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Considerable work was carried out on metal/air batteries in the 1960’s 
and early 1970’s for a variety of applications. After this time, however, the 
overall effort was considerably reduced due to materials problems at the air 
electrode, thermal management, and miscellaneous technical problems as- 
sociated with the various anodes evaluated. Recent advances in the perfor- 
mance and stability of air cathodes, together with new and improved can- 
didate anodes, make a comparison of metal/air batteries appropriate at this 
time. 

This review concentrates on comparing lithium, aluminum, magnesium, 
zinc and iron/air batteries with particular emphasis on the suitability of each 
system for electric vehicle propulsion. The relative merits of mechanically 
and electrically rechargeable batteries are given, together with systems 
employing static and circulating electrolytes. 

We conclude that, due to the institutional difficulties associated with 
the deployment of recharge systems for mechanically rechargeable batteries 
in electric vehicles, electrically rechargeable systems are more viable for com- 
mercialization in the near term, This oonclusion makes zinc/air and iron/air 
batteries major candidates for this application. 

Introduction 

Cost-effective storage systems are required for both storage of electric- 
ity for peak and intermediate load applications [l] and for transportation 
applications [ 21 . 

Battery systems are one of the advanced technologies being actively in- 
vestigated for such storage applications. However, for the widespread eco- 
nomical and social acceptance of batteries, it is necessary to demonstrate 
reliability, high energy and power densities, and low cost. In this paper we 
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will discuss metal/air battery technology. This system appears most appro- 
priate for vehicular propulsion where the absence of positive electrode mate- 
rial storage is utilized. Metal/air batteries are, at present, less attractive for 
load-levelling applications because of the low round-trip efficiency com- 
pared with other advanced battery technologies, although technology im- 
provements could change this situation. 

To date, the lead-acid battery is the preferred battery for electric 
vehicle propulsion. However, its applications are currently limited by low 
energy density and relatively high cost. Other advanced battery systems are 
also being actively pursued for vehicular propulsion applications. These can 
basically be classified as high-temperature, where the major emphasis has 
been on lithium/metal sulfide [ 31 and sodium/sulfur [ 41, which operate, 
respectively, at 425 and 350 ‘C, and the normal-temperature batteries (zinc/ 
chlorine [ 51, zinc/bromine [ 61, advanced lead/acid [ 71, and nickel/zinc 
ra 1. 

Although impressive progress has been made with these battery systems 
over the last few years, significant materials problems still remain. The prom- 
ise of early commercialization for the high-temperature systems has not been 
realized because of design problems and materials corrosion. Materials cor- 
rosion is often identified with both the high temperature of operation and 
the anodic potentials to which the cathodes are exposed at the end of the 
charge cycle, which often result in positive electrode current collector cor- 
rosion. The normal temperature systems have been plagued by problems 
associated with zinc electrode shape change (nickel/zinc) and low energy 
density as a consequence of system complexity (zinc/chlorine and zinc/ 
bromine), which, in the case of the latter two systems, may result in high 
overall cost. 

Considerable work was carried out on metal/air batteries [9 - 111 in 
the sixties and early seventies for a variety of applications ranging from com- 
munications transmitters for space applications to systems aimed at electric 
vehicle propulsion. The initial emphasis in the latter application was directed 
at developing a conventional electrically rechargeable Zn/air battery, but this 
soon became directed towards mechanically rechargeable systems because of 
materials corrosion problems at the air electrode, and negative electrode 
shape change. As a result of improvements in the stability of the oxygen 
electrode, fuel cell performance and lifetime [ 121 have been recently im- 
proved. This work has a direct impact on the near-term viability of metal/air 
batteries and encourages a new evaluation of this battery system. 

The objective of this review is, therefore, to bring to focus previous 
work on metal/air batteries and to identify the impact that recent develop- 
ments in fuel cell technology can have upon the future direction of research 
on this system. Recommendations will also be made as to where technical 
emphasis should be placed for both near-term goals, to illustrate the practi- 
cality of such systems, and for mid-term goals, to develop such batteries for 
ease of market penetration. 
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Basic concepts 

System design configurations 
Metal/air batteries are unique compared with other batteries in that 

one of the electroactive materials (oxygen) does not require storage. In this 
respect, they are similar to fuel cells and are essentially a fuel cell/battery 
hybrid, which, in principle, simplifies the battery design and increases the 
energy density [ 9 - 111. 

Two basic cell designs have been used for rechargeable metal/air bat- 
teries : 

(1) Conventional secondary batteries that are electrically rechargeable; 
(2) mechanically rechargeable batteries where the anode is replaced 

at the end of discharge by a “fresh” electrode. 
The specific advantages of mechanically rechargeable metal/air bat- 

teries are : 
(i) high Faradaic efficiency can be achieved at the anode; 
(ii) battery recharge can (in principle at least) be accomplished in 

minutes, rather than hours, as would be necessary with a secondary system; 
(iii) anode recharge can be centralized into large processing plants for 

greater quality assurance; 
(iv) the oxygen cathode will only be operated during cell discharge, 

where it will be polarized in the cathodic direction. 
This latter point is particularly important because of the difficulty in devel- 
oping air electrodes which are stable against the oxygen evolution which 
occurs on charge. 

