property of the alloying element is that it
should bemore noble than aluminium in the galvanic series [19,72].
This is key to the mechanism by which the alloying element acti-
vates aluminium in alkaline solutions, the metal dissolutione
deposition process [19,23,79,80], which will be described in rela-
tion to a binary Al/0.12Sn solid solution alloy. The anodic behaviour
of Al/0.12Sn is superior to that of pure aluminium, as shown in
Fig. 3, over a potential range corresponding to the region of stability
for tin in pH 14 electrolyte i.e. between the SnH4/Sn reversible
potential of�1.86 V vs.Hg/HgO to the Sn/SnO3

2� reversible potential
of �1.06 V vs. Hg/HgO, predicted by the Pourbaix Diagram [37,81].
As the Al/0.12Sn undergoes anodic polarisation, tin atoms in solid
solution become exposed and subsequently oxidise [72]. These
oxidised species of tin are only present in the outermost few
monolayers of the aluminium passive film, as indicated by Auger
depth profiling in Fig. 4a [82]. The oxidised tin is soluble in alkaline
solutions and dissolves into the electrolyte as stannate ions and if
the potential of the aluminium ismore negative than the Sn0/SnO3

2�

reversible potential, the SnO3
2� ions reduce at cathodic sites on the

aluminium surface to formmetallic tin, as illustrated in Fig. 4b [72].
Auger depth profiling verified a high concentration of metallic tin
on the outer surface of the alloy, which gradually decayed towards
its bulk value in the metal (Fig. 4a) [82]. The forming of tin deposits
serves three functions: (a) it promotes the further dissolution of
aluminium, by destabilising the passive layer, (b) it prevents the
electrolyte becoming saturated with stannate ions and (c) it re-
duces the self-corrosion of the aluminium, as tin’s overpotential for
hydrogen evolution is higher than it is for pure aluminium (Table 1)

[37]. Once the potential of aluminium becomes more positive than
the Sn0/SnO3

2� reversible potential the anodic behaviour of the alloy
reverts back to the behaviour of pure aluminium, see Fig. 3. This is
because SnO3

2� ions in the electrolyte no longer redeposit onto the
electrode surface and their concentration in the alkaline electrolyte
increases. When the saturation level for SnO3

2� ions in the elec-
trolyte is reached, any further tin atoms in the solid solution alloy
that become exposed and oxidised no longer dissolve into the
electrolyte and remain on the aluminium surface, passivating it.

An alternative activation mechanism, the point defect effect one
[19,76,83], proposes that the metal ions of the alloying element
present within the passive layer itself, reduces to form deposits at
the interface between the alloy and the passive layer. Local
swelling, during growth of these deposits, causes partial destruc-
tion and thinning of the passive film forming surface pits. This
mechanism appears to fall down since it does not explain the
activation of pure aluminium solely bymetal ions introduced to the
electrolyte as additives.

Regardless of the discrepancy between the dissolutione
deposition and point defect mechanisms, there is a general
consensus that the reduced species of the alloying element is in
intimate contact with the base alloy. The observation that the
amount of gallium on the surface of an anodically discharged Al/Ga
alloy had diminished following several days storage is evidence of
back diffusion into the alloy bulk, facilitated by the intimate contact
with the gallium and the aluminium alloy. A driving force for back
diffusion exists because of the lower concentration of the gallium in
the bulk. Back diffusion could play a determining role as towhether
a certain concentration of an alloying element enhances the anodic
behaviour of the aluminium since a particular minimum surface
concentration of the reduced metal species must be present to
achieve activation [76].

These reduced deposits on the aluminium surface are free of a
passive hydroxide layer and the aluminium diffuses through them
to be oxidised [37,76,82]. These deposits are likely in a liquid state

Table 2
The open-circuit corrosion characteristics and discharge efficiencies of various binary aluminium alloys in half-cell tests. References a [5,37], b [75,189]. Electrolyte, 4 mol dm�3

NaOH at 60 �C. Solution heat treatments: 600 �C for a 2 h and b 8 h followed by water quench. 4inh is the inhibition efficiency at open-circuit, defined as the percentage
difference between the corrosion of the alloy and that of pure aluminium. 4dis is the discharge efficiency.

Alloy % inhibition efficiency
at open-circuit

% discharge efficiency under galvanostatic discharge Electrode potential during galvanostatic discharge

% 4inh % 4dis at j in mA cm�2 E vs. Hg/HgO/V

50 200 300 600 Eoc E50 E200 E600

Binary alloys
Tin
Al/0.022Sna �597 9 12 �1.78 �1.79 �1.70
Al/0.044Sna 26 15 45 �1.73 �1.67
Al/0.089Sna 44 25 62 �1.77 �1.74 �1.62
Al/0.12Sna 67 35 68 �1.70 �1.73 �1.63
Gallium
Al/0.013Gaa �370 58 �1.78
Al/0.026Gaa �1370 61 �1.85
Al/0.055Gaa �1627 50 �1.86
Al/0.10Gaa �4324 7 �1.85
Al/0.24Gaa �2839 7 �1.89
Al/2.3Gaa �7036 3 �1.89
Indium
Al/0.02Ina 65 35 63 �1.88 �1.78 �1.68
Al/0.037Ina 85 51 65 �1.85 �1.76 �1.72
Al/0.074Ina 95 7 40 �1.80 �1.78 �1.71
Al/0.16Ina 88 5 23 �1.77 �1.78 �1.72
Al/0.21Ina 26 5 21 �1.79 �1.78 �1.70
Al/0.42Ina 96 5 21 �1.74 �1.77 �1.70
Al/0.15Mnb 76 55 Passive �1.69 �1.52
Al/0.04Feb �89 40 74 �1.45 �1.39 �1.34
Al/0.81Mgb �1876 4 11
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owing to the low melting temperature of some of the alloying el-
ements, in particular gallium, and also due to the anodic current
concentrating at these surface deposits creating extremely large
current densities [18]. Differential scanning calorimetry supports
the likelihood of liquid surface deposits through which the
aluminium can diffuse [84,85].

Research on alloys for aluminiumeair batteries has focused on
Mg, Zn, Pb, Sn, Ga, In, Mn, Hg and Tl alloying elements, because
these elements have lower melting temperatures than aluminium
(with the exception of Mn), have a degree of solubility in
aluminium, are more noble than aluminium (with the exception
of Mg), are soluble in alkaline electrolytes and have a high
hydrogen overpotential, as shown in Table 1. Today, mercury and
thallium cannot be considered due to their toxicity. In the next
section, the effect of different alloying elements on the anodic
behaviour and corrosion of super-pure aluminium (minimum
99.99 wt%) in sodium and potassium hydroxide solutions is dis-
cussed. Several studies have looked at the effect of alloying ele-
ments on more commercially pure aluminium [70,86e90]. The
data from these have not been included in this review in order to
elucidate the effect of different alloying elements, without any

misreading results from impurities such as iron and copper.
Studies where the alloys were not solution heat treated or
homogenised prior to testing were also not included in this re-
view [61,79,91e94], since as discussed above, the alloying ele-
ments must be in solid solution to be effective at activating the
aluminium alloy surface.

3.2. Alloying elements

3.2.1. Tin
The dissolution behaviour of Al/Sn binary alloys is influenced by

the structure, concentration and electrochemistry of tin along with
the electrolyte temperature. The upper limit for the tin concentration
in a binary aluminium alloy for use in aluminiumeair batteries is
0.12 wt%, as this is the maximum that can be accommodated in solid
solution in the aluminiummatrix. A suitable solution heat treatment
involves heating at 600 �C for several hours, then water quenching
[5,50,78,95]. An Al/0.12Sn alloy showed the most anodic behaviour
amonga rangeof Al/Sn binaryalloys in a 4mol dm�3NaOHsolution at
25 �C, see Fig. 3. This alloy showed enhanced anodic currents
compared to pure aluminium over a potential range corresponding to
the region of stability for tin, as discussed earlier [37,81]. Concentra-
tions of tin lower than 0.12% in a 25 �C electrolyte, most likely had
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Fig. 5. Effect of gallium content on the polarisation behaviour of Al/Ga alloys in a
4 mol dm�3 NaOH solution at (a) 25 �C and (b) 60 �C. Results from rotating disc
electrode tests. Electrode area, 0.5 cm2. Potential sweep rate 5 mV s�1. Rotation speed:
20 Hz. Counter-electrode: platinised titanium strip. Alloys were heat treated at 600 �C
for 2 h followed by a water quench. B 99.995% Al, C Al/0.013% Ga, : Al/0.026% Ga, >
Al/0.055% Ga, - Al/0.10% Ga, 7 Al/0.24% Ga, A Al/2.3% Ga.

