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Abstract

The direct methanol–air fuel cell is reviewed with special attention to its use in road transportation applications. The history of the
technology is discussed and the various problems associated with its commercial development are assessed, in particular the mechanisms
of the electrode reactions, the development of effective catalysts, and the possible electrolytes which can be used. The barriers to
successful commercialization are reviewed and suggestions for future work are given. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

In many respects, the direct methanol–air fuel cell is a
promising electrochemical power source for electric vehi-

Ž .cles EVs . The device uses a liquid fuel which can be
derived from oil, natural gas, coal, or biomass. Thus, there
are no limitations on the availability of methanol fuel. As a
liquid fuel under normal conditions, methanol can be
dispensed via the existing distribution and retail network in
the transportation sector with, perhaps, only a few minor
modifications. The power source does not require a mini-
refinery under the hood of the vehicle to convert the fuel
to hydrogen. The device and its auxiliary utilities are
therefore of a convenient size for fitting into the engine
compartment of even small private cars. Although no
demonstration vehicles based on this power source have
been built and operated, it can be concluded that with
operation at 60 to 808C, the emissions from such vehicles
Ž .especially nitrogen oxides from the air feed would be
considerably lower than those of conventional internal-

Ž .combustion-engined vehicles ICEVs . Principally, carbon
dioxide and water would be emitted, but the possibility of
some formaldehyde cannot be excluded. Because of the
inherent greater efficiency of fuel cells, the production of
carbon dioxide would be at a substantially lower level than
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that from ICEVs. In city driving, this advantage would be
even greater. This is because the efficiency of a fuel cell
increases as the load on the cell decreases, i.e., behaviour
which is the reverse of that experienced with heat engines.

Why, therefore, do we not see vehicles powered by
direct methanol–air fuel cells on our streets today? The
answer is quite simple. The performance of the state-of-
the-art cell at an acceptable cost is substantially poorer
than that required for road transportation applications.
Additionally, we should not underestimate the technologi-
cal advances which have been made over the last century,
and particularly during the last 20 years, in the perfor-
mance of the competition, namely, internal-combustion
and external-combustion engines. Such engines in modern
vehicles cost only a few tens of dollars per kilowatt, and
this provides very severe competition indeed.

Almost certainly, the direct methanol–fuel cell will
require platinum-based catalysts for the fuel electrode, and
probably also for the air electrode. Given the high cost of
platinum, the amount of the metal must be minimized in
order to match the cost of an equivalent heat engine. In
addition, there is the question of the availability of plat-

w xinum supplies. It has been estimated 1 that if 50 million
vehicles powered by such a device were manufactured
each year, then the amount of platinum required would far
exceed the current production of platinum. Although more
than 95% of the platinum would be recoverable at the end
of a vehicle’s life, the issue of platinum supply alone
would still present some difficulties. Nevertheless, if the

0378-7753r99r$ - see front matter q 1999 Elsevier Science S.A. All rights reserved.
Ž .PII: S0378-7753 99 00244-X



( )B.D. McNicol et al.rJournal of Power Sources 83 1999 15–3116

catalytic problem can be solved and sufficiently small
amounts of platinum can prove effective, then a substantial
share of the vehicle market could be captured with all the
associated benefits to the environment. Thus, the
methanol–air fuel cell has been regarded by many as the
‘philosopher’s stone’ for road vehicles—its successful de-
velopment would greatly assist progress towards a sustain-
able transportation sector.

2. History of the direct methanol–air fuel cell

The history of the direct methanol–air fuel cell is
neither as long nor as spectacular as that of the hydrogen–
air fuel cell which was first demonstrated by William

w xGrove in 1839 2 and, in modern times, by the late Francis
Ž . w xTom Bacon 3 . Bacon’s work culminated in the use of
hydrogen–air fuel cells in the Apollo Space programme
and resulted in a diversification into alkaline, phosphoric
acid, molten carbonate, solid oxide and solid polymer
electrolyte technologies that have attracted considerable
investment during the last 20 years. The direct methanol–
air cell was pioneered by Shell Research in England and
Exxon-Alsthom in France during the 1960s and 1970s.
Shell took the acid electrolyte approach and used sulfuric
acid, while Exxon-Alsthom adopted the alkaline electrolyte
route after initial experiments with sulfuric acid.

Shell’s interest in fuel cells began in the late 1950s; the
aim was to discover whether the fuel cell could be a
competitive prime mover for road transportation. The Shell
team took the view that operation close to ambient pres-
sure and temperature was highly desirable. Air was seen as
the only acceptable oxidant. At that time, all existing

Žfuel-cell gas electrodes e.g., Bacon biporous, Justi DSK
.and Kordesch carbon were relatively thick and gave poor

performance when operating on air and the reasons for this
were thus sought. Having identified that the limiting fac-
tors were physical rather than chemical, it was reasoned
that diffusion of oxygen into the electrolyte and of nitro-
gen away from the catalyst pores were the significant
factors. The solution adopted by Shell was to create a very
thin electrode with finely spaced pores by evaporating
silver or gold on to a substrate of very uniform, microp-

Ž .orous, polyvinyl chloride PVC , which was in large-scale
manufacture as separator material for lead–acid batteries.
A layer of catalyst was then attached to the metallic layer.
These composites functioned well on air and put Shell in a
position to make fuel-cell electrodes of large area quite

w xcheaply 4 . Initially, these electrodes were used in alkaline
electrolyte. In order to give credibility to the idea that a
fuel cell operating at ambient pressure and temperature
could be a viable power source, a number of stacks were
built and culminated in the construction of a 5-kW net
unit. The pure hydrogen was generated from a methanol–
water mixture and purified by a palladium–silver diffuser.

The whole unit was self-contained. The system took 15
min to start and thereafter offered instantaneous response
to changes in load. Starting from below 08C was also

w xdemonstrated 5 .
It was recognized, however, that the above design was

too complex and that direct oxidation of methanol was
much to be preferred. As a methanol electrode in sulfuric
acid, platinum itself was found to be rapidly poisoned by
reaction products and this resulted in a wide range of

w xplatinum alloys being examined for catalytic activity 6 .
This research by Shell found only platinum–ruthenium and
platinum–rhodium to be effective; the former was favoured.
At that time, Johnson Matthey had already provided Shell

Žwith Adams platinum a bulk, but finely divided, platinum
.catalyst which proved to be an outstanding catalyst for

oxygen reduction in fuel cells and which, unlike platinum
black, appeared to be immune to sintering. Platinum–
ruthenium was subsequently provided and electrodes with
10 mg cmy2 gave results which encouraged the construc-

w xtion of stacks 4 in 1963. The simplicity of operation was
attractive, not only was the exhaust carbon dioxide auto-
matically separated by the phase change in the electrolyte,

Ž .but the fuel electrodes anodes retained their correct nega-
tive potential during shutdown. This ensured that all the
cells were of the correct polarity on start-up and cell
reversal, which can occur in hydrogen–oxygen fuel cells,
was not a problem. A 300-W unit, which powered its own
auxiliaries, was built. Although the system proved to be
reliable, the costs were excessive for all but very special-
ized purposes. Thereafter, Shell’s efforts were devoted to
reducing costs by greatly improving the catalysts.

Substantial progress was made by teams at the Shell
Thornton Research Centre in Chester, UK, and at the
Koninklijke Shell Laboratorium in Amsterdam, the Nether-
lands. During the period 1973–1981, the performance of
the fuel electrode was improved by over two orders of
magnitude and a more detailed understanding of the mech-
anism of the methanol oxidation reaction was obtained. At
the same time, the Amsterdam laboratory made consider-
able progress in the development of stable, active, non-no-
ble metal catalysts for the air electrode. Some of this work
will be addressed later.

The engineering approach taken by the Exxon-Alsthom
group in France with alkaline and buffer electrolyte tech-
nology was also impressive, but appeared not to offer
much chance of commercial exploitation since Exxon
pulled out of the enterprise in the late 1970s.