In principle, the electrolyte can be either alkaline or acidic. Most metal/ 
air batteries have used an alkaline electrolyte because of the enhanced per- 
formance of the air cathode in high pH electrolytes. However, in cells con- 
taining alkaline electrolyte, carbon dioxide is absorbed from the atmosphere, 
with the result that precipitation of carbonate in the cathode electrocat- 
alyst pores can occur. The influence of this on battery performance has not 
been extensively reported; however, it can be expected to be most severe 
in secondary metal/air batteries where no arrangements are made for elec- 
trolyte replacement. Both expendable (soda asbestos, lithium hydroxide, 
and soda lime) and regenerable (molecular sieves, monoethanolamine, and 
aqueous caustic alkali) COs absorbers have been investigated [lo] . For 
mobile applications, soda lime appears to be preferred, and, from data ob- 
tained with alkaline electrolyte fuel cells, a weight penalty of about 110 g/ 
kW h can be projected [ 10,131. 

To overcome the problem with carbon dioxide absorption, acid elec- 
trolyte cells have also been investigated [ 141. Early work with aluminum 
and magnesium cells used weakly acidic chloride solutions [ 111. However, 
these cells had high cathode polarization with resultant increases in heat 
generation and self-discharge of the anode. More recently [ 141, acidic elec- 
trolyte zinc/air cells have been proposed because of the well-developed 
characteristics of the zinc electrode in acidic electrolyte as a consequence 
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Fig. 1. Metal/air bi-cell design. 

of zinc/halogen battery development. However, additional evaluation of 
this system is required to determine the overall concept utility. 

Apart from small, low-rate, primary zinc/air batteries that are now 
commercially available [ 151 for applications such as hearing aids, electronic 
calculators and watches, the majority of work on metal/air batteries has 
focused on high-rate cells using either a conventional stationary electrolyte 
or a flowing electrolyte system employing either a solid or a slurry negative 
electrode. 

Conventional bicell design 
The design of a typical b&cell is shown in Fig. 1. The basic cell consists 

of two cathodes, 5 - 6.5 mm apart in this case, connected in parallel and 
separated by the anode inserted between them. The air electrode is held 
flat and parallel to the negative plate to minimize internal resistance (IR) 
losses in the cell and to prevent electrode shorting. However, the lightweight 
air cathodes have not yet been made sufficiently rigid for dimensional 
stability. Therefore, non-compressible, porous spacers are placed in the air 
chambers between bi-cells, and the whole stack is then subjected to an ex- 
ternal pressure applied by a screw adjustment. Pressure is released to allow 
replacement of the anode plates and then reapplied for the following dis- 
charge reaction. Clearly, this requires that the tolerance of the anode di- 
mensions must be within a few hundredths of a millimetre. Air flow is gen- 
erally achieved by natural convection, and the space between the b&cells 
is, therefore, a critical design factor. The air spacing is a compromise be- 
tween the need to provide sufficient air for high discharge rates and the 
requirement of minimum battery volume. Forced air convection has been 
used to increase battery power density by minimizing mass transfer effects. 
However, this may result in lower energy densities caused by the extra 
weight of the fan and by the parasitic currents drawn from the battery, 
together with faster carbonation of the alkaline electrolyte. 
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Fig. 2. Circulating-electrolyte cell design. 

Mechanically rechargeable zinc/air batteries (24 V, 20 A h) with this 
bicell design were successfully used in military applications [ 161, although 
they were not pursued in this application due to their limited performance 
at low temperature. However, as discussed later, mechanically rechargeable 
batteries are unlikely to be practical for vehicles, and this application re- 
quires a secondary battery. 

Circulatory electrolyte cell design 
Cells using circulating electrolytes were first proposed several years 

ago to minimize problems associated with zinc deposition [ 171, but the 
general approach also has significant advantages when other negatives such 
as lithium or aluminum are used [2]. In the basic design (Fig. 2), the elec- 
trolyte is circulated during operation through each cell via an electrolyte 
header equipped with check valves to minimize ionic conduction paths 
between adjacent cells. The spent electrolyte is passed to a settling tank, 
where discharge reaction products can be precipitated out of the electrolyte, 
and where it can be stored for eventual recharge of the battery as a con- 
ventional secondary or drained for external recharge. The advantages of this 
cell are (a) ease of replacement of the spent anode/electrolyte for mechanical- 
ly rechargeable cells, (b) improvements in the characteristics of the metal 
deposit for secondary cells, (c.) improvement in thermal control, thus min- 
imizing water makeup requirements, and (d) less IR loss in electrolyte be- 
cause of oxygen bubble formation during charge. The major disadvantage is 
the increase in complexity of the system, although this may prove accept- 
able for vehicular applications. 