Fig. 6. Comparison of the surface morphology of 99.999% Al and Al/0.05% Ga alloy
under galvanostatic discharge. (a) SEM image of Al/0.05Ga alloy under a 100 U
discharge 4 s after activation [76]. Discharge in a micro Aleair cell with a 4 mol dm�3

NaOH solution at 60 �C. Anode area, 1 cm2. Co-catalysed air cathode supplied by
Electromedia Corp. Alloy heat treated at 600 �C for at least 2 h followed by a water
quench. (b) Back scatter electron image of 99.999% Al discharged at 300 mA cm�2 for
5 min in an Aleair cell [37]. Inset: EDX of the boundary of the large shallow pits.
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fewer tin deposits formed during the dissolutionedeposition process
to accommodate film-free dissolution of aluminium. The alloys with
tin levels greater than 0.12% did not improve the anodic current peak
at�1.0 V vs.Hg/HgO, see Fig. 3, because the excess tinwas present as
secondphase particles on their grain boundarieswhich are ineffective
at activating aluminium, as discussed earlier [37]. The anodic peak
at �0.66 V vs. Hg/HgO in Fig. 3 for Al/0.45Sn alloy was due to the
oxidation of these second phase particles, which resulted in pro-
nounced grain boundaryattack andpotential disintegration of surface
grains upon anodic discharge, as verified under the SEM [37].

Since the maximum solubility limit of 0.12% Sn changes when
alloying with a ternary element, lower concentrations of tin would
be required when forming a ternary or quaternary alloy to ensure a
solid solution can be achieved. The effect of lower tin concentra-
tions is strongly influenced by the electrolyte temperature. At 25 �C
they did little to improve upon the anodic currents observed for
pure aluminium (Fig. 3), whereas at 60 �C binary alloys with con-
centrations ranging from 0.022 up to 0.12% Sn showed identical
anodic behaviour. This is indicated by the marginal differences
among the galvanostatic discharge potentials shown in Table 2. It
was the corrosion behaviour that separated the tin concentrations

at 60 �C, with Al/0.12Sn exhibiting the highest inhibition and
discharge efficiencies, as shown in Table 2.

Some Al/Sn alloys were active at 60 �C and not at 25 �C; this can
be explained by the increasing solubility of aluminate with
increasing temperature allowingmore of the Al(OH)3 passivefilm to
dissolve into the electrolyte [10,79]. The subsequent thinner passive
film allowed easier transfer of OH� ions to pass through it, leading to
a faster rate of aluminium dissolution [33]. However a thinner
passive film also provides lower resistance to the conduction of
electrons to the cathodic sites on the aluminiumsurface,where they
are consumed by the reduction of water evolving hydrogen [68].
Consequently, the corrosion current also increases. The improved
behaviour at the higher elevated temperature may also be due to a
faster rate of diffusion of aluminium through the surface tin at the
higher temperature, higher solubility for the SnO3

2� ion and the
reversible potential for Sn/SnO3

2�may be shiftedmore positive. This
would also explain why the potential range of enhanced anodic
behaviour observed in the anodic polarisation curves at 25 �C was
not evident at 60 �C, under the experimental conditions.

3.2.2. Gallium
The electrochemistry of Al/Ga alloys in alkaline electrolytes is

dependent on the gallium content in the alloy, the electrolyte
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Fig. 7. Effect of indium concentration on the polarisation behaviour of Al/In electrodes
in 4 mol dm�3 NaOH at (a) 25 �C and (b) 60 �C [37]. Results from rotating disc electrode
tests. Electrode area, 0.5 cm2. Potential sweep rate: 5 mV s�1. Rotation speed: 20 Hz.
Counter-electrode: platinised titanium strip. Alloys were heat treated at 600 �C for 2 h
followed by a water quench. B 99.995% Al, C Al/0.02 In, , Al/0.037 In, 6 Al/0.074 In,
- Al/0.16 In. The anodic linear sweep curves for Al/0.21In and Al/0.42In were identical
to that of Al/0.16In and are excluded to simplify the graphs.

Fig. 8. Anodic linear sweep voltammograms of other binary aluminium alloys in
4 mol dm�3 NaOH solution at 25 �C [37,211]. Results from rotating disc electrode tests.
Electrode area, 0.5 cm2. Potential sweep rate 5 mV s�1. Rotation speed: 20 Hz. Counter-
electrode: platinised titanium strip. Alloys were heat treated at 600 �C for 2 h followed
by a water quench. (a) B 99.995% Al, 6 Al/0.004P, :Al/0.02Sb, - Al/0.02Cd, , Al/
0.004C. (b) B 99.995% Al, A Al/0.01Bi, þ Al/0.01Zn, + Al/0.005Si, ✯ Al/0.02B, > Al/
0.04Ge.
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temperature and the electrochemistry of gallium. At an electrolyte
temperature of 25 �C, gallium contents of 0.055 wt% or higher were
required to enhance the anodic currents of pure aluminium, see
Fig. 5a [37]. At 60 �C, at least 0.1% Ga was required, see Fig. 5b. A
certain level of surface gallium is required to activate the
aluminium [76]. Whether an alloy achieves this critical level is
dependent on the rate of dissolution of the aluminium, the for-
mation of gallium deposits via the dissolutionedeposition process
and the rate of back diffusion of gallium from the surface into the
alloy bulk.

The corrosion behaviour of Al/Ga alloys in an alkaline electrolyte
at 60 �C is shown in Table 2 [37,74]. At open-circuit, the corrosion
rate of all the binary Al/Ga alloys was extremely high with very
negative inhibition efficiencies. The effect of gallium content on
discharge efficiency was dependent on whether the alloy was
activated or not, with the activated alloys showing very poor
discharge efficiencies i.e. those with gallium levels above 0.1%. In
the case of Al/2.3% Ga, scanning electron microscopy examination
showed that it suffered severe grain boundary attack leading to
disintegration. Corrosion data for Al/Ga alloys at 25 �C or other
intermediate temperatures was not evident in the literature. It is
likely that at temperatures below the low melting temperature of
gallium, 29 �C, the diffusion of aluminium through solid gallium
deposits would be slower and hence the rate of water reduction
and corrosion would be less [76]. These gallium deposits are found
at the base of pits on the alloy surface and on top of the surface
hydroxide layer, as indicated in Fig. 6a [76]. The evidence of pits
indicates that the anodic current is concentrated at very small sites
on the surface [96,97].

This contrasts with the surface of 99.999% aluminiumwhichwas
characterised by a network of broad shallow pits of between 3 and
10 mm diameter (Fig. 6b) [37]. These pits were formed via galvanic
corrosion initiated by the potential difference between aluminium
and its more positive or anodic hydroxide layer [96,97]. The inset
EDX profile in Fig. 6b shows that the boundaries of the pits were
brighter due to heavier impurity elements, Si, Fe and Cu left from
the manufacturing process, concentrating in these regions. The pit
centres on the pure Al were covered by a passive hydroxide layer
and were more anodic or positive to their boundaries. At the pit
centres, OH� ions migrated through the hydroxide layer to oxidise
the underlying aluminium. The released electrons were conducted
through the external circuit but also towards the pit boundaries,
which were more negative or cathodic to the pit centres. Here the
electrons were consumed by the reduction of water to evolve
hydrogen and also for the reduction of the iron and copper ions. The
hydrogen evolution reaction generated OH� ions maintaining a
high pH at the boundaries, preventing their passivation. The pits on
the pure Al surface were broad, shallow and interconnected indi-
cating the anodic current density was reasonably distributed across
the whole aluminium surface.