In the early 1980s, as a result of the lower growth in oil
consumption that resulted from the conservation measures
taken after the 1973 crisis, it became clear that the fears of

w xan imminent oil shortage were unfounded 7 . The conse-
quent drop in oil prices pushed the target cost for the
methanol–air fuel cell even further out of reach. Shell
accordingly decided to cease all work on the device in
1981; the research team was disbanded and the members
assigned to other areas.
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During the 1960s, notable research was undertaken on
the fundamental methanol electro-oxidation reaction by

w x w xVielstich 8 , Breiter 9–12 , Bagotsky and Vassilyev
w x w x13,14 , Biegler and Koch 15 , and others, and what
understanding there is of the mechanism of the reaction
owes much to these workers. More recently, spectroscopic
techniques have been applied to study the reaction. The
evidence from such investigations is conflicting and de-
pends on the techniques used and the types of platinum
catalyst studied. Thus, although the work has been of high

Ž .quality, the true nature of the mechanism s has still to be
determined.

In the mid-to-late 1980s, protection of the environment
again came to the fore as a serious global issue. The source
of this concern was not the private citizen but Govern-
ments. The first action arose in the USA through an
initiative by the California Air Resources Board to curb

w xthe smog problem in Los Angeles 7 . Legislation of
increasing stringency was passed there and this inevitably
spread to Europe, particularly Sweden. The European

Ž .Community now the European Union also began to
impose similar controls on vehicle emissions. This activity
has resulted in renewed and serious efforts to develop fuel
cells for road vehicles. At the same time, via various
demonstration programmes of multi-kilowatt and even
megawatt fuel cells for stationary applications, the public
has become more aware of what the fuel cell can offer.
Today, as spin-offs from stationary fuel-cell programmes
in Europe, Japan and the USA, significant efforts are being
made to apply such technology in vehicles. The pioneers
are Ballard Power Systems and Daimler-Benz with their
solid polymer electrolyte technology. The approach is
predominantly to utilize indirect hydrocarbon-burning fuel
cells with the associated necessity of incorporating a re-
former, or some such processor, under the hood of the
vehicle. Nevertheless, a programme has been set up in
Europe to study the direct methanol–air fuel cell and a
number of possibilities are being studied that include a
high-temperature version with gaseous methanol fuel.

With car manufacturers such as Daimler-Benz, Ford,
General Motors and Toyota actively involved in the devel-
opment of vehicles powered by fuel cells, the participation
of the owners of fuel infrastructures is also imperative.
Over the last year or so, oil companies such as ARCO,
Mobil, Exxon and Shell have become involved via al-
liances with car manufacturers.

As mentioned earlier, the basic problem with the
methanol–air fuel cell is poor catalysis. There are a num-
ber of similarities between the electrochemical oxidation
of methanol and gas-phase dehydrogenation reactions of
hydrocarbons. Consequently, there exists, particularly in
the oil industry, considerable catalysis expertise which, if
directed towards improving the catalysis of methanol elec-
tro-oxidation, could result in success. It is our view that
opportunities have been missed in exploiting this resource
—perhaps because, to date, the driving force for the fuel

cell has been transitory. Now, it is for real and the
opportunities are there.

3. The noble metal issue

Mention was made earlier of the need for platinum, at
least as a component of the methanol electro-oxidation
catalyst and probably too as a component of the air
electrode catalyst. In the latter case, however, the possibili-
ties of non-noble catalysts are more promising. Quite apart
from the need to have a catalyst which is passive in an
electrolyte solution of concentrated acid, until recently
only platinum-based catalysts have demonstrated any ap-
preciable activity for the methanol electro-oxidation reac-
tion. 1

w xAppleby 1 has calculated that if all road vehicles in
the Year 2010 were powered with the much better per-
forming hydrogen–air fuel cells which use a solid poly-
meric acid electrolyte, then the requirement for platinum
would still be about five times the total amount of the
metal that has been mined to date. Of course, such vehicles
would not require catalytic converters which also contain
platinum, but the amounts of platinum in such converters
are one-to-two orders of magnitude less than those in fuel
cells. The challenge to the developers of direct methanol–
air fuel cells is even greater, given the much poorer
performance of this system. On the other hand, there are
some advantages to be gained with fuel cells. First, the
platinum is more than 95% recoverable at low cost. Thus,

w xStonehart 16 has argued that the actual cost of the
platinum catalyst is only the interest on the money re-
quired to purchase the catalyst during its lifetime plus the
costs of recovery of the platinum from the used catalyst.

Ž .Second, as shall be seen later Section 4.3 , there is
substantial scope for improving the performance of the
methanol electrocatalyst. Third, the world vehicle popula-
tion will not be replaced overnight; it will be an evolution-
ary process in which the appearance or non-appearance of
a platinum alternative catalyst will dictate the extent to
which fuel cells penetrate the vehicle market.

In summary, therefore, neither the limited supply of
platinum nor even the cost problem is seen to be suffi-
ciently serious to place an embargo on the future research
and development of the direct methanol–air fuel cell.

4. The catalysis issue

The performance of the direct methanol–air fuel cell is
so far from that required for successful commercialization

1 It is assumed that any methanol–air fuel cell applied commercially
will utilize an acid electrolyte in the form of a concentrated liquid or a
solid because of the ability of such an electrolyte to reject the carbon
dioxide generated in the reaction.
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that there are no recent examples of units of the size
suitable for road transportation. There were complete
working methanol–air systems in the early days of fuel-cell
evolution, but while these systems demonstrated the feasi-
bility of constructing such power sources, the catalysts
were not adequate for the technology either to compete
with alternative power sources or to meet the demands of
the consumer. This section therefore reviews the reactions
which occur in the fuel cell, together with the progress
which has been made in catalysis and the prospects for
future advances.

4.1. Electro-oxidation of methanol

In acid electrolyte, the overall reaction of methanol
electro-oxidation is as follows:

CH OHqH O™CO q6Hqq6ey E s0.04 V3 2 2 r

1Ž .

The methanol is adsorbed on to the platinum-based cata-
lyst dissociatively with the release of hydrogen ions and,
thus, the generation of large electric currents. Unfortu-
nately, the dehydrogenation does not proceed to comple-
tion, otherwise there would not be a problem. A tena-
ciously held methanolic residue, the composition of which
is still debated, remains and is slowly oxidized to carbon
dioxide at higher potentials via reaction with water or
other adsorbed oxygenated species. Such potentials are

Ž .greatly higher than the reversible potential E s0.04 Vr

for methanol electro-oxidation, a major factor in the poor
voltages of methanol–air fuel cells.

w xElectrochemical pulse techniques have been used 15,17
to study the electro-oxidation of methanol on smooth,
platinum-foil catalysts in ultra-pure sulfuric acid. The ini-
tial currents decay by five orders of magnitude in going
from the initial to a pseudo steady-state. The latter is
defined as the current observed after 5 min on load. Even
after this period, the current continues to decline and the
true steady-state is only established after many hours. The
origin of this massive fall in current is the coverage of the
active platinum sites with the adsorbed methanolic residue
which is only effectively removed at potentials where
oxygen, in one form or another, is adsorbed. Thus, the
challenge is to develop new catalysts which retard the
formation of the dehydrogenated residue, without substan-
tially lowering the activity, or which adsorb oxygen effec-
tively at potentials much lower than that established on
pure platinum.

The exact nature of the poisoning methanolic residue
remains to be established despite considerable efforts to
resolve its composition. In fact, there may be more than
one type of residue. Compositions such as CO, COH, CHO

w xand C O H have been suggested 9–14,18–29 on the2 3

basis of electrochemical, spectroscopic and radiotracer
w xstudies. Early evidence 18,19 pointed to the removal of

the hydrogens from the methyl group to form the species
ŽC OH index xxx denotes three valence bonds with the

xxx

. Ž .surface , though later a formyl species C HO was pro-
x

w x Ž .posed 22,23,29 . Complexes of similar composition COH
w xhave been found 30 in the liquid phase dehydrogenation

of alcohols and other molecules on platinum catalysts. The
reverse reaction, the electrochemical reduction of CO , has2

w xbeen reported 31 as leading to a complex of composition
CHO, though whether this species is formyl or alcoholic in

w xstructure was not specified. It has been postulated 32 that
a complex of composition COH is formed during the
electro-oxidation of formic acid via reaction of the weakly
held species C OOH with adsorbed hydrogen. Studies of

x
the influence of adsorbed species such as bismuth, cad-
mium, lead and thallium on the activity of platinum for

w xformic acid electro-oxidation attributed 33 enhanced ac-
tivities to the suppression of hydrogen adsorption and,
thereby, to the formation of tenaciously held C OH. Posi-

xxx
tive influences of ad-atoms have also been found for
methanol electro-oxidation, although here the mechanism
of enhancement may be different since there is little or no
evidence to suggest that C OOH is formed during the

x
initial dehydrogenation stage of the reaction, although it
may be produced during a later stage.