Heat generation and dissipation 
Heat generation during discharge and charge is a major consideration in 

metal/air battery design. Heat is generated during the discharge (and charge 
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TABLE 1 

Energy densities of selected metal/oxygen couples 

EMF* Energy density** Thermoneutral voltage*** 
(V) (W h/kg) (V) 

2Li + l/2 02 + Liz0 2.90 11 148 3.16 
2Al+3/202 -+ A120, 2.71 8 081 2.93 
2Mg + O2 -. 2MgO 3.09 6 813 3.11 
2Fe + 312 02 + FegOa 1.28 1 843’ 1.42 
2Zn + 02 + 2ZnO 1.62 1330 1.80 
2Cd + O2 -+ 2CdO 1.20 573 1.35 

*For air (PO 
**Calculated 1 

= 0.21 atm), 11 mV should be subtracted from these potentials. 
rom the electrochemical equivalents of the metals and the cell 

E.M.F.‘s. 
***Thermoneutral voltage = -&I/nF. 
‘This value is for the oxidation of the metal to the 3 valent state. The energy 
density for the oxidation of Fe to the 2 valent state is 1 228 W h/kg. 

for secondary batteries) of all metal/air cells. As a result, the battery tem- 
perature must be controlled to minimize the anode self-discharge rate (par- 
ticularly important for Li, Al, and Mg cells) and the water evaporation 
rate. 

Thermal energy is generated during discharge as a result of thermo- 
dynamic and kinetic considerations. Table 1 shows the cell electromotive 
forces (EMF’s), E, and the thermoneutral voltage for selected metal/air 
systems. The thermoneutral voltage, Et, is defined as: 

E, = - AH/RT (1) 

It represents a theoretical voltage at which heat is not generated in the sys- 
tem. The difference between E and Et represents the heat generated by the 
entropy change in the process. Similar to a water electrolysis system, heat 
would be absorbed during charge providing the cell voltage is between E and 
E, - a situation not achieved in practice. 

Heat is also generated by the irreversibility of the electrode reactions 
and the cell IR. Most of this is attributable to the polarization at the air 
cathode. 

The provisions for heat dissipation are dependent on the cell discharge 
rate; the higher discharge rates lead to greater cell polarization and IR heat, 
and, hence, higher heat to power ratios. With the b&cell design, very little 
heat can be dissipated by conduction from the cells to the battery case be- 
cause there is no metallic connection between the cell and the case. There- 
fore, the major heat transfer path has to be to the air; heat is dissipated by 
convective heating of the air and by water evaporation. The relative con- 
tributions of these heat transfer modes depend on the battery design and 
the operating parameters, such as cell temperature, water vapor pressure, 
air flow rate, inlet and outlet temperatures, and the relative humidity of the 
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air stream, and the mode has to be determined for each system [ 111. Cool- 
ing of these batteries is achieved either by forced air convection or by using 
excess electrolyte. However, both result in a decrease in energy density. 

A major advantage of the circulating electrolyte cell is that thermal 
control can be achieved simply. Thus, heat exchange with air or with a 
cooling fluid can be attained via a conventional heat exchanger in the elec- 
trolyte flow system. 

Air cathode 
The function of the cathode is to permit atmospheric oxygen to react 

electrochemicslly at an electrocatalytic site. Air cathodes for this application 
are designed to maximize the catalyst area for the electrochemical reaction 
and to maintain the electrolyte within the cell. As a result, the cathode 
structure used most commonly consists of a mixture of catalyst and Teflon 
supported on a porous hydrophobic film with the current collected by an 
expanded metal mesh embedded in the catalyst/Teflon matrix. Under 
operating conditions, the catalyst particles form porous (and electronically 
conducting) agglomerates that are flooded with electrolyte. These catalyst 
agglomerates are held together by the Teflon binder that creates hydrophobic 
gas channels. The oxygen diffuses through these channels in the hydrophobic 
Teflon, dissolves in the electrolyte contained in the catalyst agglomerates, 
diffuses to an electrocatalytic site, and then reacts electrochemically. By 
this means, the diffusion path for dissolved electroactive species to the 
catalytic site is shortened. The hydrophobic film prevents electrolyte seepage 
from the cells and acts as the outer case of the bi-cell. The advantages of 
these electrodes are (a) they are lightweight and the oxidant does not con- 
tribute to the cell weight, (b) high limiting currents are possible, (c) they 
exhibit a stable voltage during discharge, and (d) they exhibit a flat polariza- 
tion curve that permits operation of the electrode over a wide range of cur- 
rent densities without large voltage variations. 

Considerable improvements have been made in the past 10 years [18] 
in the performance and cost of air cathodes for phosphoric acid fuel cells. 
It is important that this technology also be applied to metal/air batteries 
because a low-cost, stable, high-performing, long-life electrode has yet to 
be demonstrated. 