3.2.3. Indium
The electrochemistry of Al/In alloys is dependent on the

amount of In in the alloy, the electrolyte temperature and the
electrochemistry of indium [37,74]. The upper limit for the indium
concentration in a binary aluminium alloy for use in aluminiume

air batteries is 0.16%, which is close to the solid solubility limit for
indium in aluminium at a heat treatment temperature of 640 �C.
Al/0.16In showed the highest anodic currents in a solution of
4 mol dm�3 NaOH at 25 �C compared to other indium composi-
tions examined, see Fig. 7a [37]. Higher indium concentrations
showed no further improvement in the anodic behaviour, indi-
cating that the polarisation behaviour was entirely controlled by
the indium present in solid solution rather than by second phase
particles.

Indium concentrations lower than the maximum solubility level
only showed more active behaviour at an elevated temperature of
60 �C, as indicated in Fig. 7b, or by increasing the electrolyte flow
rate [37]. The enhancement in anodic behaviour with increase in
electrolyte flow indicates that the alloys behaviour is not limited by
the surface charge transfer, as is the case for pure aluminium in
4 mol dm�3 NaOH [10,33,55]. Increasing electrolyte flow rate re-
sults in fast supply of OH� ions to the metal/solution interface and
rapid removal of Al(OH)4� ions away from the aluminium surface,
allowing more of the Al(OH)3 layer to dissolve into the electrolyte,
see Eq. (13) [29]. Among the literature, there has been no rotating
disc electrode study evaluating the effect of rotation rate on the
anodic and cathodic behaviour of aluminium alloys in alkaline
solutions.

In terms of corrosion behaviour of Al/In alloys at 60 �C, the data
in Table 2 shows that inhibition and discharge efficiencies for Al/In
alloys are dependent on the percentage of indium in solid solution.
The Al/In alloys with the lowest indium concentrations showed the
higher discharge efficiencies. In general the corrosion/hydrogen
evolution behaviour of Al/In alloys is very complex depending on
the discharge time, current density, indium level and the degree of
surface roughening [37].

Fig. 7 shows that there is a potential range over which the Al/In
alloys exhibit enhanced anodic currents compared to pure
aluminium. This potential range corresponds with the region of
stability of indium metal in pH 14 electrolyte predicted by the
Pourbaix Diagram, as discussed earlier. The Al/In alloys with
enhanced anodic behaviour were characterised by lightly scal-
loped surfaces covered in indium agglomerates of 0.2e1 mm
diameter. These indium deposits on the surface of the passive
layer were the active sites causing local destruction of this layer
[36,98].

The anodic polarisation curve for Al/0.16% In alloy at 25 �C
exhibited current fluctuations between �1.3 and �1.05 V vs. Hg/
HgO, indicating that the alloy was alternating between a more
active state and the state exhibited by pure aluminium. These
fluctuations could have been caused by successive destruction and
build-up of a passive hydroxide layer due to local variations in pH
at the active sites [36]. A more likely reason to account for these
fluctuations is the low solubility of indium in the alkaline elec-
trolyte [37]. As the aluminium and indium dissolved from the alloy
into the electrolyte, the local indate, InO2

�, concentration increased
and eventually reached saturation in the electrolyte. At this point
any further oxidised indium remained on the aluminium surface
as In2O3, passivating the active sites. After a brief period of time,
when the local indate concentration fell below the solubility limit
(by diffusion or convection), the surface In2O3 could then dissolve
into the electrolyte, and the rate of oxidation of the alloy increased
again. This theory explains why the current fluctuations for an Al/
Sn alloy (Fig. 3) were lower than that observed for the Al/In alloys,
as SnO3

2� is more soluble in pH 14 media than InO2
�. Similarly

GaO3
2� is more soluble in alkaline electrolyte than either SnO3

2� or
InO2

�, explaining why the Al/Ga alloys showed no current fluctu-
ations, see Fig. 5a. This hypothesis for the observed current fluc-
tuations gives strength to the dissolutionedeposition process as
the mechanism of activation of aluminium alloys in alkaline
electrolyte.

3.2.4. Other binary aluminium alloys
Examining other binary alloying elements, 0.15% Mn reduced

the self-corrosion of 99.99% Al at open-circuit, see Table 2, and
enhanced the anodic behaviour with a very negative potential
of �1.52 V vs. Hg/HgO at 200 mA cm�2. The drawback is that Mn
aggravated the parasitic corrosion during discharge, with a
discharge efficiency of 55% [75]. Using manganese as an alloying
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element has been shown to reduce the rate of corrosion of 99.9%
aluminium which contains high levels of iron [63].

The linear sweep voltammograms for a range of other binary
aluminium alloys are shown in Fig. 8. These binary alloys seem to
have no improvement on the anodic behaviour of pure aluminium
because their alloying levels are well below their solid solubility
limit, listed in Table 1. An improvement in anodic behaviour may be
seen if the alloying levels were increased to the limit of their solid
solubility in aluminium.

Some binary aluminium alloys such as Al/Zn exhibit open-
circuit potentials close to the potential at which the alloying
element is oxidised in alkaline solutions. In comparison, other
alloying elements like indium and tin shift the open-circuit po-
tential of aluminium towards the potential at which they are
reduced in alkaline solutions. This may be due to indium and tin
having a wider stability window than zinc in alkaline solutions and
the more negative potential of the base aluminium can shift the
potential of the tin and indium towards their reversible reduction
potentials. In the case of lead, heat treatment of an Al/0.006Pb alloy
at 630 �C followed by water quenching showed that lead has a
tendency to become enriched at the aluminium oxide interface, as
indicated by depth profiling [99]. The segregations formed because
of the extremely small solid solubility of lead in aluminium [99].

The addition of magnesium to aluminium improves its impurity
intolerance most probably because the magnesium forms com-
pounds with elements like silicon, preventing them from reducing
on cathodic sites to act as centres for hydrogen evolution [64,68]. It
also improves the mechanical properties of aluminium such as its
hardness and strength [68,100]. A magnesium concentration of
0.81% significantly aggravated the self-corrosion of 99.99% Al at
open-circuit and during discharge, as indicated in Table 2 [75]. As
Mg is more noble metal than aluminium, it will not redeposit at the
cathodic sites on the aluminium surface. These sites are left
exposed to the solution upon which water reduces, evolving
hydrogen gas. The characteristics of the passive films formed on Al/
Mg alloys were investigated using in-situ ellipsometry [101]. Those
results are not detailed here because limitations of the technique
meant the use of potentials more positive than those experienced
by the aluminium anode in the battery [101,102].

3.2.5. Ternary and quaternary aluminium alloys and polarisation
dominance

Several studies have shown that the discharge and polarisation
characteristics of alloys containing two or more alloying elements
are controlled by one dominant species [37,98]. There exists a
dominance sequence among tin, indium and gallium, with tin being
dominant in an Al/Sn/In/Ga alloy and indium being dominant in an

Al/In/Ga alloy. This dominance was verified by overlapping anodic
polarisation curves between ternary or quaternary alloys and the
binary alloy of the dominant species. The dominance sequence
corresponds with the order of the melting points of the alloying
elements and their rate of diffusion. As the alloying elements plate
out from the electrolyte onto the surface of the aluminium, a
concentration gradient of the alloying element is set up, with a high
concentration on the surface, decreasing towards the bulk of the
alloy. This concentration gradient provides a driving force for the
diffusion of the alloying element from the surface towards the bulk.
The higher the melting point of an element in a solid solution alloy
with aluminium, the slower its back diffusion from the surface of
the alloy [37]. This extends its retention on the surface allowing it to
control the thinning of the passive film and diffusion of aluminium
towards a film-free surface to be oxidised. The dominance of one
element upon the discharge characteristics does not mean that it is
the only one retained as an agglomerate on the aluminium surface.
In the case of Al/Sn/In/Ga alloy, all three alloying elements were
retained upon the surface after discharge.