The mechanism of the removal of the adsorbed species
in methanol electro-oxidation is also not clear. The prob-
lem lies in the nature of the oxygen species that effects the
removal of the residue. Some activity is observed at poten-
tials well below that where electrosorption of water to
produce adsorbed OH species is expected. This has led

w xsome workers 34 to suggest that adsorbed molecular H O2

may be responsible for the removal of the residue. On the
other hand, only very small amounts of adsorbed OH may
be necessary to initiate the reaction.

The most generally accepted mechanism for methanol
electro-oxidation involves the reaction of the adsorbed

w xspecies with adsorbed OH 26 . If the adsorbed species is
assumed to be a C OH species attached via the carbon

xxx
atom to three platinum sites, then the following scheme
can be written:

CH OH™Pt yCOHq3Hqq3ey 2Ž .3 3

3Ptq3H O™3PtyOHq3Hqq3ey 3Ž .2

Pt yCOHqPtyOH™Pt yCOqH O 4Ž .3 2 2

Pt yCOqPtyOH™PtyCOOH 5Ž .2

PtyCOOHqPtyOH™CO qH O 6Ž .2 2

Note that, the adsorbed species C OH, C O and C OOH
xxx xx x

are postulated in this mechanism and the rate-determining
step is most probably the transformation of Pt -COH to3

Pt -CO. Infrared spectroscopic evidence has been found2

w x27,35,36 for the existence of adsorbed C O species on
xx

smooth platinum during the methanol electro-oxidation
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reaction with only small, weakly held concentrations of
species containing oxygen and hydrogen. By contrast,
mass spectroscopic studies on finely divided platinum have

w xrevealed 29 an adsorbent of composition C HO with the
x

proposal that it is a formyl species attached to one plat-
inum site.

Some evidence for the mechanism based on a C OH
xxx

w xpoison was obtained from work at Shell 37,38 on finely
divided platinum catalysts supported on carbon paper.
Furthermore, during the operation of methanol–air stacks,
ester-like smells were identified which were due to the

w xpresence of organic acids 39 . While radical dimerizations
are frequently encountered in electrochemical processes,
this type of reaction seemed unlikely since the acids were
present in quantities which decreased only slowly on pro-
gressing up the homologous series. It was suggested that
the acids are formed through attack of the methanol by
HCOH radicals in which the carbon is bonded to two
metal sites in a manner analogous to the Fischer–Tropsch
synthesis.

The most highly dispersed platinum catalysts, prepared
by activation in hydrogen, displayed poorer activity than
catalysts of lower metal surface-area prepared by activa-
tion in air. If the best dispersed catalysts were sintered by
heating at high temperature in air or by electrochemical

w xcycling 38 , the intrinsic catalytic activity increased and
Ž .passed through a maximum Fig. 1 . This intriguing result

stimulated investigations to examine the electro-oxidation
of formic acid on the same catalysts. It was found that the
catalytic activity increased in direct proportion to the

Ž .surface area of the platinum metal Fig. 2 . The electro-
oxidation of formic acid is considered to occur via the
following mechanism:

PtqHCOOH™PtyCOOHqHqqey 7Ž .
PtyCOOH™CO qHqqey 8Ž .2

Since the acid requires only one platinum site for elec-
trosorption, increase in surface area of platinum increases

Fig. 1. Dependence of catalytic activity for methanol electro-oxidation on
Ž .platinum surface-area: `, ^ catalyst sintered by electrochemical cy-

Ž .cling, two different batches; v catalyst sintered by heating in hydrogen;
Ž . w x= catalyst sintered by heating in argon 38 .

Fig. 2. Dependence of formic acid electro-oxidation on platinum surface-
Ž .area: =, ` catalyst sintered by electrochemical cycling, two different

Ž . w xbatches; v catalyst sintered by heating in hydrogen 38 .

the number of single platinum sites and, consequently, the
catalytic activity. Cyclic voltammetric measurements on
catalysts exposed to the electro-oxidation of formic acid
show clearly greater amounts of the adsorbed, but easily
removable, COOH species on the more highly dispersed

Ž .catalysts Fig. 3 .
In the case of methanol, as the surface area of platinum

increases fewer multi-sites are available for the three-site
adsorption of C OH and thus the activity decreases. The

xxx
occurrence of a maximum in the relationship between
catalytic activity and surface-area may reflect the possibil-
ity that the electrosorption of water is also a structure-sen-
sitive reaction. In fact, the dependence of water adsorption
on platinum dispersion may be in the opposite direction to
that of methanol adsorption. The above phenomena, it
should be noted, are also consistent with the strongly
adsorbed poisoning species being CO, provided that it is
bridge-bonded, i.e., requires more than one site for adsorp-
tion. Studies of the kinetics of the reaction would be
helpful in resolving this issue.

Fig. 3. Electro-oxidation of carbonaceous residues formed during formic
2 y1Ž . Ž .acid electro-oxidation. Platinum area: 136 m g , – – –

2 y1 y1 w x59 m g . 3 M H SO , 258C, 50 mV s 38 .2 4
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It will, of course, not have escaped the reader’s notice
that the above observations are not exactly propitious since
a natural aim in improving the performance of catalysts is
to increase their surface area. The above observations
imply that there is a point considerably above the level of
atomic dispersion of platinum where enhanced surface area
is not beneficial but, on the contrary, exacerbates the
problem.

From the above, it is clear that to be effective for the
methanol electro-oxidation reaction, a catalyst must be

Žbifunctional—it must adsorb methanol and water or other
.oxygen-containing species in the same potential range and

preferably close to the methanol reversible potential. Plat-
inum and other noble metals, despite exhaustive searches
for non-noble metal alternatives, remain the only catalysts
to even approach these criteria, though recently some
evidence has been found for activity with nickel-contain-

w xing catalysts in acid electrolyte 40 . Unfortunately, plat-
inum does not adsorb water very effectively at low poten-
tials and even in a finely divided form, the activity in the
steady-state does not approach that required for commer-
cial application. There are, however, ways of modifying
platinum to improve this situation, as shall become clear
later.

The bulk of the above research, with the exception of
the spectroscopic studies, was performed prior to 1980.

w xLater reviews 27,41 of methanol electro-oxidation have
discounted this earlier work, largely as a result of the
spectroscopic studies which have identified CO as the
adsorbed poison on smooth platinum. Such a conclusion is
questionable, however, since the poison may be different
on the finely divided types of platinum catalyst used in the
pre-1980 investigations and recent studies using mass
spectroscopy as opposed to infrared spectroscopy have

w xrevealed 16 that hydrogenated carbonaceous species such
as COH are formed on finely divided platinum. Moreover,

w xHamnett et al. 42 have found no evidence for adsorbed
CO on finely dispersed platinum catalysts using infrared
techniques, and have proposed that the existence of oxi-
dized species in some of the very small platinum crystal-
lites influences the oxidation of methanol.

Thus, in concluding this discussion on catalysis, it can
be said that despite all the work, both pre-1980 and
thereafter, and the application of a plethora of electrochem-
ical, spectroscopic and chemical techniques, the true mech-
anism of methanol electro-oxidation has still to be re-
solved. Certainly, it is not understood sufficiently to enable
predictive development of commercially attractive cata-
lysts.

4.2. The electrolyte

This section reviews the work which has been carried
out on acid electrolytes for methanol electro-oxidation.
Alkaline electrolytes are not discussed since, for reasons
associated with their lack of invariance, they do not repre-

sent serious alternatives for fuel cells which use carbona-
ceous fuels.