The major reason for the cathode polarization is the high activation 
polarization of the oxygen electrode. There has been considerable work to 
develop a high activity, low-cost cathode catalyst. The major approaches 
that have been made are (a) platinum or platinum supported on a carbon 
support, (b) low-cost metal (such as silver) supported on carbon, and (c) 
non-metallic materials such as metal oxides and metal phthalocyanines. 

Platinum has proved to be the only suitable catalyst for oxygen reduc- 
tion in phosphoric acid fuel cells, and the major effort has been to achieve 
low cathode polarization by supporting high-area platinum on graphite or 
carbon [19]. Platinum has been used in metal/air batteries for those applica- 
tions (military) where high energy density is more important than battery 



cost, but platinum cathodes are a major cost limitation for commercial bat- 
teries. However, a new look should be taken at evaluating, in alkaline elec- 
trolyte cells, the electrodes developed for acid fuel cells. In addition, gold is 
an equally effective catalyst in alkaline electrolyte (in contrast to acid elec- 
trolyte where it is a poor catalyst), and it is more stable than platinum [20], 
the latter material being susceptible to migration to the negative electrode, 
particularly in zinc/air cells resulting in self discharge of the zinc electrode. 
Carbon is a catalyst for oxygen reduction in alkaline electrolyte, although 
the electrode polarization is high because of the formation of peroxide in 
the electrolyte [21]. As a result, a large number of studies have been made 
to evaluate catalytic materials supported on carbon. Acceptable performance 
is achieved with low silver loadings [22]. However, both the catalyst and 
support structures are subjected to high anodic potentials during charge, so 
supported or silver-catalyzed electrodes have a short life with conventional 
electrode designs. 

Considerable work has been carried out using metal oxide and spinels 
and metal phthalocyanine catalysts, and although the work appears promis- 
ing, the performance is not currently good enough [ 231. 

Diffusion limitations, particularly at the higher current densities, can 
also be a problem. This is not well-defined with the electrodes used in cells 
with the hydrophobic film backing, but gas-phase transfer limitations can 
occur at current densities as low as 50 mA/cm2. 

The requirements of an air cathode in a rechargeable battery are more 
stringent than for a primary or mechanically rechargeable battery because 
of oxygen evolution and the high anodic potential during charge. No catalyst 
is available that is suitable for oxygen reduction and evolution, and, there- 
fore, different surface sites must be available for oxygen reduction and * 
evolution. In addition, most materials are unstable at the anodic potentials 
attained during charge in alkaline electrolyte. In fact, even platinum has been 
observed to dissolve during charge and transfer from the air electrode to 
the negative plate during cycling in a practical zinc/air cell [24]. Gold is 
more stable at the anodic potentials attained during charge [ 201 and has 
less effect than platinum when deposited on the negative electrode because 
of its higher hydrogen overvoltage. 

Two approaches to supplying an alternative site for oxygen reduction 
and evolution have been taken. The first consists of using a bifunctional air 
electrode [25, 261. This electrode is fabricated by applying an oxygen 
evolution catalyst to the front (electrolyte) face of the hydrophobic air 
electrode in the form of a screen, a porous metal or a powder with a hydro- 
philic binder. The most effective, low-cost catalyst for oxygen evolution in 
alkaline electrolyte is nickel, which is stable under all practical operating 
conditions. An alternative approach is to utilize a third electrode solely for 
charging. However, this adds weight and complexity to the battery and to 
the charging circuitry. 

The performance of metal/air batteries is reduced with decreasing 
temperature [27]. This is primarily an anode effect because it has been 
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shown [ 281 that, with platinum-catalyzed air cathodes operating in the 
activation polarization region, the oxygen electrode potential became more 
anodic uersus a temperature independent electrode. However, the cathode 
concentration polarization increases markedly with decreasing temperature 
1281. 

Air cathodes in acid electrolyte metal/air batteries suffer from the same 
limitations as with alkaline electrolyte. In fact, the problems are even more 
severe, and platinum (unsupported or supported on carbon or graphite) is 
the only suitable cathode catalyst [ 141. 

Specific systems 
Although zinc/air batteries have received the majority of attention, 

many other negative electrodes have also been considered. Table 2 lists the 
more promising candidate metals that will be discussed in this Section. 
Cadmium/air will not be discussed further because of its relatively low ener- 
gy density (and the high cost for cadmium), which makes it an unlikely 
candidate system. 

Metal/air batteries can be essentially divided into the following three 
classes: 

(1) lithium, which has the potential for very high energy density; 
(2) aluminum and magnesium, which have similar cell voltages to 

lithium (and, hence, potentially similar power densities) but lower energy 
densities; 

(3) Iron and zinc, which have the lower theoretical energy and power 
densities, but are electrically rechargeable, have less problems with shelf 
life, and are the further developed. 