Researchers have tested a variety of ternary and quaternary
aluminium alloys, of which the corrosion and anodic discharge
characteristics are compared in Table 3. The general aim, when
alloying different elements together with aluminium, was to
improve upon the behaviour of the binary alloys discussed above,
such as to enhance the anodic currents delivered by Al/Sn alloys or
to reduce the self-corrosion of Al/In alloys. An alloy that received
much attention was named Alloy BDW, Al/0.84Mg/0.13Mn/0.11In
[75]. It attained discharge efficiencies over 90% at 600 mA cm�2 at a
potential of �1.64 V vs. Hg/HgO in a solution at 60 �C, (Table 3).

The aluminium alloy optimised for an Alupower� battery was
99.999% aluminium alloyed with 0.07 wt% tin and 0.5 wt% mag-
nesium, known as EB50V [50,61]. Its discharge efficiencies excee-
ded 90% at current densities above 50 mA cm�2, see Table 3. These
efficiencies were higher than those of a binary alloy with a similar
composition of tin. Perhaps the magnesium is contributing to
reducing the parasitic corrosionwhen added to an Al/Sn alloy [101].
The composition of this alloy was optimised for use under these
nominal conditions: 8 mol dm�3 KOH, 60 �C with addition of
0.01 mol dm�3 sodium stannate as a corrosion inhibitor [61].

All the aluminium alloys in Table 3 were evaluated at an
elevated temperature of 60 �C which is the optimum temperature
for an aluminiumeair system [103]. Among the research that
adhered to the sample preparation requirements regarding solu-
tion heat treatment, none of them carried out tests at intermediate
temperatures between 20 and 60 �C. An alloy attaining high
discharge rates at 60 �C, may not attain the same anodic currents at
room temperature, as shown for Al/Ga alloys in Fig. 5. This is

Table 3
The open-circuit corrosion characteristics and discharge efficiencies of various ternary and quaternary aluminium alloys in half-cell tests. References i [50], ii [75,189], iii [190].
The electrolyte temperature for each of these experiments was 60 �C. Solution heat treatments: 600 �C for ii 8 h and iii 4 h followed by water quench. 4inh is the inhibition
efficiency at open-circuit. 4dis is the discharge efficiency.

Alloy % inhibition eff.
at open- circuit

% discharge efficiency under
galvanostatic discharge

Electrode potential during galvanostatic discharge

% 4inh % 4dis at j in mA cm�2 E vs. Hg/HgO/V

50 200 300 600 Eoc E50 E200 E600

Ternary & Quaternary alloys
Al/0.5Mg/0.07Sni (EB50V) 99 99
Al/0.84Mg/0.13Mn/0.11Inii (Alloy BDW) 94 91 90 �1.70 �1.69 �1.64
Al/0.12Mn/0.11Inii 79 86 88 �1.76 �1.79 �1.58
Al/0.8Mg/0.097Inii 96 87 87 �1.70 �1.70 �1.59
Al/0.40Mg/0.04Ga/0.10Snii (AB50V) 60 86 100 �1.73 �1.63 �1.63
Al/0.1Ga/0.1In/0.1Pbiii 90
Al/0.14Mn/0.84Mgii �1876 4 11
Al/0.80Mg/0.04Gaii �1876 4 11 �1.87 �1.73 �1.65
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significant for small scale Aleair batteries in the several watts range
employing a simple static electrolyte system at ambient tempera-
ture upon start-up. If the system is starting from room temperature,
an applicable alloy would have to be chosen. If an alloy from Table 3
is selected, external pre-heating of the electrolyte may be feasible
to activate the alloy or a run-in time would have to be accommo-
dated for as the electrolyte heats up. Experiments have shown that
during discharge the electrolyte temperature will increase from 20
to 60 �C after at least 1 h discharge [103].

3.3. Grain size

The effect of grain size on the corrosion and anodic behaviour of
aluminium alloys in alkaline solutions was not discussed in the
above studies. It may be an important point to consider as the grain
size of the alloys will vary depending on the duration of the solu-
tion heat treatment. A fine-grained structure will have a high
density of inter-crystalline areas such as grain boundaries and triple
junctions which increase the reactivity of the surface through
increased electron activity and diffusion [104]. Passive film for-
mation and adhesion would improve as a result, reducing the al-
loy’s anodic behaviour. Also the enhanced diffusion may reduce the
length of time at which surface deposits of the alloying element,
formed via the dissolutionedeposition mechanism, are retained on
the surface. This would dictate whether a particular minimum
surface concentration of the reduced metal species is retained on
the surface to reach activation [76]. Other factors to consider
include the processing route used to manufacture the electrodes,
because this leads to microstructural changes, develops alloy
texture and introduces internal stresses, which may impart cracks
into the passive film [104,105].

4. Effect of electrolyte additives on an aluminium anode

Manufacturing super-pure aluminium alloys with trace
amounts of elements such as tin and indium is expensive. An
alternative method of reducing the corrosion of aluminium in
alkaline solutions, without affecting its dissolution characteristics,
is to add inhibitors to the electrolyte [32]. They are advantageous

because (a) they allow inexpensive scrap aluminium to be used as
anodes instead of expensive high-purity aluminium alloys, (b) they
increase the overpotential for parasitic hydrogen evolution [10] and
(c) inhibition of the cathodic water reduction reaction shifts its
open-circuit potential to more negative values [32]. The solution
phase inhibitors chosen are typically the same as the elements used
to form the high-purity aluminium alloys [32]. Additives can also be
added to cause the aluminium hydroxide to form into a crystalline
powder form, falling to the bottom of the cell leaving the reaction
surface at the anode clear and active [106].

Gallium as an electrolyte additive was found not to be viable as a
solution phase inhibitor as it resulted in the rapid corrosion and
consumption of the aluminium [32]. Difficulties associated with
employing solution phase additives include: (i) electrolyte
composition change and (ii) formation of large insoluble pre-
cipitates which could block and short-circuit the cells as well as
interfere with the performance of the air cathodes and the pre-
cipitation kinetics of Al(OH)3 [73].

This section examines the effect of electrolyte additives on the
electrochemical behaviour of pure aluminium, of 99.99% purity or
higher, unless otherwise stated. Studies which investigated the
effect of additives on commercial grade aluminium alloys have not
been included in this review [107].

4.1. Stannate ion

Stannate, SnO3
2�, has varying effects on the corrosion and

dissolution of aluminium in alkaline solutions, depending on the
quantity used. Among a range of concentrations in a 4 mol dm�3

KOH solution at 50 �C, 1 �10�3 mol dm�3 Na2SnO3 was found to be
ideal, as it showed discharge efficiencies as high as 95%, see Table 4.
The tin plated out of the electrolyte onto cathodic sites on the
surface of the aluminium inhibiting the water reduction reaction
[32]. A concentration of 1�10�3mol dm�3 Na2SnO3 also resulted in
the least change in anodic behaviour of pure Al under galvanostatic
discharge, as indicated in Table 4 [32]. There is no evidence of a
well-defined potential range over which the stannate ion exerts an
effect on the aluminium, corresponding to the stability range for
tin. Comparison with the anodic behaviour of Al/Sn binary alloys in

Table 4
Effect of solution phase inhibitors on inhibiting the corrosion rate of Al in alkaline solutions at open-circuit and under discharge in half-cell tests. a [32], b [109], c [108], d [40].
Electrolyte temperature a 50 �C, c 30 �C and d 25 �C.