Until fairly recently, the most intensively studied elec-
trolyte was sulfuric acid, though there are a number of
alternatives. Performance of the catalyst varies with the
nature of the electrolyte and depends on factors such as the
ionic conductivity, stabilityrinvariance and corrosivity of
the electrolyte, as well as the degree of adsorption of acid
radicals on the surface of the catalyst. Thus, the perfor-
mance of a particular catalyst for either the fuel or the air
electrode can be affected quite dramatically by both type
and composition of the electrolyte. The performance of a
finely divided platinum catalyst for the electro-oxidation of
methanol in sulfuric acid or phosphoric acid is shown in

w xFig. 4 43 . The decrease in catalytic activity with increas-
ing electrolyte concentration arises from the dual effects of
lower water and higher electrolyte radical concentrations.
It can also be seen that in the lower concentration region,
sulfuric acid produces a better catalyst performance than
phosphoric acid. This is due to the stronger acidity of
sulfuric acid and the smaller poisoning effect of its acid

Ž .radicals. At higher concentrations )5 M , the greater
poisoning effect of the larger proportions of undissociated
sulfuric acid results in a switchover to better performance
in phosphoric acid. Nevertheless, 3 M H SO has re-2 4

Žmained the optimum electrolyte for low-temperature -
.608C methanol–air fuel cells. Little attention has been

paid to operation above this temperature using phosphoric
acid or even solid electrolyte. With the advancement of the
technology of phosphoric acid fuel cells that has resulted
from research programmes in the USA and Japan on

Ž .high-temperature 2008C units fuelled by reformed hydro-
carbons and methanol, there may be opportunities for
developing a high-temperature methanol–air system fu-
elled by gaseous methanol. Some work has been done in

w xthe USA 44 using 96% H PO at temperatures of 2058C3 4

and results which are quite reasonable are presented in Fig.
5.

Ž .Fig. 4. Activity of electro-deposited platinum catalyst in ^ H SO and2 4
Ž . w x` H PO electrolyte. 1 M CH OH, 608C 43 .3 4 3
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Fig. 5. Performance of various platinum-containing catalysts in 99.5%
Ž . Ž .H PO electrolyte at elevated temperature 2058C : 1 Pt–C, 0.5 mg Pt3 4

2 Ž . 2 2 Ž .per cm ; 2 Pt–TirC, 0.5 mg Pt per cm , ;0.05 mg Ti per cm ; 3
2 2 Ž .Pt–SnrC, 0.5 mg Pt per cm , ;0.05 mg Sn per cm ; 4 Pt–RurC, 0.5

2 2 w xmg Pt per cm , 0.0775 mg Ru per cm 44 .

There has also been some interest in the use of trifluo-
Ž .romethane sulfonic acid TFMSA for application as an
w xelectrolyte in fuel cells 45 . It has been claimed that

smooth platinum catalysts display higher activity for
methanol electro-oxidation in the monohydrate of TFMSA

w xthan is exhibited in 0.5 M H SO 46 . The activity for2 4

oxygen electro-reduction is also high in this medium. A
Žcomprehensive study of TFMSA monohydrate CF SO H3 3

.PH O and diluted TFMSA was carried out at the Shell2
w xThornton Research Centre 47 . TFMSA monohydrate is a

very strong acid, compared with perchloric acid, and as its
acid radical is not strongly complexing it should, in princi-
ple, be an ideal electrolyte for fuel-cell reactions. The
results of the investigation were disappointing: in the
monohydrate, very low activities for the reaction were
found with both smooth and finely-divided platinum cata-

Ž .lysts Fig. 6 . Even in diluted versions in the range 10 to
50% TFMSA, the activities were only comparable with

Ž .those found in 3 M H SO Fig. 7 . Moreover, decomposi-2 4

tion of the diluted electrolyte occurred above 808C and
produced a sulfur species which poisoned the catalyst and
resulted in the total disappearance of the catalytic activity.

Ž .Fig. 6. Performance of platinum Adams catalyst in: ` CF SO HPH O;3 3 2
Ž . w xv 3 M H SO . 1 M CH OH, 808C 47 .2 4 3

Ž .Fig. 7. Performance of platinum–ruthenium Adams catalyst in – – – 3
Ž . Ž . Ž .M H SO at 608C, and in 25% CF SO H at: ^ 258C; ' 358C; I2 4 3 3

Ž . w x458C; ` 608C. 1 M CH OH 47 .3

w xIt has been speculated 48 that such behaviour is due to
the following reactions:

CF SOy q2H OqHq™3HFqH SO qCO 9Ž .3 3 2 2 3 2

3H SO ™2HSOy qSqH Oq2Hq 10Ž .2 3 4 2

Under normal conditions, CF SO is kinetically stable up3 3y
to 550 K. It is possible, however, that in the presence of
the platinum catalyst or through some effect of methanol,
decomposition can occur at lower temperatures. Interest-
ingly, this decomposition was not exhibited by the mono-
hydrate, probably because of the much lower water activ-
ity.

w xOthers workers 49 have disputed the Shell group’s
findings and have claimed that no decomposition could be
found. Accordingly, the formation of sulfur species was
ascribed to the presence of an SO impurity in the TFMSA3

used by the Shell group. This does not seem a likely
explanation since the same source of TFMSA was used in
both studies. Thus, there has been no resolution of this
issue. It would appear that no further work on the applica-
tion of TFMSA in methanol–air fuel cells has been pub-
lished.

Buffer electrolytes could conceivably be utilized as
electrolyte, e.g., carbonaterbicarbonate. The problem here
is that an equilibrium mixture of the buffer has to be
maintained at the operating temperature of 608C for the
electrolyte to be invariant. When cooled to room tempera-
ture, however, one of the components precipitates out with
adverse consequences for the operation of the air electrode.
Apart from this, catalytic activities in such buffers are not
significantly higher than in sulfuric acid.

Ž .Thus, as far as low-temperature 608C methanol–air
fuel cells are concerned, there is no alternative at present
to sulfuric acid, with the possible exception of solid poly-

w xmeric acid electrolytes. Nakajima 50 has investigated
methanol–air fuel cells which use these latter electrolytes
and promising results have been obtained at 808C, particu-
larly when the platinum catalyst is modified by adsorption
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of molybdenum species. This enhancement is only fa-
vourable in an operating region of low current density. At

w xthe Los Alamos Laboratories 51 , interesting results have
been obtained at temperatures above 1008C with power
densities only some two-to-three times lower than those

Ž .for reformaterair indirect fuel cells. Nevertheless, fuel
efficiency is still low at only 50% due to the problem of
methanol crossover. Workers at the Jet Propulsion Labora-

w xtory in collaboration with others 52 and also Kuver and¨
w xVielstich 53 have claimed that the crossover problem can

be reduced greatly by using newly developed polymer
membranes. At higher temperatures, there are still other
problems to be solved. For example, suitable methanol
gas-diffusion electrodes need to be developed. Much can
be learned, however, from the great amount of work done
at high temperatures on phosphoric acid and solid polymer
electrolytes in recent years.

4.3. Catalysts for methanol electro-oxidation

As mentioned earlier, there is no known non-noble
metal catalyst identified for methanol electro-oxidation

w xother than the recent work on nickel-based catalysts 40 .
There have been claims made for certain metallic borides
w x54,55 , but these have not been reproduced by other
workers. Thus, we are almost certainly left with platinum-
based catalysts and the need to maximize the activity. As
discussed above, there is plenty of room for improvement,
namely, five orders of magnitude increase in activity from

w xpseudo steady-state to initial activity 15,17 . In relation to
w xthe aforementioned calculations by Appleby 1 regarding

the limited availability of platinum for fuel-cell-powered
vehicles, the pulse studies have shown that there is suffi-
cient scope for improvement in the steady-state activity of
platinum-based catalysts to address this problem. On the
other hand, it is not just a question of activity but also of
stability—after all, the activity has to be maintained. When
run on continuous load, the ‘steady-state’ activity of pre-
sent catalysts continues to decline over many thousands of
hours, hence the use of the term ‘pseudo steady-state’. It
should be noted, however, that recent work at the Jet

w xPropulsion Laboratory 52 has demonstrated good stability
over 2000 h of operation with a solid polymer electrolyte.