Lithium/air 
A considerable effort has been devoted to the development of the 

lithium/air battery in view of its very high theoretical energy density [ 29, 
301. This is only a primary or mechanically rechargeable system, and the 
overall cell reaction is: 

4Li + Oz + 2HsO + 4LiOH (2) 

Typical open-circuit potentials are 2.9 - 3.0 V, and cell voltages of 2.0 V 
are achieved at current densities of approximately 200 mA/cm2. The fact 
that this system can be operated at all is an interesting technical achievement. 
It can be operated at reasonable coulombic efficiencies because of the 
relative chemical stability exhibited by lithium in the presence of water 
compared with, for example, the rather violent reaction observed with 
sodium under similar experimental conditions. This stability results from 
the in situ formation of a surface oxide/hydroxide film on the lithium metal 
that retards the rapid corrosion effects after its initial formation. During 
discharge, polarizing the lithium about 300 mV from its initial open-circuit 
potential, the coulombic efficiency for the anodic reaction closely approaches 
100%. However, on open-circuit and at low current densities, the selfdis- 



T
A

B
L

E
 

2 

M
aj

or
 f

ea
tu

re
s 

of
 m

et
al

/a
ir

 b
at

te
ri

es
 

M
et

al
/a

ir
 

ba
tt

er
y 

E
n

er
gy

 
A

m
en

ab
le

 
D

em
on

st
ra

te
d 

de
n

si
ty

, 
to

 e
le

ct
ri

c 
el

ec
tr

oc
h

em
ic

al
 

(W
 h

/k
g)

 
re

ch
ar

ge
 ?

 
en

er
gy

 
ef

fi
ci

en
cy

 
(%

 ) 

D
em

on
st

ra
te

d 
cy

cl
e 

li
fe

 
C

om
m

en
ts

 
C

om
pa

ra
ti

ve
 

st
at

u
s 

L
it

h
iu

m
/ 

29
0 

N
o 

- 

ai
r 

P
ro

je
ct

ed
 

A
lu

m
in

u
m

/ 
22

0 
N

o 
ai

r 
P

ro
je

ct
ed

 

M
ag

n
es

iu
m

/ 
- 

ai
r 

N
o 

Z
in

c/
ox

yg
en

 
90

 -
 1

30
 

Y
es

 
(s

ea
le

d)
 

D
el

iv
er

ed
 

Z
in

c/
ai

r 
(s

lu
rr

y 
) 

90
 

Y
es

 
D

el
iv

er
ed

 
40

 

20
0 

at
 3

0%
 u

ti
li

za
ti

on
 

60
0 

at
 3

0%
 u

ti
li

za
ti

on
 

Y
es

 
- 

Z
in

c/
ai

r 
- 

ac
id

 

Ir
on

/a
ir

 
5.

5 
- 

90
 

Y
es

 
45

 
30

0 
D

el
iv

er
ed

 

U
n

li
k

el
y 

to
 h

av
e 

co
m

- 
m

er
ci

al
 a

pp
li

ca
ti

on
 

P
ot

en
ti

al
ly

 
at

tr
ac

ti
ve

 
du

e 
to

 i
n

te
gr

at
io

n
 

w
it

h
 

al
u

m
in

u
m

 
in

du
st

ry
, 

bu
t 

ir
re

ve
rs

ib
il

it
y 

of
 a

lu
m

in
u

m
 

el
ec

tr
od

e 
m

ak
es

 b
at

te
ry

 
th

er
m

al
 m

an
ag

em
en

t 
a 

fo
rm

id
ab

le
 

pr
ob

le
m

. 
O

ve
ra

ll
 

sy
st

em
 e

ff
ic

ie
n

cy
 

is
 l

ow
 

N
o 

ad
va

n
ta

ge
s 

ov
er

 a
lu

m
i-

 
n

u
m

/a
ir

 

L
ow

 z
in

c 
cy

cl
e 

li
fe

 a
n

d 
ir

re
ve

rs
ib

il
it

y 
of

 o
xy

ge
n

 
el

ec
tr

od
e 

m
ak

es
 p

ra
ct

ic
al

 
sy

st
em

 d
ou

bt
fu

l 

P
ro

m
is

in
g 

du
e 

to
 i

n
n

ov
at

iv
e 

ap
pr

oa
ch

es
 

to
 o

ve
rc

om
in

g 
zi

n
c 

an
d 

ai
r 

el
ec

tr
od

e 
pr

ob
le

m
s 

L
it

tl
e 

da
ta

 a
va

il
ab

le
, 

co
n

- 
si

de
ra

bl
e 

de
ve

lo
pm

en
t 

re
qu

ir
ed

 

E
n

er
gy

 d
en

si
ty

 l
ow

 a
n

d 
lo

n
g-

li
fe

 
re

ch
ar

ge
ab

le
 a

ir
 

el
ec

tr
od

e 
re

qu
ir

ed
 

L
on

g 
ra

n
ge

 

L
on

g 
ra

n
ge

 