Inhibitor/mol dm�3 % inhibition eff. at open-circuit % discharge efficiency under
galvanostatic discharge

Electrode potential during galvanostatic discharge

% 4inh % 4dis at j in mA cm�2 E vs. Hg/HgO/V

e 100 200 400 Eoc E100 E200 E400

Pure Al in uninhibitied solutiona 70 89 �1.71 �1.56 �1.41
Stannate
10�4 Na2SnO3

a �94 �1.61
10�3 Na2SnO3

a 24 79 95 �1.73 �1.54 �1.44
10�2 Na2SnO3

a 67 63 77 �1.68 �1.48 �1.3
Indium hydroxide
10�4 In(OH)3a 97 50 �1.75 �1.6
10�3 In(OH)3a �178 �1.74
10�2 In(OH)3a �195 30 49 �1.73 �1.65 �1.55
10�3 K2MnO4

a 32 91 99 �1.73 �1.5 �1.3
10�3 K2MnO4 þ 10�3 In(OH)3a �5 70 87 96 �1.71 �1.55 �1.32 �1.1
10�3 K2MnO4 þ 10�2 In(OH)3a 26 69 87 �1.7 �1.4 �1.1
10�2 Na2SnO3 þ 10�3 In(OH)3a 80 76 88 96 �1.72 �1.55 �1.4 �1.1
10�2 Na2SnO3 þ 10�2 In(OH)3a 73 79 89 96 �1.75 �1.5 �1.47 �1.38
0.2 M ZnOd 98 �1.31
Cationic surfactants
1.8 � 10�4 CTABb 14 �1.42
0.5 � 10�3 CTACc 40
2.976 g L�1 lupineb 63 �1.47
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Fig. 3 indicates that this defined potential range, is only observed at
25 �C and not at elevated temperatures.

At stannate concentrations greater than 1 � 10�2 mol dm�3, tin
plating on the aluminiummay give rise to dendritic growths which
would short-circuit the battery or damage any electrolyte circula-
tion system [50,75]. The stannate interferes with electrolyte man-
agement by making it difficult to maintain the required electrolyte
concentration due to the precipitation of Sn in insoluble oxides [74].
It can also retard the growth of aluminium hydroxide crystals
reducing the efficiency of any regenerative crystalliser unit
[50,73,75]. An aluminiumeair cell using stannate as an inhibitor in
a 7.5mol dm�3 KOH solution had an energy density of 106Wh kg�1

[62], which is approximately one-quarter of the energy density of
commercial Aleair cells.

4.2. Indate ion

Additions of In(OH)3 are beneficial for enhancing the anodic
behaviour of pure aluminium as shown in Table 4, with
1 � 10�2 mol dm�3 In(OH)3 inducing the most negative potentials
at a given discharge current. In a fashion to Al/In alloys, indium
hydroxide additives exerted an influence over a defined potential
range corresponding to its region of stability. Within this potential
region, indium plated out of the electrolyte onto the aluminium
surface, helping to break down the passive hydroxide layer to
promote oxidation of the underlying aluminium. In(OH)3 electro-
lyte additions aggravated the corrosion of the pure aluminium,
compared to its behaviour in an uninhibited electrolyte, giving

negative inhibition efficiencies and low discharge efficiencies, as
shown in Table 4 [32]. This aggravated corrosionwas due to the rate
of hydrogen evolution being much faster reaction on indium than
on aluminium [32].

Synergistic effects have been demonstrated among solution
phase inhibitors. One example includes 1 � 10�2 mol dm�3 Na2S-
nO3and 1 � 10�2 mol dm�3 In(OH)3, combining the corrosion
inhibiting effect of Na2SnO3 and the dissolution promoting effect of
In(OH)3. This pair induced a high inhibition efficiency of 73% at
open-circuit and discharge efficiencies as high as 96% (Table 4). The
results of galvanostatic discharge tests inTable 4 show that theyalso
shifted the potential of pure aluminium to more negative values
over a current density range of 0e400mA cm�2 [32]. A combination
of 1 � 10�3 mol dm�3 K2MnO4 with 1 � 10�3 mol dm�3 In(OH)3 in
4 mol dm�3 KOH was not as effective at inhibiting the open-circuit
corrosion or at reducing the anodic electrode overpotential.

4.3. Cationic surfactants

Evolution of hydrogen arises from water reduction at cathodic
sites on the aluminium surface. Cationic surfactants could inhibit
this reaction by blocking the cathodic sites on the aluminium [108].
One such cationic surfactant, cetyltrimethylammonium bromide
(CTAB) weakly inhibited the corrosion of 99.6% aluminium in
2 mol dm�3 NaOH, with only 14% inhibition efficiency at open-
circuit, see Table 4 [109]. In addition, the CTAB restricted the
anodic oxidation of the aluminium by adsorbing at the aluminium/
alkaline solution interface reducing the active area [109]. A similar

Table 5
Survey of high-activity gas diffusion electrode designs. CB is carbon black, AB is acetylene black. All designs incorporated a nickel-mesh current collector.

Gas diffusion layer Catalyst Preparation of carbon
supported catalyst

Active layer
composition

IL/mA cm�2 Reference

Perovskite type
CB, 4.7 m2 g�1, 30% PTFE 1.9 mg cm�2 La0.6Sr0.4Mn0.8Fe0.2O3 Reverse micelle KB 1270 m2 g�1,

15% PTFE
500 mA cm�2 at �67 mV
vs. Hg/HgO, oxygen flow

[191]

CB 74 m2 g�1, 15e25% PTFE 3.5e9.9 mg cm�2 La0.6Ca0.4CoO3 Amorphous citrate
precursor

CB 830 m2 g�1,
15e25% PTFE

3000 mA cm�2 at �125 mV
vs. Hg/HgO oxygen flow;
166 mA cm�2 at �125 mV
vs. Hg/HgO air flow

[192]

70% AB, 30% PTFE 50% La0.6Ca0.4CoO3 Amorphous citrate
precursor

35% KB 1300 m2 g�1,
15% PTFE

300 mA cm�2 at �200 mV
vs. Hg/HgO, air flow

[128]

30e50% carbon, 50e70% PTFE La0.6Ca0.4CoO3 Amorphous citrate &
drip pyrolysis

Graphite/graphitised
AB, 25% PTFE

1000 mA cm�2 at �275 mV
vs. Hg/HgO, oxygen flow

[193]

70% CB 47 m2 g�1, 30% PTFE 6 mg cm�2 LaMnO3 Reverse micelle 85% KB 1270 m2 g�1,
15% PTFE

300 mA cm�2 at �300 mV
vs. Hg/HgO, air flow

[131]

70% CB 47 m2 g�1, 30% PTFE 6 mg cm�2 LaMnO3 Reverse micelle KB 1270 m2 g�1,
15% PTFE

400 mA cm�2 at �100 mV
vs. Hg/HgO, air flow

[194]

70% CB 47 m2 g�1, 30% PTFE LaMnO3, 20e30 nm NAC-FAS & milling KB 1270 m2 g�1,
15% PTFE

300 mA cm�2 at �80 mV
vs. Hg/HgO, air flow

[195]

40% AB/active carbon
mixture, 60% PTFE

10% La0.6Sr0.4MnO3, 20e50 nm Sol-gel & ultrasonic
dispersion

50% CB, 40% PTFE 324 mA cm�2 at �200 mV
vs. Hg/HgO

[196]

70% CB 47 m2 g�1, 30% PTFE La0.4Ca0.6Mn0.9Fe0.1O3, 15 nm Reverse micelle KB 1270 m2 g�1,
15% PTFE

500 mA cm�2 at �50 mV
vs. Hg/HgO, oxygen flow

[197]

Porphyrin
65% Vulcan HT, 35% PTFE Co-TMPP Sigma Aldrich &

dispersion
with n-hexane

70% Vulcan,
30% PTFE

500 mA cm�2 at �250 mV
vs. Hg/HgO, air

[198]

30e50% carbon, 50e70% PTFE CoTPP, 10e80 nm Acetate precursor
method

Vulcan 254 m2 g�1,
10e20% PTFE

1000 mA cm�2 at �186 mV
vs. Hg/HgO, oxygen flow

[133]

Spinel
70% EB, 30% PTFE 25% LiMn2Co1O4 Amorphous citrate

method
60% CB, 15% PTFE 500 mA cm�2 at �400 mV

vs. Hg/HgO, oxygen flow
[199]

70% EB, 30% PTFE 25% LiMn1.4Co0.6O4 Amorphous citrate
method

60% CB, 15% PTFE 2500 mA cm�2 at �300 mV
vs. Hg/HgO, oxygen flow

[200]

40% AB, 60% PTFE MnCo2O4 Nitrate precursor in
microwave oven

Acetylene black 250 mA cm�2 at �140 mV
vs. Hg/HgO, air

[201]

Catalyst mixtures
40% Vulcan XC-72, 60% PTFE 9.5 mg cm�2 La0.1Ca0.9MnO3/

1.5 mg cm�2 CoTPP
Direct precipitation Ketjan Black &

Vulcan
300 mA cm�2 at �190 mV
vs. Hg/HgO

[132]
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inhibitor, cetyltrimethylammonium chloride (CTAC), tested in the
concentration range, 0.15e1.7 mmol dm�3, was also poor at
inhibition of the open-circuit corrosion of 99.95% Al in
1.5 mol dm�3 NaOH [108]. The open-circuit inhibition efficiency for
0.5 � 10�3 mol dm�3 CTAC was 40%. In a similar manner to CTAB,
the CTAC inhibited the anodic discharge of aluminium [108].