An impressive body of knowledge has been built up
over the years in the field of heterogeneous catalysis of
gas-phase reactions, and particularly in the field of alloy
catalysts. In these catalysts, the adsorption and catalytic
properties of platinum are modified via the incorporation
of a second, less expensive metal. Such technology has
been applied to the field of electrocatalysis where various
platinum-based binary catalysts have shown impressive
increases in catalytic activity for methanol electro-oxida-
tion. For example, several second components have been
incorporated as adsorption stabilized sub-monolayers in

w xthe surface of finely divided platinum 56 . Substantial
enhancements in activity were found for platinum modi-

fied with rhenium, ruthenium, tin or titanium. Other work-
w xers 57–60 have demonstrated large increases in activity

for platinum modified with rhenium, ruthenium or tin
prepared by more conventional methods. Originally, the
function of a second component such as rhenium or tin
was felt to be that of a redox co-catalyst with the methanol
adsorbing and dehydrogenating on the platinum whilst the
poisoning residue was chemically oxidized on the co-cata-
lyst which itself was re-oxidized electrochemically. While
this is an elegant theory, no evidence, such as oxidation or
reduction peaks for tin or rhenium in cyclic voltammo-
grams, has ever been found for the existence of such a
redox process. Accordingly, the preferred explanation is
that the second component acts as an agent which alters
the adsorption properties of the platinum via a ligand
effect andror promotes the adsorption of oxygen species

w xat lower potentials. Pulse studies have shown 61 that
whereas the initial activity of platinum is not significantly
affected by incorporation of the second metal, the activity
in the pseudo steady-state is increased by two orders of
magnitude. This improvement could arise by the second
component, as mentioned above, either serving to modify
the adsorption properties of platinum such that the adsorp-
tion of the residue is weakened, or by promoting the
electrosorption of water at lower potentials and thus accel-

w xerating removal of the residue 62 .
The surface composition of bimetallic alloy catalysts

can play a critical role in determining catalytic activity,
and this probably accounts for the wide differences in
activity found for the same metal combinations in different
laboratories. The preparation technique for the bimetallic
catalyst can strongly influence its surface composition, and
a variety of techniques have been used. For example, it has

w xbeen shown 63 for both finely divided platinum–
ruthenium Adams catalysts and platinum–ruthenium sup-
ported on carbon-fibre paper that heating the catalyst in
hydrogen at temperatures between 200 and 5008C pro-

Ž .duces a substantial drop in catalytic activity Fig. 8 .
Cyclic voltammetric studies have revealed that the surface

Žof these catalysts is substantially enriched in platinum Fig.
.9 . Heat treatment in the presence of hydrogen should

enrich the surface of the catalyst with the component
which has the higher heat of adsorption of hydrogen, in
this case, platinum. The original activity can be recovered
by treatment in air at similar temperatures.

As with gas-phase catalysis, considerable improvement
in catalytic activity can be obtained by supporting the
metal catalyst on a conducting support such as graphitized
carbon. A number of techniques can be used in the prepa-
ration of the catalyst to ensure the maximum level of
dispersion. As discussed earlier, however, this procedure is
only of benefit up to a point for methanol electro-oxidation
on monometallic platinum. Above a certain level of disper-
sion in pure-platinum catalysts, no further increase in
activity is found—in fact significant decreases in activity
occur. The effect of metal dispersion on the activity of
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Fig. 8. Performance of platinum–ruthenium on carbon-fibre paper cata-
Ž .lysts as a function of activation conditions: v activated in H at 3008C,2

Ž .metal loading 0.69 mg; ` activation in N at 3008C, metal loading 0.732
Ž . w xmg; ^ activated in air at 3008C, metal loading 0.68 mg 63 .

bimetallic catalysts has not been quantitatively studied and
the best dispersion of bimetallics is still significantly be-
low the maximum in the activity vs. dispersion curve for
platinum. Until such studies are carried out, the situation
with respect to activity vs. dispersion for bimetallic cata-
lysts remains unclear.

The approach to improving catalyst dispersion is, first,
to oxidize the carbon support either chemically or electro-

w xchemically to produce acidic surface oxides 64 which are
then capable of complexing with metal cations via an
ion-exchange process. For instance, in preparing platinum

Ž .catalysts, the treated carbon e.g., carbon-fibre paper is
Ž . Ž .ion-exchanged with Pt NH OH in water, washed,3 4 2

w xdried at 1208C, and activated in air at 3008C 37,38 . This
produces a catalyst with a surface area of up to almost
atomic dispersion of the metal. Cyclic voltammograms for
such a catalyst are shown in Fig. 10 and compared with

w xthose for conventionally prepared platinum catalysts 65 .
Apart from displaying much better dispersions, the hydro-

Fig. 9. Cyclic voltammograms for platinum–ruthenium on carbon-fibre
Ž .paper catalyst—influence of reduction in hydrogen. – – – Original

Ž .catalyst activated in air at 3008C; catalyst reduced in H at2
y1 w x3008C. 3 M H SO , 608C, 50 mV s 63 .2 4

Fig. 10. Cyclic voltammograms for various finely divided platinum
Ž . Ž . Ž .catalysts: a platinum Adams; b platinum on Cyanamid graphite; c

Ž .platinum on untreated carbon-fibre paper; d platinum on electrochemi-
y1 w xcally oxidized carbon paper. 3 M H SO , 258C, 50 mV s 65 .2 4

gen adsorptionrdesorption and oxygen adsorption and re-
duction regions are altered quite radically. This indicates
that, in addition to the dispersive effect, the carbon appears
to modify the surface of the platinum via a platinum–
carbon interaction analogous to the modification of plat-
inum produced by alloying with, for example, ruthenium
or tin. Thus, the performance characteristics of such cata-
lysts may be the result of a complicated effect between
dispersion and surface modification. It should be noted that

w xHamnett et al. 42 have alluded to the peculiar oxidizing
properties of very small platinum crystallites supported on
carbon.

The preparation stages of the above catalysts have been
characterized by means of differential thermal analysis
Ž . w x Ž .DTA 37 and temperature programmed reduction TPR
w x66 . The studies showed that the properties of platinum
are indeed modified by interaction with the carbon-paper

Ž . Ž .support. DTA studies revealed that Pt NH OH ion-ex-3 4 2

changed on to oxidized carbon paper decomposes in air at
Ž . Ž .much higher temperatures than bulk Pt NH OH , and3 4 2

Ž .2qthus confirmed that the Pt NH cation is coupled with3 4

the carbon surface. TPR on both dried and air-activated
catalysts found that, after both stages of preparation, the
reduction properties of the platinum species are different
from those of catalysts prepared by simple impregnation of

Ž .the carbon paper Fig. 11 . It is felt that the platinum–
carbon interaction which causes the modification of the
platinum properties is responsible, at least in part, for the
enhancement of the catalytic activity. The situation is
probably complicated, however, by the influence of the
size of the platinum crystallites, as discussed earlier.

For bimetallic catalysts, particularly the platinum–
ruthenium on carbon paper catalysts which were until
recently the best catalysts for methanol electro-oxidation,
ion-exchange type preparations remain to be developed.
Thus far, only co-impregnation has proven to be success-
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Ž .Fig. 11. Temperature-programmed reduction of platinum catalysts: a
Ž . Ž . Ž . Ž . Ž .unsupported Pt NH OH ; b impregnated supported Pt NH OH ;3 4 2 3 4 2

Ž . Ž .2q w xc ion-exchanged supported Pt NH 66 .3 4

ful. This technique produces very effective catalysts
Ž 2 y1though the metal dispersion at typically 50 to 90 m g

.could be better , but only if certain conditions are applied
during impregnation of the carbon. If aqueous solutions of
H PtCl and RuCl are used, then very poor catalysts are2 6 3

produced. The most effective catalysts can only be ob-
Ž . Ž .tained if complex salts such as Pt NH NO and3 2 2 2

Ž .Ž .Ru NO NO are used and are dissolved in the correct3 x

composition in concentrated nitric acid. The nitric acid
solution appears to activate the carbon surface by oxida-
tion, and the platinum and ruthenium species complex with
the surface groups so formed. Studies using TPR and

w xcyclic voltammetry have shown 67 that interaction with
carbon occurs via ligand exchange between the nitrogen-
containing groups of the metal complexes and nucleophilic
surface groups formed on the carbon surface during oxida-
tion by the nitric acid. The reduction of the resulting
mixed-metal surface complex leads to the formation of the
platinum–ruthenium catalyst which has greatly enhanced
activity over that of pure platinum on carbon paper. Such
binary catalysts have displayed an activity for direct
methanol oxidation at 608C of some 150 A per g platinum
at a potential of 0.4 V on the hydrogen scale. This
performance is difficult to compare with that obtained in

w xthe most recent studies 50,51 since the latter have been
performed in different electrolytes and usually at higher
temperatures. Nevertheless, it appears that the earlier per-
formance is still respectable today.