N
ot

 p
re

se
n

tl
y 

be
in

g 
co

n
si

de
re

d 

M
ed

iu
m

 
te

rm
 

N
ea

r 
te

rm
 

L
on

g 
te

rm
 

M
ed

iu
m

 
te

rm
 



273 

charge of lithium anodes is rapid, resulting in low electrochemical efficiencies, 
and, consequently, requires the removal of electrolyte upon standing. The 
battery design is similar to Fig. 2. The deliverable power from the system is 
influenced by the anode to cathode pressure; the normal operating pressure 
is around 0.7 kg/cm2. Electrolyte circulation is performed by grooves in the 
low hydrogen overpotential cathode used. Increasing electrolyte circulation 
rates can effect enhanced discharge by reducing concentration polarization. 
Optimization between electrochemical performance and pumping require- 
ments for the system is reached with an electrolyte at an apparent flow 
velocity of around 15 cm/s within the cathode cavity. 

Although considerable progress has been made in the development of the 
Li/air battery, it appears unlikely that it will be a practical system for 
vehicular or any other commercial application. 

Aluminum/air 
The high cell EMF, the high theoretical energy density, its low cost 

and ease of manufacture make aluminum an attractive anode for metal/air 
cells [ 311. Because aluminum electrodes dissolve rapidly [ 321 on open- 
circuit in alkaline solution, most of the early work with Al/air cells was 
with a neutral (KCl) or weakly acidic (AK&) electrolyte. However, even in 
these electrolytes, pure aluminum dissolves rapidly on open-circuit and 
polarizes excessively. More reversible behavior is exhibited by an Al/tin 
alloy. As a consequence of the high Al anode self-discharge rate and of the 
excessive cathode polarization caused by chloride electrolytes, a major 
limitation of these early Al/air cells was heat generation. This resulted in 
a high rate of water loss and created hazardous and runaway conditions. 

Recently, there has been a resurgence of interest in the mechanically 
rechargeable Al/air system for electric vehicle propulsion based, in part, on 
the high theoretical energy density, but also on the compatibility of such a 
battery with the aluminum industry [32, 331. The alkaline electrolyte used 
in this battery is a NaOH solution rather than a KOH solution, which is 
used in the other metal/air batteries, because the reaction product is com- 
patible with the aluminum industry. Thus, the net cell reaction is: 

Al + ; J32O + + O2 = ; A120s.3H2G. (3) 

The trihydrated alumina (hydrargillite or gibbsite) precipitates from the 
electrolyte and is further processed on-board to an alkali-free, airdried 
powder. During refueling, this powder is withdrawn and could be recycled 
via the aluminum industry. 

Improvements have been made in this battery over the earlier ones by 
the use of new aluminum alloys that have a lower self-discharge rate. Lower 
corrosion losses are also reported during cell discharge, and it has been 
claimed that aluminum coulombic efficiencies of 95% can be consistently 
achieved. Such improved performance of the aluminum anode is due to 
the addition of 100 - 500 ppm Ga, In, or Tl to the aluminum, which has 
been shown [ 331 greatly to reduce anode polarization at current densities 
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up to 1 A/cm2. Proprietary alloys developed by Reynolds Aluminum dis- 
charged in an electrochemical half-cell using a well-stirred electrolyte of 
6M NaOH + 0.05M Na2Sn(OH)s at 55 “C have been reported to give high 
coulombic efficiencies at a current density of 700 mA/cm2. In addition, 
because the basic cell uses a circulating electrolyte, heat management is more 
efficient and runaway temperatures can be avoided. 

However, similar to the Li/air battery, the self-discharge rate is high 
on open-circuit. System studies have indicated that this energy could be 
stored in a flywheel for open-circuit periods of 1 - 2 min, but the electrolyte 
would need to be drained from the battery for longer stationary periods, 
a system-operating constraint that will probably make the battery unac- 
ceptable in practical applications. 

The magnesium/air system 
The magnesium/air system has similar energy densities to Al/air, but, 

as a result of its higher cell voltage, it has the potential for higher power 
density [34,35]. However, magnesium anodes exhibit the same disadvan- 
tages as aluminum anodes: irreversible polarization characteristics and high 
self-discharge rates. 

In alkaline electrolyte, magnesium anodes passivate, and Mg/air cells 
use a sodium chloride solution. Even in this electrolyte, pure magnesium 
tends to passivate with the result that ternary Mg/Al/Zn alloys are used 
[ 351. The product of Mg anode discharge in a Mg/air cell is magnesium 
hydroxide (or hydroxychloride). This product remains in the cell as a sludge, 
and the cell volume must be sufficiently large to contain this product. 

A 23-cell Mg/air battery has been operated with a bi-cell configuration 
(Fig. 1). However, no major advantages are foreseen over Al/air, and the 
battery does not appear to fit into a production/recovery cycle as well as 
Al/air. No major programs are being carried out on this technology. 