4.4. Zinc oxide

The addition of zinc oxide, in a concentration range of 50e
600 � 10�3 mol dm�3, was investigated as a corrosion inhibitor
for 99.9995% Al in 4 mol dm�3 KOH, under open-circuit condi-
tions [40,67,110]. A maximum inhibition efficiency of 97.5% was
recorded via a hydrogen collection method with a concentration of
0.2 mol dm�3 ZnO (Table 4) [40]. The zinc deposited on the
aluminium surface, increasing the overpotential for hydrogen
evolution. The zinc deposit shifted the anodes open-circuit poten-
tial in the positive direction, from �1.7 to �1.3 V vs. Hg/HgO
because the electrode potential of zinc is more positive than that of
aluminium [40,67]. The anodic polarisation curve for 99.9995%
aluminium in a 200 � 10�3 mol dm�3 zincated solution shows a
peak at �1.07 vs. Hg/HgO. This is due to the oxidation of the zinc
deposit in addition to the oxidation of the aluminium. The current
peak indicates the point at which all of the zinc had re-dissolved
back into the electrolyte and the behaviour returned to that of
pure aluminium.

4.5. Plant extracts

Plant extracts are being considered as a corrosion inhibitor for
aluminium in alkaline solutions as a replacement of toxic chemicals
widely used in industry and to reduce the operating cost [109].
Lupine seed extract was found to inhibit the open-circuit corrosion
of a 99.6% Al alloy in 2 mol dm�3 NaOH by 62%, due to adsorption of
its active ingredient onto the alloy surface and reducing the active
area [109]. However, it also impeded the anodic discharge of the
aluminium.

5. The air (gas diffusion) electrode

The air cathode (often a gas diffusion electrode) is one of the
most expensive components of a metaleair battery and is largely
responsible for determining the cell performance [27,111]. Air
cathode technology has been reviewed for PEM fuel cell [112,113],
metaleair cell [111,114e117] and alkaline fuel cell applications
[118,119], and will not be considered in detail here.

The high current densities attainable with the aluminium alloys
(600 mA cm�2), identified in Table 3, make the aluminiumeair
battery versatile for a wide-range of applications depending on
what electrocatalyst is selected. Should one of the inexpensive,
high-activity catalysed air electrodes shown in Table 5 be chosen,
then the aluminiumeair battery could be used for a short-discharge
high-power density application. It would be limited to a short-
discharge owing to the poor durability of many high-activity cat-
alysts, such as LaMnO3 [111]. Reviewing the design of the high-
activity electrodes in Table 5 shows they all have a double-
layered structure of gas diffusion and active layers laminated
with a nickel-mesh current collector [113,120]. The ratio of carbon/
binder in the respective layers is very similar across the electrodes,
forming a bimodal pore network to optimise the wetting of the
electrodes without flooding and impeding oxygen diffusion [121e
125]. The degree of porosity is highly dependent on the sintering
times and lamination pressures used during manufacture [126].
The high-activity of the perovskite electrodes is in part due to the
promotion of the direct four-electron oxygen reduction as well as

catalytically decomposing the peroxide formed at the carbon
[125,127]. The resistance associated with peroxide diffusion from
the carbon to the catalyst can be minimised by taking advantage of
a high surface area carbon (1200 m2 g�1) in the active layer [128].
Some of the highest current densities (upwards of 3000 mA cm�2)
were attainable when pure oxygenwas used as the reactant instead
of air, while elevated pressures will also have a similar effect
[129,130].

The catalyst preparation route is key to the activity of the
electrodes shown in Table 5. For example a reverse micelle prepa-
ration of perovskites compared to an amorphous malate precursor
route achieves a higher dispersion of catalyst on the carbon support
and perhaps better catalyst utilisation [131]. The synthesis method
will also influence the surface area of the catalyst [132]. In the case
of the porphyrins a subsequent heat treatment of the catalyst is
required to enhance their activity and stability [133e136]. A
reduction in surface area of the carbon support following heat
treatment necessitates the use of additional un-heat treated carbon
in the active layer to maintain high electrode porosity [133]. Clearly
there is great complexity in the design of a high-activity gas
diffusion electrode.

In terms of high-energy density applications, manganese oxide
has received increased attention due to its high chemical stability
as well as low cost and toxicity and high catalytic activity [120,137].
The oxygen reduction reactivity of MnOx in a coin-type Aleair cell
has been compared against that of platinum for galvanostatic
discharge at 0.4 mA using aluminium powder as the anode [137].
The choice of electrolyte, a KOH/ethanol mixture for this compar-
isonwas not appropriate because ethanol is oxidised by platinum to
form carbon dioxide [118,138]. The discharge density for the button
cell with theMnOx catalyst was 512W h kg�1-Al, which is a fraction
of the theoretical specific energy of 8100 W h kg�1-Al of an
aluminium anode [137].

Some of the mixedmetal-oxide catalysts such as the perovskites
are electrically insulating and so the carbon support is used to
enhance conductivity. This addresses an area of development in gas
diffusion electrodes aimed at minimising the voltage drop associ-
ated with the transfer of electrons to the reaction site. At present,
gas diffusion electrodes are manufactured by pressing a carbon/
catalyst mixture in between the pores of a metal mesh. This means
that the catalyst is not in direct contact with the metal mesh cur-
rent collector, so there is an associated voltage drop. The ohmic
losses associated with the gas diffusion electrodewould be reduced
by directly bonding the catalyst to the metal mesh current collector
[139,140]. Electrodeposition of catalysts such as, platinum [141,142]
or manganese oxide [143e145], is seen as a feasible way of
achieving this [142,146].

6. Future prospects for aluminiumeair batteries

6.1. Identification of new aluminium alloy anodes via combinatorial
chemistry approaches

Manufacture and electrochemical testing of super-pure
aluminium alloys with varying compositions is an expensive and
time-consuming process. Combinatorial chemistry would allow the
simultaneous synthesis and screening of a large number of alloys
under identical conditions relevant to the aluminiumeair envi-
ronment. This technique is growing in popularity to optimise the
composition of materials having specific physical or chemical
properties [147]. Using this technology, a 10 � 10 array of individ-
ually addressable aluminium alloy electrodes could be fabricated
onto a silicon nitride capped silicon wafer in a high-throughput
physical vapour deposition system. The array would contain a
gradient of varying aluminium alloy composition [147,148].
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Screening would involve carrying out simultaneous half-cell tests
on each of the Al alloy electrodes [147]. This would allow identifi-
cation of the alloying elements, either in binary or ternary alloys
that enhance the anodic behaviour of aluminium in alkaline solu-
tions at different temperatures, ranging from 20 to 60 �C. This is
important since previous published research has focused on iden-
tifying alloys suitable for use at 60 �C. A similar high-throughput
screening technique has been used for the evaluation of micro
zinceair [149] and tineair cells [150].