To date, most work on catalyst development has con-
centrated on carbon-supported, platinum-based catalysts.
There are obviously more effective supports for platinum,
but the criterion that the support must be electrically
conducting restricts the options. There remains substantial
room for improvement in the dispersion of platinum and
ruthenium, and the relationship between activity and dis-
persion must be established. No significant success has
been achieved in effectively supporting platinum–tin or
other interesting bimetallics on carbon—a situation which

is probably due to the lack of suitable complexing salts.
Another approach may be to seek alternative procedures
for modifying the carbon so that complexing with the salts
used in the preparation of the catalyst proceeds more
effectively. A very exciting recent development has been

Žthe application of ‘combinatorial catalysis’ a technique
.used extensively in bio-organic systems to the develop-

w xment of direct methanol electro-oxidation catalysts 68 . In
this approach, a very large number of binary, ternary and
quaternary noble-metal catalyst compositions in the form
of an array of dots are prepared on a piece of conducting
carbon paper. The dots are made by using a commonly
available ink jet printer to deposit repeatedly inks of the
individual metal components in different combinations.
The catalytic activity of the array is screened in a special
electrochemical cell which employs fluorescent acid–base
indicators to detect activity on the basis of the lowering of
the pH of the electrolyte as the reaction occurs. In this
way, thousands of compositions can be rapidly screened
and promising ones identified for conventional evaluation.
A new, promising, ternary platinum–ruthenium–osmium
catalyst has already been identified.

The long-term stability of catalysts for methanol elec-
tro-oxidation is poor. Even after the initial rapid decay of
activity to the pseudo steady-state, the activity continues to
steadily decline over thousands of hours. The effect is
exhibited by both platinum and bimetallic catalysts. Al-
though this would present a major problem for a
methanol–air fuel cell continuously on load, in a trans-
portation application, where a stoprstart, full-loadrpart-
load duty is encountered, the effect may not be so impor-
tant. Shell Research and others have noticed that switching
the current off for short periods of time results in a return
of the catalytic activity to its pseudo steady-state level.
This fortunate observation encouraged Shell to conduct life
tests using various programmed onroff sequences; very
little loss in activity was observed over thousands of hours
w x69 . In fact, a programmed sequence was developed to
mimic the ECE 15 urban driving cycle of a vehicle and
over 1000 h of steady operation was obtained. This prop-
erty of self-recovery which the catalysts possess may even
enable a methanol–air stack to deliver a high continuous
power output, e.g., individual cells are switched off in
rotation to recover whilst power continues to be delivered
from the remainder of the stack—provided, of course, that
such a procedure does not damage the performance of the
air electrode. The Shell workers attributed the recovery to
the simple removal of the carbonaceous residue at the

w xopen-circuit potential. Hamnett et al. 42 subsequently
observed the same phenomenon but ascribed its cause,
perhaps more reasonably, to the removal of inactive plat-
inum oxide species at open-circuit.

4.4. Oxygen electro-reduction reaction

In this review, it is not proposed to examine extensively
the substantial work conducted in the whole field of
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oxygen electro-reduction, but rather to discuss the nature
of the reaction and those catalysts which are considered as
promising candidates for air electrodes in methanol–air
fuel cells.

Given that the methanol–air fuel employs an acid elec-
trolyte, the oxygen electro-reduction reaction is:

O q4Hqq4ey™2H O E s1.229 V 11Ž .2 2 r

It has been proposed that the formation of water proceeds
in a stepwise process via the formation of hydrogen perox-

w x w xide 70 , or by two parallel reactions 71 , one which leads
directly to water, the other to water via hydrogen peroxide.
There is some evidence for the existence of the parallel-re-
action mechanism in both acid and alkaline electrolytes.

In acid electrolyte, on which this discussion focuses, the
reaction takes place at high, positive potentials. This re-
sults in a number of difficulties—at such potentials most
metals dissolve and this gives rise to a similar situation to
that prevailing at the fuel electrode, i.e., only noble metals
and some of their alloys offer possibilities among metallic
catalysts. Even when platinum is used, there are problems
arising from the formation of surface oxides on the cata-
lyst, which complicates the situation further despite the
fact that oxides such as PtO are good catalysts for the2

decomposition of hydrogen peroxide. This problem of
metal dissolution and oxide formation could have even
more drastic consequences during the long-term use of a
fuel cell in transportation applications. In Section 4.3, it
was shown how methanol catalysts are more stable when
life-tested under the conditions which are likely to be
encountered in road vehicles, i.e., varying current and
stoprstart service. The excursions to open-circuit during
the time spent at zero current serve to regenerate the
methanol electro-oxidation catalyst. Unfortunately, how-
ever, the time spent at open-circuit might cause some
damage to the metal catalyst in the air electrode because of
the high potentials involved, e.g., platinum crystallites may
sinter and lose catalytic activity. This has certainly been

Ž w x.shown see, for example, Ref. 72 to be a problem during
the life-testing of platinum-containing catalysts for air
electrodes in phosphoric acid fuel cells. Thus, operational
difficulties associated with the air electrode reaction should
not be underestimated.

4.5. Catalysts for oxygen electro-reduction

4.5.1. Noble metal catalysts
The most active catalysts for oxygen electro-reduction

in acid electrolyte are platinum and certain platinum-con-
taining alloys, though given that the fuel electrode must
contain platinum, the amounts allowable for the air elec-
trode would not produce the currents required for commer-
cial success at the desired cell terminal voltage. Thus,

Ž .work has concentrated on two areas, namely: i trying to
improve the activity at the high positive potentials used;

Ž .ii attempting to develop non-noble metal complex cata-
lysts—in particular macrocyclic organometallic chelates.
The latter approach, if successful, would enable the whole
of the allowable platinum inventory to be allocated to the
fuel electrode and would thus ease the commercial target
for that electrode and the consequent drain on world
resources of platinum. Noble-metal catalysts are discussed
here and alternative catalysts will be covered in Section
4.5.2.

The influence of platinum crystallite size has been
w xexamined by a number of workers 73,74 . Optimization of

metal dispersion is required to maximize the utility of the
metal inventory, and it is always a possibility that catalytic
activity might be dependent on platinum crystallite size, as
has been experienced with methanol electro-oxidation. Bett

w xet al. 73 found no dependence of activity on crystallite
w xsize in the range 3 to 40 nm. Blurton et al. 74 , however,

Žinvestigated catalysts of much smaller crystallite size -
.1.4 nm and demonstrated that the activity decreased be-

low this size. One possible reason for this behaviour may
be a loss of metallic character by such small crystallites
through metal–carbon interaction or from the dual-site

w xrequirement for dissociative oxygen adsorption. Ross 75 ,
in studies of the reaction on single crystal faces, found that
the reaction rate decreased in the order: 11141004110.
It was considered that the varying platinum–platinum dis-
tances in the surface exerted an influence on the slow

w xdissociation of adsorbed O H complexes. Stonehart 16 ,2

on the other hand, attributed the effects of crystallite size
to an inter-particle diffusive interference between platinum
crystallites. For example, when the distances between plat-
inum crystallites of different size are the same, the specific
activities are the same.

The main thrust of research in this area has been the
attempt to prevent sintering of the platinum species during
operation. On graphitized carbon, platinum can oxidize
and recrystallize such that, over long periods of time, the
activity falls and the metal itself may even be lost from the
surface of the support. A further contributing factor is the
oxidation of the graphite surface that can also occur under
the conditions of the reaction. Various approaches have
been taken to solve this problem, e.g., the use of other

w xsupports than carbon. For instance, it has been shown 76
that platinum sinters less readily when supported on semi-
conducting tin oxide and this was thought to be due to
recrystallization of dissolved platinum on the low surface-
energy tin–oxide support rather than on other platinum
crystallites.

