Int. J. Engng Ed. Vol. 18, No. 3, pp. 379-388, 2002
Printed in Great Britain.

0949-149X/91 $3.00+0.00
© 2001 TEMPUS Publications.

The Aluminium-Air Cell: A Hands-on
Approach to the Teaching of
Electrochemical Technology

RICHARD K. MORRIS, GERRY A. OTTEWILL and B. DES BARKER
Applied Electrochemistry Group, Centre for Chemistry, University of Portsmouth, St Michael’s Building,

White Swan Road. Portsmouth POl 2DT, (UK).
FRANK C. WALSH

Electrochemical Engineering Group, Department of Chemical Engineering, University of Bath,
Claverton Down, Bath BA2 7AY (UK); Email: f.c. Walsh@bath.ac.uk

1t is possible for any 16+ or undergraduate student to construct an aluminium-air battery relatively
easily and safely. This system makes only minimal demands on materials and financial resources
but offers the potential for a comprehensive, hands-on characterisation of a modern electrochemical
cell. This paper describes an experimental program and presents typical results. Investigations
include measurement of anode, cathode and cell potentials and current together with an examina-
tion of the influence of electrolyte concentration. The paper also examines the effect of air-sparging

at the cathode.

INTRODUCTION

THERE IS A NEED for modern chemistry teach-
ing programmes to reflect the importance of
electrochemical cells for technology today. Many
undergraduate  electrochemistry  experiments
approach the subject using the principles of ther-
modynamics. This presents to the student a highly
mathematical aspect that an increasing number of
students find intimidating, if not totally incom-
prehensible. Moreover, the use of equilibrium ther-
modynamics relates to idealised non-practical
conditions.

Students often find electrochemistry difficult.
Barral and others [1] report the interpretations of
a group of 15 and 16 year old secondary students
concerning the processes occurring within an elec-
trochemical cell. It became apparent during their
study that only a small percentage of students
mastered such fundamental concepts as the correct
direction of electron flow. Traditionally, studies of
electrochemical cells employ either Daniell cells,
LeClanche cells or a commercial battery such as
the lead—acid cell. Martins [2] used the Daniell cell
instructively, for example, to convey the thermo-
dynamics of cells and to explore the influence of
atomic packing arrangements and bond strength in
electron transfer. Smith and Vincent [3, 4] have
illustrated clearly various elements of essential
battery chemistry including cycling, energy storage
and energy and power density by means of
commercial zinc-silver oxide button cells. All
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experiments centred on either Daniell cells or
sealed commercial batteries share the disadvantage
that a ‘black box’ closed package conceals the
internal operation of the cell.

The primitive, easily assembled, ‘lemon’ battery
[5] provides a very direct, hands-on approach to
the relationship between electrical and chemical
energy. However, it is not sufficiently sophisticated
to demonstrate concepts of battery science such as
capacity or theoretical energy density.

Roffia and others [6] have demonstrated the
interconversion of electrical and chemical energy
using the coupled pair, the H,/O, fuel cell and the
electrolysis of water. This is an excellent experi-
mental programme for the experienced physical
chemistry student but, in practical terms, quite
demanding for the novice. In addition, the use of
hydrogen-oxygen mixtures poses potential hazards
that are explosive in certain proportions. Lehman,
Renich and Schmidt [7] adopt a proactive, student-
centred approach to battery electrochemistry, in
which the student constructs a cell from an every-
day aluminium beverage can and copper wire. This
enables students to illustrate for themselves the use
of a cell as a source of electrochemical energy.
These cells are capable of generating sufficient
power to drive a small motor or illuminate a lamp.

The aluminium-air system offers the opportu-
nity to take a hands-on non ‘black box’ approach
with a cell that is not only relatively simple but also
relatively safe and inexpensive. It is unfortunate
that many high performance batteries contain
toxic metals. For example, the commercial car
accumulator contains lead and often uses a
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cadmium anode to determine the transport
number of H* in HCI while commercial button
cells often contain mercury. Coupled with the
possible chemical hazards is the expensive nature
of many electrodes.

Use of the aluminium-air cell used with a saline
electrolyte addresses all of these problems. It is
inherently safe, fabricated from aluminium and
metal and contains a safe electrolyte. The electro-
des are easy to handle and alleviate the difficulty of
instrumenting a commercial electrolyte with a
reference electrode. By instrumenting the cell
itself with an additional set of reference electrodes
the program also avoids the ‘black box’ problem.
Since it requires only aluminium, metal and air for
the electrodes and a saline (or sodium hydroxide)
electrolyte, none of the aluminium-air system
components is expensive. Additionally, commer-
cial battery systems have a fixed interelectrode
distance that offers no possibility of change. In
an open-topped aluminium-air cell, easy variation
of the interelectrode separation enables the student
to study its relationship to the cell potential.