Zinc/air batteries 
Most of the work on metal/air batteries has been done on zinc/air [16, 

20, 27,36 - 451. Primary, low-rate batteries are commercially available today 
[ 151 and are designed to minimize the air entering the cell and so maximize 
the negative electrode shelf life. Mechanically rechargeable batteries with 
the b&cell design (Fig. 1) were used for military applications [ 16,441. In 
addition, several secondary multi-cell batteries have been designed and op- 
erated [41- 431. 

Zinc/air batteries can be either mechanically or electrically rechargeable, 
and a combination of these approaches (a “slurry” cell) has also been eval- 
uated for Zn/air [41- 431. 

Initial work on secondary zinc/air batteries was carried out with the 
b&cell design (Fig. 1). However, the cycle life at high depths of discharge 
was limited by zinc electrode shape change and dendrite formation, the 
irreversibihties of the air cathode, and thermal management (high electrolyte 
vaporization rates). One of the early approaches to solving these problems 
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was the flowing electrolyte cell [17,45(a)] . In this cell, zinc dissolved during 
discharge as Zn(OH)z- in the flowing electrolyte, while zinc was deposited 
on the current collector plate during charge. This system gave only limited 
success because of the difficulties of preventing dendrite formation with 
zinc deposition from alkaline electrolyte, even with flowing electrolyte, water 
loss from the battery, and air electrode irreversibilities. To eliminate the 
latter problem, the two approaches which were investigated were using an 
external cell for recharge and feeding the zinc to the battery mechanically 
[ 171, and using a third electrode for charging [45(a) (b)] . Both these ap- 
proaches introduced system complexity, and the work was discontinued. 

Subsequently, the approach was extended by using a slurry cell [40] 
where zinc particles were suspended in the alkaline electrolyte. However, 
the energy density of this system was low because of the low concentration 
of the zinc suspension in the KOH solution (89 g/l). In addition, the system 
was complex because zinc had to be mechanically broken from the current 
collector substrate after charge to form the suspension of zinc in the elec- 
trolyte. 

Improvements were made in this system by Compagnie G&&ale 
d’Electricite (CGE) [41 - 431 by increasing the weight of zinc that could 
be suspended in the electrolyte (to 300 g/l) by the addition of an SiOz 
(Elozine) stabilizing agent, by depositing zinc on a magnesium substrate at 
high current densities such that the zinc fell from the current collector as 
colloidal particles during charge, and by using an on-board auxiliary recharge 
cell. This work resulted in the development of a prototype battery [43]. 
The major problems with this system were the relatively short range with 
the design parameters used for circulating the electrolyte (100 miles for a 
250 kg battery) and the relatively low electrochemical energy efficiency of 
40%. However, the system appears sufficiently interesting (and advanced) 
to warrant detailed evaluation. Improvements need to be made in the air 
electrode electrocatalysis (the CGE battery used uncatalyzed activated carbon), 
in increasing the zinc concentration suspended in the electrolyte, and in de- 
creasing the ohmic resistance to permit low-temperature starts. 

Recently, an acid electrolyte Zn/air cell has been proposed to circumvent 
the carbon dioxide buildup problem [ 14,461. This cell is analogous to Zn/ 
halogen batteries that have a well-developed negative electrode. Initial data 
is promising; however, considerable performance improvements are still 
required. 

Iron/air 
Iron anodes have been used for over 50 years in Ni/Fe batteries, and the 

advantages of this system are the availability, abundance, and low cost of 
iron. Iron electrodes are fabricated into sintered structures. These have the 
capability to be deeply discharged, and, hence, have the possibility of mak- 
ing a lightweight, low-cost iron electrode. However, low electrode cost is 
dependent on increasing the Hz overvoltage on iron. This is currently 
achieved by refining the iron oxide powder to a high degree of purity 
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before reduction to iron powder, but this adds significantly to the electrode 
cost. 

As a result of the material cost and the electrode fabrication procedures, 
Fe/air batteries are only feasible as secondary systems. 

The theoretical energy density of the iron/air couple is around 485 W 
h/kg, and it has an open-circuit potential of 1.2 V. Upon discharge, as can 
be expected, the majority of polarization losses occur at the air electrode. 
Little polarization is observed at the iron electrode, where the discharge 
reaction is: 

Fe + 20H + Fe(OH)s + 2e. (4) 

The iron electrode has shown good life and is not susceptible to the slumping 
and shape change problems common in the alkaline zinc system [47]. It can 
be discharged to the composition Fe(OH)s. However, this occurs at a lower 
voltage plateau (by approximately 200 mV), and it is not planned to use 
this extra capacity in electric vehicle propulsion applications [ 481. Typically, 
this electrode is discharged to - 0.075 0 V us. a Hg/HgO reference electrode. 
To date, several preparatory procedures have been evaluated for the charged- 
state porous negative, including the thermal decomposition of iron carbonyl 
[48,49], atomization, electrodeposition, and sponge iron formed by the 
reduction of FepOs [48]. Of the porous iron electrodes, greatest emphasis 
has been placed upon the latter procedure, where electrode porosities range 
from 70 to 80%. 