Some work has been done on depositing platinum on to
carbon-coated g-Al O , a procedure which leads to in-2 3

w xcreased stability 77 . Other success in stabilizing platinum
w xhas been achieved 78 by alloying with a second metal

component such as vanadium, and such catalysts have
Ž .been used in high-temperature ;2008C phosphoric acid

w x w xfuel cells 79 . Adzic et al. 80 have shown how adsorbed
atoms can influence the activity of gold for oxygen reduc-



( )B.D. McNicol et al.rJournal of Power Sources 83 1999 15–3126

tion, and it is possible that further research in this area
could lead to benefits in terms of both activity and stabil-
ity. New electrolytes, e.g., fluorosulfonic acids, have been
demonstrated as suitable electrolytes for oxygen electro-re-

w xduction 81 but, as discussed in Section 4.2, there may be
problems with the fuel electrode in such a medium.

Considerable research has been conducted on alloys of
platinum which range from binary alloys such as plat-

w x w xinum–vanadium 78 and platinum–chromium 82 , through
w xto ternary alloys such as platinum–cobalt–gallium 83 .

Enhancements in catalytic activity have been obtained via
a variety of effects which have included the leaching of

Ž .components e.g., gallium to produce porosity in the
platinum and increasing the resistance of platinum to

w xsintering 16 .
The demands on a noble-metal air-electrode catalyst

will be greater in a fuel cell used to drive an electric
vehicle as opposed to one used to provide continuous
power generation of power. This is, as mentioned above,
the result of the stoprstart duty of a vehicular fuel cell. It
is ironic that such a duty enhances the performance of the
fuel electrode catalyst.

4.5.2. Non-noble metal catalysts
Much research has been conducted on these catalysts in

both acid and alkali electrolytes. In alkali, carbon has
shown activity for the reaction, particularly when treated
under certain conditions, e.g., heating in ammonia at high
temperature, or adding small amounts of transition metals

w xand activating in ammonia 84 . Surface groups, in particu-
lar basic surface oxides, are thought to play a role in the

w xdevelopment of catalytic activity 85 . Various chalco-
w x w xgenide compounds, oxide spinels 86 and perovskites 87

have been claimed to display catalytic activity in alkali.
Apart from carbon, however, none of these compounds is
sufficiently stable in an acid electrolyte medium. More-
over, carbon exhibits little or no activity in acid.

Organometallic chelate catalysts hold the most promise
w xfor air electrodes in acid electrolyte 88 . Chelates such as

Ž .phthalocyanines and porphyrins have structures Fig. 12
similar to that of the enzyme catalase, which decomposes
oxygen in living cells, and thus such materials have been
examined for activity for oxygen electro-reduction. It has

w xbeen suggested 89 that the planar structures of these
macrocyclic compounds favour maximum interaction be-
tween oxygen and the central transition metal ion.

Since they are poor electrical conductors, the chelates
are usually supported as thin layers on a conducting carbon

w xsubstrate. It has been shown 90 that carbons with basic
surface oxides are the most effective type of support. If
supported on a metal such as gold, little activity is found
w x91 —it seems that interaction between the chelate and
carbon is essential for the development of substantial

w xcatalytic activity. It has also been established 89 that the
nature of the central metal ion in such chelates exerts a
strong influence on activity. With phthalocyanines, for

Fig. 12. Structure of some active chelates.

example, the most active catalysts are those where the
w xcentral metal ion is iron or cobalt. It is also claimed 92

that the activity is affected by the substituents on the
organic skeleton. Thus, the nature of support, the central
metal ion, the type of chelate and the organic skeleton
substituents may all influence the catalytic performance.
Finally, the binding of the chelate to the carbon support via
electron conduction bridges has been found to be benefi-

w xcial 93 .
w xSome workers have claimed 94 that the origin of the

activity of carbon-supported chelates lies in the activity for
H O decomposition and that, intrinsically, the com-2 2

pounds do not catalyse the electro-reduction of oxygen.
w xOther studies 95 have shown, however, that the chelates

do indeed behave as oxygen-reduction catalysts, though
they are also catalysts for H O decomposition. The latter2 2

property is an essential feature of an air-electrode catalyst
since should H O be allowed to accumulate, it could2 2

have a detrimental effect on the stability and structure of
the catalyst.

Various studies have been made to determine the mech-
anism of oxygen electro-reduction on such chelates. Beck
w x96 has proposed a redox mechanism based on the fact
that chelates with a reversible metal redox couple in the
region slightly below the reversible oxygen potential of
1.229 V usually demonstrate high activity. The central
metal ion requires a redox potential such that it assumes its
original valency after oxygen reduction. Correlations be-
tween redox potentials, gas phase activity, and reduction
activity indicate, however, that the role of redox catalysis

w xis not paramount 97–99 .
It has been suggested that the bonding between oxygen

and the central metal ion occurs via the d2 orbital of thez

metal ion, and that back-bonding into the antibonding p
U

orbitals of the oxygen molecule can take place via the d ,x z
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d orbitals of the metal if they are occupied. In this way,y z

the O–O bond is weakened. In order to activate the oxygen
molecule, back-bonding is essential. The role of the sup-
port, the central metal ion, the substituents on organic
skeleton and the different ligands on activity can be under-
stood in this model. It may also be possible, via doping of
the supported chelate catalyst with electropositive entities,
to enhance this back-bonding effect in an analogous way
to that by which N dissociation is enhanced by the Haber2

ammonia synthesis catalyst, or CO dissociation is en-
hanced by the Fischer–Tropsch synthesis catalyst.

There have been several promising developments in the
search for a practical, non-noble metal catalyst for the air
electrode of an acid electrolyte methanol–air fuel cell. In

w xparticular, it has been discovered 100 that heat treatment
of carbon-supported chelates can lead not only to substan-
tial increases in activity but also to substantial improve-
ments in long-term stability. For example, heating tetram-
ethoxyphenylporphyrinato-cobalt-II between 800 and
12008C produced a significant improvement in perfor-

w xmance 101 . It was proposed that the carbon generated in
the pyrolysis of the chelate was responsible for its en-
hanced electrochemical activity. In tests in 2.25 M H SO ,2 4

a catalyst prepared by heat treatment at 8008C was stable
for over 10 000 h at potentialsG700 mV at a current
density of 5 mA cmy2 .

A series of phthalocyanine complexes supported on
Norit BRX carbon was examined by van Veen and Visser
w x95 . The results showed that the activity varied with the
central metal ion as follows: Fe4CoGRuGMn, Pd,
PtGZn. By contrast, the stability decreased in the order:
CoGFeGRu. It was also established that carbon pretreat-
ment to produce basic surface groups prior to emplacement
of the chelate yielded the highest catalytic activity. After
heat treatment at 7008C, the activity of the cobalt chelate
increased by some 50-fold while stability also improved.
On the other hand, the iron chelate did not display any
improvement in activity, but did demonstrate much better
stability. This and subsequent work has not completely
clarified the process which takes place during the heat-
treatment procedure, but it is possible that highly stable

w xcomplexes containing a CoN unit can be formed 102 .4

Certainly, at the temperatures involved, the organic skele-
ton of the chelate would be destroyed. Such complexes
could conceivably be formed during the pyrolysis of transi-
tion metals containing carbon in the presence of ammonia
w x84 .

w xFabjan et al. 103 have obtained very impressive activi-
ties for oxygen reduction using catalysts prepared via
pyrolysis of nitrogen-containing polymers such as polypyr-
role on carbon-containing transition metal ions. This be-
haviour is presumably analogous to that reported above for
the porphyrins. Both activity and stability were improved
by the pyrolysis. Further studies of the influence of the
chain length, the structure and the conductivity of such
polymers are warranted.

As for the fuel electrode, little work has been done on
the scale-up of chelate or other polymeric catalysts into
practicable fuel-cell electrodes and it may be prudent to
consolidate the work done so far by demonstrating that
effective large-scale air electrodes can be made from such
materials.

5. Non-catalytic aspects

There are several problems, other than catalysis, to be
solved in the development of direct methanol–air fuel
cells. The diffusion of the methanol fuel to the air elec-
trode, for example, can cause the following difficulties.
Chemical oxidation of the methanol can occur on the air

Ž .electrode catalyst particularly if it is platinum-containing
and thus lower the current efficiency of the fuel electrode.
In addition, fuel can be lost by evaporation into the air
stream, again leading to further losses. The chemical oxi-
dation problem is not serious if chelate-type or polypyrrole
catalysts are used in the air electrode. The evaporation of
fuel can be reduced or eliminated by incorporating con-
densers in the exhaust stream of the air electrode. Simi-
larly, maintenance of the water balance in the system
sometimes has to be achieved by using condensers, other-
wise the electrolyte changes concentration. Usually, the
cell would be run at an operating temperature where
evaporative losses of water are balanced by the amount of
water formed during the reaction. Obviously, some of
these problems become more severe if the operating tem-
perature is raised above 608C. Given the simplicity of a
circulating electrolyte such as sulfuric acid with regard to
cooling and water control, this electrolyte is more attrac-
tive than a solid polymer electrolyte when using direct
methanol–air fuel cells for road transportation. Addition-
ally, the automatic separation of carbon dioxide already
noted eases the engineering problems considerably.