6.2. Three-dimensional aluminium alloy anodes

A three-dimensional aluminium electrode is advantageous to
increase the active surface area and hence working current [45].
Various forms of high surface area aluminium exist including
foams, meshes and honeycombs [151]. Commercial suppliers of 3-D
aluminium metal include: (a) ERG Materials and Aerospace Cor-
poration supply aluminium 6101 foams, (b) COREX, who supply
3003 and 5052 aluminium honeycomb and (c) M-Pore who supply
99% aluminium foam [152]. A comprehensive list of aluminium
foam suppliers is available [153].

One method to fabricate a 3-D aluminium macroporous elec-
trode includes the replication process [154,155]. This consists of a
pressure filtration technique where a solid material such as NaCl
particles is used as a pore shaping template. Molten aluminium is
then poured under pressure of 1MPa into the porous NaCl template
and allowed to cool down. The template is subsequently removed
by dissolution. There may be difficulty maintaining the high-purity
of the aluminium alloy during the manufacture of the foam via the
replication technique [155]. Another 3-D anode design is
aluminium nanorods, 30e90 nm diameter, 1e2 mm length,
produced by chemical vapour deposition [156]. Prototype
aluminiumeair button cells (diameter, 20 mm) employing the
99.99% pure aluminium nanorods and an air cathode consisting of
La0.6Ca0.4CoO3 perovskite catalyst had an energy density of
458Wh kg�1 at a very low discharge current of 0.7mA cm�2. This is
superior to that of a similar cell using 99.99% aluminium powder as
the anode (236 W h kg�1). The larger surface area of the Al nano-
rods allowed them to deliver more current at a given current
density compared to the Al powder. The use of granular Al, 8e
12 mm in diameter, as a high surface area anode has also been
explored [157]. As the gas diffusion electrode is the limiting
component of the battery, a high surface area aluminium anode is
only beneficial if it is paired with a similarly high surface area air
cathode.

6.3. Anionic membranes

Researchers have explored the use of anionic membranes in
aluminiumeair batteries to restrict the amount of water making
contact with the aluminium surface to reduce the parasitic corro-
sion reaction. One novel approach employed a polymer mixture of
polyacrylic acid, PAA encapsulating particles of aluminium powder
(11.5e45 mm) and facilitating hydroxyl ion conduction [158]. This
technique meant that the reaction product, Al(OH)3, remained
mostly entrapped by the PAA, helping to maintain electrolyte
conductivity throughout the discharge. The energy density of an
Aleair cell constructed with this anode was very low at
199 W h kg�1-Al. Anion exchange membranes have also been used
as a solid polymer electrolyte at the interface between the elec-
trolyte and the air electrode [114]. Two of the functions of this
membrane were to prevent the Al(OH)3 clogging the pores of the
air cathode and to prevent neutralisation of the alkaline electrolyte
by carbon dioxide.

6.4. Gel and solid polymer electrolytes

A potassium hydroxide solution gelled with hydrophonics gel
(HPG) has been used as an electrolyte for an aluminiumeair cell in
order to trap the solution and minimise any electrolyte leakage
[159]. The energy density was very low at 183 W h kg�1-Al due to
the extremely high resistance of the gel (11.1 U) restricting the
discharge current density to below 10mA cm�2, the use of a 95 wt%
pure anode and anode passivation by a layer of Al(OH)3 [159]. The
conductivity of gel electrolytes would need to be improved in order
for this system to be viable. In another Aleair cell design an alkaline
membrane synthesised from polyvinyl alcohol (PVA) and poly-
acrylic acid polymer were used as solid polymer electrolyte. A
KMnO4 catalysed air electrode formed the cathode and 99.99% Al
plate the anode. The cell’s discharge performance was extremely
poor with a peak power density of 1.2 mW cm�2 at a low current
density of 1.2 mA cm�2 due to passivation of the aluminium surface
by the discharge product [160]. Gel and solid polymer electrolytes
have low solubility for Al(OH)4� ions meaning that during anodic
discharge the Al(OH)3 cannot dissolve into the electrolyte to form
aluminate. The conductivity of these electrolytes is also insufficient
to replenish the OH� ions consumed at the electrode surface,
resulting in passivation of the aluminium.

6.5. Mixed electrolytes and alternative solvents

The aluminium anode in aqueous solutions undergoes self-
discharge with the production of a large amount of hydrogen gas,
reaction (4). The solvent water, with its high protic activity, is
largely responsible for the large corrosion rate of the aluminium
anode in alkaline aqueous solutions [161]. The substitution with an
aprotic solvent, that neither donates nor accepts Hþ ions, may
effectively inhibit the corrosion of aluminium.

6.5.1. Alcohols
Alcohols used to form both aqueous and non-aqueous alkaline

KOH solutions for aluminium corrosion tests include methanol
[162,163], ethanol [164] and propanol [165]. Without any water,
there was no hydrogen evolution from the surface of the
aluminium in these alkaline alcohol solutions. The open-circuit
corrosion current density was extremely low at 0.0976 mA cm�2

in a 4mol dm�3 KOH solution at 25 �C [164]. These solutions almost
completely inhibited the oxidation of aluminium as replacing water
with the other solvents decreases the ionic conductivity of the
electrolyte and the hydration of the surface product layer [161,162].
The rate of oxidation of the aluminiumwas improved upon mixing
the alkaline alcohol solutions with water, although still inferior to
the performance in a 100% aqueous solution. Perhaps the dissolu-
tion of an aluminium alloy instead of 99.9995% pure aluminium in
these tests may not be as inhibited by these electrolyte mixtures,
but that is yet to be determined.

The suitability of alcohols as electrolytes in Aleair batteries
depends on their stability in contact with the catalysed air elec-
trode. A platinum catalysed air electrode would be unsuitable for
use with methanol or ethanol electrolytes, as they are oxidised by
platinum releasing carbon dioxide gas [118,138]. Alternative cata-
lysts, such as tungsten carbideesilver composite (AgeW2C/C) [166]
and a La0.6Ca0.4CoO3 perovskite have been successfully used for the
reduction of oxygen in alkaline alcohol/water mixtures [156].

6.5.2. Ionic liquid electrolytes
As mentioned earlier, aluminiumeair batteries are primary

sources of energy because aluminium cannot be electrodeposited
from aqueous solutions due to its negative standard potential
leading to hydrogen evolution before aluminium deposition can
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occur at the negative electrode [25,26]. A suitable electrolyte for a
rechargeable aluminiumeair battery is one that is aprotic such as
ionic liquids and electrolytes based on organic aprotic solvents
[26,167]. The disadvantages of organic solvents, such as tetrahy-
drofuran, include narrow electrochemical window, low electrical
conductivity and high volatility and flammability [168]. Details and
current challenges with ionic liquids are briefly discussed below.
More detailed reviews covering the history and use of ionic liquids
can be found elsewhere [169e172].

Research into ionic liquids for metaleair batteries has received
enormous investment. For example, in November 2009, the U.S.
Department of Energy awarded a $5.13 million research grant to
Fluidic Energy towards the development of a metaleair battery
using an ionic liquid electrolyte [173]. Ionic liquids are room tem-
perature molten salts, composed mostly of organic ions that can be
used as solvents for the electrodeposition of metals or as the
electrolyte for batteries [170]. An ionic liquid electrolyte is advan-
tageous compared to aqueous electrolytes, as aluminium is not
prone to the parasitic hydrogen generation reaction [174].