Batteries have been fabricated and operated using a bifunctional air 
electrode [ 22,47,48] and energy densities of 60 W h/kg at power densities 
of 40 W/kg were reported [47]. The electrochemical energy efficiency of 
the cell is largely dictated by polarization losses at the air electrode. For 
example, at a charge/discharge current density of 25 mA/cm2, the cell voltage 
efficiency is around 52%, with a resultant electrochemical energy efficiency 
of 45%. Current research and development programs of this battery system 
are aimed at overall energy efficiencies of around 60% [22,48], in which 
case it will also have the potential for load-levelling applications. 

The battery systems that appear most promising for vehicular propul- 
sion at this stage of development are the Al/air, Zn/air, and Fe/air. Of these, 
the zinc has been favored by most workers and is at the furthest stage of 
development. In fact, as noted previously, Zn/air batteries have been used 
in practical applications. A comparison of the major features of metal/air 
batteries discussed in this Review is presented in Table 2. 

A major concern of any metal/air battery is the air electrode, and 
there is a continual need for improvements in the performance, stability, 
and cost of this electrode. It is a particular problem in secondary cells, and 
although the bifunctional electrode design is very promising, it has not been 
proved over a large number of discharge/charge cycles. 

In addition to selecting the anode material, the cell design is also an 
important consideration. Mechanical recharge batteries are attractive because 
of their speed of recharge and elimination of charging at the air electrode 
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(i.e., they are essentially a primary battery). However, it will be necessary 
to deploy a complete, commercial service system before any extensive market 
penetration can occur, and this will hinder their widespread acceptance. It is 
possible that they may find acceptance for fleet vehicles where recharge 
facilities could be developed more rapidly on a limited scale. 

Secondary batteries have the disadvantage that rechargeable electrodes 
must be developed, but they fit more readily into the recharge scheme for 
electric vehicles. A second problem is the carbonate buildup in the electro- 
lyte. The effect of this over many charge/discharge cycles still has to be 
determined, but, for example, it was found necessary to change the electro- 
lyte in the slurry cell after 50 cycles [41,42]. This may be acceptable with 
flowing electrolyte or slurry cells, but it is clearly impractical with bi-cells. 

A third problem with some of the metal/air secondaries may prove to 
be loss of water from the electrolyte from either thermal effects or losses 
upon overcharge. The cost of high purity water replenishment may not be 
insignificant. 

Of the batteries currently being developed, aluminum appears to have 
potentially the highest energy and power density. However, we find the 
recent optimistic claims for this battery to be unsubstantiated. Scale-up 
data are not available, and we see particular difficulty in thermal management 
at the high current densities (400 mA/cm2) proposed for the system because 
of the high electrode polarization (cell voltage of 1.5 V, theoretical of 2.9 V) 
and ohmic effects. In addition, because of the capital required for service 
station development, it is unlikely that any battery that is exclusively a 
mechanically rechargeable system would prove commercially attractive be- 
cause of the ever-present promise by researchers of the development of a 
more conventional secondary battery. 

Iron/air batteries appear to be limited by inherently low energy density 
and the need for a reversible oxygen electrode (because they can only be 
used as secondary systems). However, with successful research, this could 
be a useful addition to the total battery market for specific applications. 

Zinc/air has the greatest potential of all the systems for vehicular ap- 
plications. Although it does not have the high theoretical characteristics of 
the aluminum cell, it has proven more amenable to engineering into a prac- 
tical system. It has the advantage of being able to be either mechanically or 
electrically rechargeable, so that its market penetration will be less limited 
by the deployment of an extensive service system. The success to date with 
the slurry cell appears to indicate that this is worth pursuing for vehicular 
applications. 

Conclusions 

Many advanced battery systems are being developed for automotive 
and load-levelling applications. However, there is still a need for further 
improvement. In view of the effort that has been put into these systems and 
the fact that they are stilI not commercially available, it is surprising that 
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the development of metal/air batteries has been downplayed in the past 10 
years. Our understanding of the air cathode has been significantly improved 
over this period, and this increases the attractiveness of this technology. As 
can be seen, Al, Zn, and Fe/air batteries all have their protagonists, and it 
is not possible to identify the preferred system at this time. In fact, each 
system may find a different application. 

There appear to us to be several reasons why metal/air batteries should 
be given additional consideration at this time. First, their mechanical recharge 
feature permits their rapid recharge, thus approximating the conditions we 
normally expect for automobile refueling. In addition, the option of elec- 
trical recharge does not commit us to any one battery system. Second, the 
energy density and cost of developed batteries will approach that of other 
advanced battery systems. Third, these normal temperature batteries have 
less severe materials problems than higher temperature batteries, and this 
minimizes the risk associated with the battery development. 

As a result, metal/air batteries have considerable potential for advanced 
battery systems, and their application for electric vehicles, in particular, 
should be encouraged. / 
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