Finally, introduction to the student of the use of
an air electrode becomes possible using the alumi-
nium-air system. This is an important gas diffusion
electrode commonly used in certain fuel cell and
electrochemical sensor applications.

The original development of this work began as
a project for one student, a 4th year BSc Applied
Chemistry student and for use in corrosion educa-
tion short courses. It is now being introduced to
2nd year Chemical Engineering students taking
practical classes in Electrochemical Technology,
where students work in small groups, (typically 3
students per group). The experiment runs for 3
hours.

Short course delegates in the areas of electro-
chemical technology, fuel cells and corrosion
protection have appreciated the simplicity of the
system. Undergraduate students report favourably
on the simplicity of the cell and instrumentation
construction. Constructive comments on the
advantages of a ‘pre-wired cell’ enabled the up-
date of the experimental arrangement.

METAL-AIR CELLS

A metal-air cell comprises a metal anode, an air
cathode and an aqueous electrolyte. The use of an
air cathode leads to a high theoretical energy
density, as shown:

1. Zn-air: around 100 Jkg~!

2. Al-air: with a saline electrolyte-100 Jkg~!

3. Al-air: with a sodium hydroxide electrolyte—
360 Jkg™!

These compare very favourably with the 30 Jkg™!
average obtained from a lead-acid cell. The cath-
ode reaction is an oxygen reduction reaction. The
air electrode comprises a conducting component
that brings relatively unreactive oxygen and the
electrolyte into contact with a catalyst, typically

carbon or silver. Use of a porous, hydrophobic
membrane such as PTFE prevents leakage of
electrolyte. Atmospheric oxygen diffuses into the
electrolyte through the cathode material (thickness
0.4mm). Oxygen reduction then occurs within the
porous structure of the cathode:

3/20; + 3H,0 + 6e~ < 60H~
E" =123V vs NHE (1)

Although equilibrium could theoretically occur at
1.23 V, measurement in practice reveals a potential
of around 1.00 V, which reduces further due to loss
of voltage through polarisation. The observed
voltage loss occurs, in part, because the electrode
process is not exclusively direct oxygen reduction
but also involves a two step process proceeding by
way of a peroxide intermediate:

0, + H,0 +2¢~ < HO; +OH~-
E°=0.83V vs NHE (2)

The peroxide species decomposes at the electrode
surface to give a hydroxyl ion and oxygen:

HO; < OH™ + 1/20,

The observed potential of 1.00V, i.e., 0.83-1.23V,
indicates the simultaneous occurrence of reactions
(1) and (2).

Formation of either metal ions or metal oxide in
solution is possible through electrochemical oxidi-
sation of the metal anode of a metal-air cell.
Generally, a metal anode gives the theoretical
standard potential of the metal on open circuit
and then polarises when current is drawn.
Although polarisation of the air cathode does not
vary with time, polarisation of the anode increases
as discharge continues.

The electrolyte serves as an ionic conductor, as
are aqueous electrolytes, which are non-volatile
and stable in contact with air.

THE EXPERIMENTAL ALUMINIUM-AIR
CELL

Although the aluminium-air cell was first devel-
oped by Zaromb [8], (see Fig. 1a), they are now
marketed by Alupower Inc., at Bernardsville, New
Jersey, USA. The anode is of aluminium alloy with
the approximate composition, 99% aluminium
(by weight) plus magnesium, tin and gallium at
0.6, 0.1 and 0.04 wt%, respectively. Dissolution of
aluminium metal occurs at the anode:

Al—3e” — APPY (3)

The air cathode is a reactive layer of carbon
contained between a nickel grid current collector
and a porous, hydrophobic PTFE film that serves
to prevent leakage of electrolyte. This results in a
three-phase contact electrode. Gas, liquid and
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Fig. 1. The aluminium-air cell. a) the essential components of the cell and the species involved in the electrode reactions; b) the
structure of the porous air cathode.

solid phases are all in contact as illustrated
schematically in Fig. 1b.