Chloroaluminate ionic liquids are considered to be the first
generation of ionic liquids used for the electrodeposition of
aluminium [25,175,176]. These are prepared by combining highly
hygroscopic AlCl3 with a suitable organic chloride such as
N-butylpyridinium chloride (N-BPC) and 1-ethyl-3-
methylimidazolium chloride (EMIC) [177]. Several researchers
have explored the use of chloroaluminate ionic liquids as electro-
lytes for aluminium batteries [167,178]. One drawback is difficulty
with preparation due to the highly exothermic reaction between 1-
ethyl-3-methylimidazolium chloride (EMIC), and AlCl3, making
them expensive [167,179,180]. Other chloroaluminate ionic liquids
such as trimethylphenyl ammonium chloride (TMPAC)-AlCl3 are
easy and inexpensive to prepare in a relatively high state of purity
since TMPAC is commercially available in high-purity [181]. The
conductivity of the AlCl3/EMIC ionic liquids is significantly inferior
to that of aqueous solutions at 0.017 S cm�1 [179] compared to
0.7 S cm�1 for 7 mol dm�3 KOH at 30 �C [56]. Due to their hygro-
scopic nature, chloroaluminate ionic liquids must be handled under
an inert-gas atmosphere or at least under dry air [25,168,169]. This
rules them out for use as an electrolyte in aluminiumeair batteries
unless the battery could be sealed and an O2-permeating mem-
brane placed on the external surface of the air cathode to prevent
moisture, from the air, ingressing into the cell [182]. Cycling of ionic

liquid AlCl3/EMIC ionic liquid resulted in changes in electrolyte
composition, which limited the cyclability of the deposited
aluminium [178].

An alternative to the chloroaluminate ionic liquids is air and
water stable ionic liquids such as 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide ([EMIm]TFSI), 1-butyl-1-met
hylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMP]TFSI),
[(Trihexl-tetradecyl)phosphonium] bis(trifluoromethylsulfonyl)
imide (P14,6,6,6TFSI) [25,183] and 1-butyl-3-methylimidazolium
tetrafluoroborate, [BMIm]TFB [161]. Mixing these liquids with AlCl3
and following successive aluminium deposition and stripping cy-
cles, charge efficiencies of 100%, 4% and 87% respectively were
recorded at 25 �C [25]. [EMIm]TFSI was superior to the other two
because its lower viscosity allowed it to deliver a higher peak
discharge current density of 12 mA cm�2 compared to 0.1 mA cm�2

for [BMP]TFSI and 0.4 mA cm�2 for P14,6,6,6TFSI at 25 �C [25].
Although these ionic liquids are still novel and expensive, their cost
should come down if they go into large-scale production for
aluminium electrodeposition [171].

The chargeedischarge behaviour of an air electrode in the ionic
liquid, TMPATFSI (Trimethyl-n-propylammonium bis(tri-
fluoromethylsulfonyl) imide), has been investigated [184]. The air
electrodewas amixture of nickel particles boundwithPTFEparticles,
with one side in contact with the electrolyte and the other open to
the air. Themechanismof oxygen reductionproceeds via a reversible
1e� step to form the superoxide ion, O��

2 [185,186]. In practical terms
a one-electron transfer step at the air cathode will limit the power
density of rechargeable ionic liquid aluminiumeair batteries.

Several novel developments in aluminiumeair battery research
have been discussed above. The performance of these systems, such
as the geleelectrolyte based one, in terms of maximum discharge
current density and energy density is far inferior to the conventional
Aleair cell design employing a re-circulating electrolyte, as indicated
in Fig. 9. Of the systems, a maximum of 3900 W h kg�1-Al at a
discharge current density of 50 mA cm�2 was delivered by an
aluminiumeoxygensystem incorporatinganAl/Mn/In/Mgalloy [63].
This cell delivered reasonable cell potential differences up to current
densities of 200 mA cm�2. The other flowing electrolyte system
shown in Fig. 9, the bipolar design, could not be discharged at such
high current densities because it used 99.99% Al as the anode which
was inferior to the Al/Mn/In/Mg alloy used by the other system [52].

7. Conclusions

1. The corrosion and oxidation of pure aluminium in alkaline
solutions is dependent on a number of variables including the
electrolyte properties: temperature and its type, its flow rate
and concentration, along with the purity of the aluminium.
Pure aluminium in an uninhibited alkaline solution oxidises at
a high overpotential because of a passive hydroxide layer and
has a low discharge efficiency because of a parasitic reaction
involving the reduction of water.

2. Alloying aluminium with particular elements or adding in-
hibitors to the electrolyte can reduce the self-corrosion and
enhance its oxidation rate. Properties of a suitable alloying
element include: (i) a low melting temperature to form a solid
solution alloy with aluminium, (ii) solubility with aluminium,
(iii) a higher nobility than aluminium in the electrochemical
series, (iv) solubility in the electrolyte and (v) a high hydrogen
overpotential.

3. The electrochemistry of the alloys is determined by the elec-
trochemistry of the alloying element and is highly dependent
on the electrolyte temperature. An alloy that has enhanced
anodic behaviour at 60 �C may not display this enhanced
behaviour at 25 �C. Similarly an alloy with poor corrosion
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Fig. 9. Comparison of performance data for some Aleair cells. Cell potential difference
versus current density curves. The distinguishing features of each of the systems is: :
Geleelectrolyte [159], C Bipolar Aleair cell with 99.99% Al [52], + AleO2 system with
flowing electrolyte [63].
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behaviour at 60 �C, may not yield such poor behaviour at a
lower temperature. There is a shortage of anodic polarisation,
galvanostatic discharge and corrosion data for aluminium al-
loys in alkaline solutions at 25 �C.

4. Alloys desirable at 60 �C that exhibited extremely high anodic
currents, upwards of 600mAcm�2 at potentials of�1.64V vs.Hg/
HgO and discharge efficiencies greater than 90% include Al/0.5%
Mg/0.07% Sn, known as EB50V, and Al/0.84Mg/0.13Mn/0.11In.
More detailed experimental study is required on the effect of
other alloyingelements such as antimony, bismuth, cadmiumand
zinc in quantities closer to their solubility limit in aluminium.

5. The rationale behind the choice of electrolyte inhibitor is similar
to that of alloying elements. A suitable inhibitor pair is
10 mmol dm�3 Na2SnO3 þ 10 mmol dm�3 In(OH)3 for use at
50 �C. Many studies of electrolyte inhibitors have evaluated
effectiveness solely on its inhibition efficiency at open-circuit.
Further work should be carried out on additions like ZnO, to
elucidate their effectiveness at inhibiting thehydrogenevolution
under discharge. Investigations can explore synergies between
corrosion inhibiting additives such as cetyltrimethylammonium
bromide and activating additives such as indium hydroxide. The
solubility limit of inhibitors in alkaline solutions needs to be
characterised to determine their desired concentration.

6. The design of gas diffusion electrodes plays as an important
role as the material electrochemistry. A step-change in the
design of gas diffusion electrodes can be achieved by binding
the electrocatalyst directly to the metal mesh current collector
to minimise resistance to transfer of electrons to the reaction
sites.

8. Future developments

Finally, likely future developments in alkaline aluminiumeair
batteries are considered. Although several alloys have been identi-
fiedwith lower corrosion currents compared topure aluminium, their
rate of self-corrosion particularly at open-circuit is still of the order of
10mA cm�2 which is unacceptable when compared with that shown
by zinc (ca. 0.1mA cm�2). This problemof self-corrosion coupledwith
the high cost for manufacture of high-purity aluminium alloys ex-
cludes aluminiumeair batteries for use as commercial portable bat-
teries employing a static electrolyte design. The issue of cost can be
addressed by reviewing the literature on the corrosion and anodic
behaviour of commercially available alloys in alkaline solutions and
comparing it with that of the high-purity alloys identified in this re-
view. The challenge of open-circuit self-corrosion can be overcome by
integrating anAleair batterywith aflowingelectrolyte system,where
the electrolyte can be stored externally to the cell when not in use,
although operational hydrogen management would still be required.
The irreversibility of the aluminium oxidation reaction means that a
flowing electrolyte system may be less favourable compared to an
electronically rechargeable battery. Currently the knowledge gained
in trying to minimise the volume of evolved hydrogen from the alloy
surface is beingused todesignaluminiumalloys asportable sources of
hydrogen, to overcome the technical challenges associated with
hydrogen transport for fuel cell applications.Aleair batterieshavealso
received interest for niche military applications requiring an
expendable, light-weight high-power density battery such as those
required in a micro-unmanned aerial vehicle.
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