The electrolyte (except when changed specifi-
cally to investigate the effects of composition) is
aqueous sodium chloride (3 wt%). A perspex box
of rectangular cross-section designed to give an
interelectrode separation of 45mm contains the
entire system, which uses silver or silver chloride
reference electrodes. After gentle abrasion, immer-
sion of the silver wire in concentrated nitric acid
took place for about 30 seconds, followed by
thorough rinsing with doubly distilled water.
Immersion of a silver wire (the anode) in hydro-
chloric acid (0.1 mol dm~*) using a platinum
cathode achieves chloridation of the silver elec-
trode. A current of 2 mA for 30 minutes enables
the process of electrolysis:

Ag+Clm — AgCl+e” (4)

to take place and the finished electrode is rinsed
with doubly distilled water. One electrode is placed
as close as possible to the anode, (but not touch-
ing), and the other as close as possible to the
cathode. A pipette placed at the cathode allows
the use of a pump to pass air over it.

Add reaction equations (1) and (3) to obtain a
simplified overall cell reaction:

2A1 +3/20; + 3H,0 — 2APT + 60H™  (5)
The type of electrolyte used, NaCl or NaOH,

results in the formation of aluminium hydroxides
(as shown in Fig. 1a):

2AP* + 60H™ — 2AI(OH), (6)

For longer term use of aluminium-air batteries
these hydroxides may be precipitated out by the
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Fig. 2. The electrical circuit arrangement.

addition of appropriate organics [9] to minimise
reduction in the charge capacity.

EXPERIMENTAL DETAILS

Figure 2 shows, in schematic form, the electrical
circuit arrangement used. Variation of the current
passing through the aluminium-air cell took place
using a resistance box, (range 1-9999 Q0), to vary
the load on the circuit. Use of a resistive shunt
enable measurement of the current. All the experi-
ments took place at an ambient temperature of
22°C.

Results and discussion

A load resistance of 12 was selected since this
best typifies the possible magnitude of load found
in many ‘real’ electrochemical applications.

Potential vs time

In a series of four separate experiments, moni-
toring of the cathode potential, E., anode poten-
tial, E,, potential drop across the solution, /R,
and cell potential, E., occurred for 300 minutes,
(see Fig. 3).

1. The cathode potential, initially about —390 mV,
rises to —375mV during the first 10 minutes
indicating the necessity of an induction time to
activate the catalyst on the air cathode.

2. The anode potential shows an initially rapid rise
from about —1160mV to about —1120mV, as
the passive oxide film breaks down under the
effect of the activating elements, tin and gal-
lium. A decrease in potential begins after
150 minutes as the anode surface begins
uneven dissolution. A scanning electron micro-
graph showed evidence of pitting. Surface pits
accumulate corrosion products such as alumi-
nium hydroxide causing a decrease in effective
anode area.

3. The potential drop across the solution main-
tains a steady 710 mV for 150 minutes then rises
in response to the heating effect of the current.

. The cell potential, E g, represents the differ-
ence between cathode and anode potential less
the potential drop across the solution:

Ecell - Ec - Ea - IRsoln (7)
Both calculation and measurement gave a result of
a steady value of about 40 mV for Ey.

Current vs time

Figure 4 shows the variation in current with
time. Observation shows a rise from about
30-35mA over a period of 150 minutes. Initially,
the rise is rapid, corresponding to:

1. Activation of the cathode

2. Chloride ions in the electrolyte causing break-
down of the passive oxide film on the surface of
the aluminium alloy anode.

A more gradual rise follows, arising from the
heating effect of the current, which results in an
increased conductivity and, therefore, reduced
resistance in the electrolyte. Corrosion products
accumulate in the anode as the surface begins to
pit, indicated by observing the currents starting to
fall after 150 minutes.

Potential vs resistance

Figure 5 shows plots of E;, E,, IR and Eqy
against resistance (logarithmically). Plots show
conditions with and without air sparging in each
case:

1. The cathode potential, E., increases as the
resistance  increases, rising from about
—350mV at 1Q resistance to —180mV at a
resistance of 500(). At a value of 100, E, is
invariant with air flow. The maximum effect of
air sparging is observed at extreme values of R
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Fig. 3. Potential vs time; 30 wt% NaCl electrolyte; load 1 €; 22°C.

’;

1. cathode potential (E;) vs. time

2. anode potential (E,) vs. time

3. potential drop across the solution (IRgop,) vs. time
4. cell potential (Eceyp) vs. time
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Fig. 4. Cell current vs time; 30 wt% NaCl electrolyte; load 1 €; 22°C.

but only small differences appear to occur in
response to air treatment. At low resistance
(1Q) E. decreases by around 2%. At 5002 an
increase occurred of around 3%.

2. The low degree of influence of air sparging
suggests that the cathodic process is not rate
determining. Aeration has the effect of agitating
the solution, reducing the extent to which
polarisation occurs and so enhancing the rate
that hydroxyl ions transferred from the cathode
into the bulk solution.

3. A decrease in anode potential, E,, occurs as
R increased, falling from approximately
—1000mV at 1 to approximately —1250 mV
at 500 2. Over the entire range of resistance the
effect of air sparging is to increase the potential
by 30-40mV (3-4%), ie, some inactivation of
the anode is apparent. As the resistance
increases the potential drop across the solution,
IR, decreases from about 640mV at 1€ to
30mV at 10002. The effect of sparging is to
reduce the potential by approximately 7% due
to the agitating effect of aeration.

4. The cell potential, E..y, rises with increasing
resistance. At a value of 19, E.y is around
30 mV increasing to almost 1300 mV when R is
5000€2. Sparging of the cathode by air
decreases the cell potential over the entire
resistance range but has a proportionately
greater effect at low resistance (approximately
7% at 1, compared to <1% at 5000 €2).

Current vs log resistance

Figure 6 shows a plot of current against log
resistance with and without air sparging. At low
resistance values a drop in current of 5-10%
occurs on aeration indicative of loss of anode
activity. The effect of aerating the electrolyte is
to encourage competition between the dissolution
of aluminium ions and the formation of alumi-
nium oxide (Al,O3). The sparging, therefore,

promotes deactivation of the anode by facilitating
oxide formation. With increasing resistance the
influence of aeration diminishes until, at 500 ),
the current remains constant irrespective of rate
of air flow.

Cell potential vs current

Figure 7 shows the relationship between E.g
and current and its variation with electrolyte
concentration. Over the entire range of electrolyte
concentrations used (360 wt% NaCl) the cell
potential decreases linearly with an increase in
current. The plot shows that a larger current
occurs with the use of a more concentrated electro-
Iyte. A decrease in resistance occurs when an
increase in the concentration of sodium chloride,
(within the range used), causes an increase in the
conductivity of the electrolyte solution. In an
ohmic system, (ie, one where current is inversely
proportional to resistance), a linear voltage-
current curve naturally occurs. In practice, non-
linearity of the type seen here, is common.

The rate at which E.; decreases as the current
increases for all electrolyte concentrations at
higher current values. In the case of the 30 wt%
electrolyte, for example, an initial fall off of
around 45§ is found, decreasing to just 52 as
the current is increased to approximately 15mA.
The initial steep fall in E.y is due to activation
polarisation, i.e., to the existence of the energy
barrier that must be surmounted in the electrode
reaction slow step. The slow step is likely to be
electron transfer at the active catalyst on the
cathode. (The student is able to see reaction
kinetics in action.) The slower, linear decrease in
E.1 occurs as ohmic, (resistance), polarisation
increases and begins to dominate and the curve
becomes ohmic. Although not seen here, concen-
tration polarisation effects may occur which mani-
fest as a tail off in the high current section of the
voltage—current curve.
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SUMMARY

Presented here is a hands-on, student-centred,
experimental approach to learning the rudiments
of battery technology, that moves away from the
traditional ‘black box’ approach, where students
experience battery science in a ‘packaged’ cell.
Here, the cell itself is instrumented with an extra
set of electrodes affording much better insight to
its operation. The aluminium-air cell is a versatile
cell that allows an opportunity not only to meas-
ure current potential and power but also to
demonstrate the effects of different electrolyte
concentration.

CLOSING REMARKS

The relatively simple program of experiments
described requires little previous knowledge of
electrochemistry and serves as an excellent
introduction to battery technology through
experiential learning. Furthermore, students are
able to investigate the field of metal-air cell
technology, an area of increasing importance.
Zinc—air cells, for example, are currently under
consideration for wuse in battery powered
automobiles.

The program described is not exhaustive.
Further experimental projects could examine, for
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example, the relationship between potential and
interelectrode separation, theoretical capacities,
energy densities and the effect of substituting
pure aluminium for the aluminium alloy anode
and of using electrolyte additives. The aluminium-—
air cell provides an opportunity to illustrate the
similarity between a primary battery and a
corrosion cell [10].

This program focuses on learning the principles
of ‘how a battery works’. A comparative study
examined the similarities and differences between
different battery systems [11].
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