To date, the catalysts selected for either the fuel or the
air electrode have been tested and operated only on a small
scale. There has been little or no scale-up to practical
fuel-cell sizes. Preliminary scale-up to about 10 cm=10
cm at Shell Research in the 1970s using the then best

Ž .catalyst technology carbon-fibre-based did not indicate
any adverse effects on the performance of the fuel elec-
trode.

A suitable fuel monitoring device must be incorporated
in a practical fuel-cell stack to ensure that the fuel level

w xremains acceptable 104 . Also, the system must be de-
signed to ensure that losses in auxiliaries are minimized.
For a direct methanol–air fuel cell using an acid elec-
trolyte, many of these requirements have still to be re-
solved since no sizeable unit has been built for almost 20
years. In fact, the largest such fuel cell ever constructed
was a 300-W unit which was built and operated at Shell
Research in 1965. Nevertheless, there is much to be learned
from the extensive work that has been performed in recent
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years on the engineering of fuel cells with phosphoric acid
or solid polymer electrolytes.

6. Economics

It is impossible at this stage of development to work out
the precise cost of a direct methanol–air fuel cell and
secondary battery hybrid system for electric vehicles since
there are so many uncertain factors. Moreover, Govern-
ment policy will clearly play a role in the economics,
especially with respect to the environmental advantages of
fuel-cell-powered vehicles, and the taxation position be-

Žtween methanol and gasoline e.g., will methanol be taxed
.on the basis of volume or calorific value? . In fact, the

revived impetus to develop fuel cells came about because
of the actions of legislators in response to environmental
concerns, e.g., the plan to introduce zero-emission vehicles

w xin California 7 .
Such uncertainties, together with the substantial im-

provements in catalytic electrode performance that are
required for the successful development of vehicles pow-
ered by methanol–air fuel cells, render it premature to
conduct a detailed analysis of the economics involved.

w xHypothetical calculations have been made 105 of the
efficiencies expected from the vehicles in comparison with
internal-combustion and external-combustion engined
equivalents. These studies indicated that, in city driving,
the fuel-cell vehicle would be three times as efficient as an
internal-combustion powered vehicle, and twice as effi-
cient as an external-combustion powered vehicle.

In our opinion, any fuel cell—be it for stationary or
mobile applications—must do everything that its conven-
tional power source counterpart does, and indeed better at
the same cost or lower, for it to become a commercial
success. Such success must not rely on initiatives and
concessions from legislators and other Government agen-
cies.

7. Future work

It is quite clear that for the direct methanol–air fuel cell
to be a serious contender as a power source for electric
vehicles, substantial improvements will have to be achieved
in the performance of the catalysts for both the fuel and
the air electrodes. These goals may be achieved through
research in the following areas.

7.1. Electrolyte technology

Methanol oxidation in phosphoric acid electrolyte has
received little attention. To date, most of the studies have
concentrated on temperatures below 1008C and the results
have not been promising because of the poisoning effect of
acid radicals and the relatively poor ionic conductivity of

the acid. Given the immense amount of work which has
been undertaken on hydrogen–air phosphoric acid fuel
cells for stationary applications, it would be very short-
sighted not to try and benefit from the progress which has
been achieved. Thus, the development of phosphoric acid
technology for gaseous methanol feedstock might prove
fruitful. It should be noted that some limited experiments

Ž .have been performed at high temperatures 120–2058C in
w xthis acid 43,44 . Whereas the results were not encouraging

at 1208C, reasonable current densities were obtained at
2058C. At the latter temperature, the self-poisoning effects
discussed earlier may be less severe—certainly, in sulfuric
acid, the decay of activity with time that arises from
poisoning by organic fragments of methanol was lower as
the operating temperature was increased. This strategy
would require the development of an optimized gas-diffu-
sion electrode for methanol vapour and could draw upon
the expertise gained in the USA and elsewhere on high-
temperature electrodes for gaseous fuels.

With phosphoric acid at high temperatures, there may
well be problems with the use of chelates as air-electrode
catalysts since the stability of these compounds may be
poor under such operating conditions. Of course, such a
problem may not be so severe if the benefits of high-tem-
perature operation of the fuel electrode are sufficiently
large. In such circumstances, it may be commercially
allowable to use platinum-based catalysts for the air elec-
trode. The difficulty then would be to prevent the platinum
recrystallization which would arise from the onroff opera-
tion of the fuel cell in transportation applications.

On the engineering side, particularly if platinum-based
air electrodes are used, some consideration would have to
be given to minimizing or preventing the diffusion of
methanol to the platinum cathode. At elevated tempera-

Ž .tures e.g., 2058C , both chemical oxidative and evapora-
tive losses of methanol could be severe.

Both low-and high-temperature cells may also be possi-
Ž .ble via use of solid polymer acid electrolytes SPEs . Some

w xpromising results have been observed with SPEs 50–53
and there are research groups actively working on these
materials. Nevertheless, the associated engineering prob-
lems should not be underestimated. As there have been no
reports of the construction of direct methanol power sys-
tems using SPEs, the practicality of such systems has still
to be demonstrated. It is possible that the problem of
methanol crossover to the air electrode, which is worse
when the ionic conductivity of the electrolyte is best
Ž .highly hydrated protons , may well prove intractable.
Other solid electrolytes, such as partially hydrated inor-
ganic salts, may hold some promise for high-temperature

w xoperation 106 .

7.2. Catalyst optimization and scale-up

The most active catalysts for methanol electro-oxidation
catalysts reported to date, i.e., noble-metal alloys sup-
ported on carbon-fibre paper or other graphitized carbon
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supports, require further improvement. There is room for
an increase in the dispersion of the metal alloy by at least a
factor of two before the fall-off in activity becomes dic-
tated by the structure sensitivity of the methanol oxidation
reaction. Better dispersion may be achieved by the devel-
opment of an effective method of bimetallic cation ex-
change with the carbon surface, e.g., sequential ion ex-
change may prove rewarding. Also, it has been shown
w x107 that the stereochemistry of the complex platinum
salts used in catalyst preparation can play a role in deter-

Ž .mining the electrochemical activity, e.g., whether Pt NH 3 2
Ž .NO is cis or trans in configuration when used with2 2

Ž .RuNO NO for the preparation of active platinum–3 x

ruthenium catalysts.
Despite the fact that platinum–tin catalysts are among

the most active for methanol electro-oxidation, there have
been no reports of such a catalyst supported on carbon that
compares favourably with platinum–ruthenium. The gains

Žin activity by improving platinum–tin dispersion e.g., by
.supporting on carbon , are potentially as high, if not

higher, than those for platinum–ruthenium on carbon paper
catalysts.

Although CSIRO used a platinum-ruthenium-tin cata-
lyst in a working methanol–air fuel cell for telecommuni-

w xcations systems during the early 1970s 58,108,109 , the
development of trimetallic catalysts has been largely ne-
glected. This is perhaps because it has not been conclu-
sively established how the various promoters of platinum
function. If promoters exist that have differing, but posi-
tive, promoting actions, then judicious combinations of
them with platinum might lead to higher activities than
those obtained with bimetallics. It is interesting to note that
three-component, platinum-based, reforming catalysts have
been investigated for gas-phase reactions. Hamnett and

w xTroughton 110 have suggested two forms of promotion,
namely, modification of platinum by a second metal to
enhance the adsorption of OH species and modification by
metals which can be leached out to produce highly rough-
ened, active, platinum surfaces. A combination of these
two effects in a bimetallic catalyst may prove advanta-
geous. The most exciting route to the discovery of more
active catalysts for air and fuel electrodes could be the
application of the combinatorial catalysis techniques dis-
cussed in Section 4.3.

Many workers have considered that the origin of the
high activity of platinum-on-carbon-paper catalysts arises,
at least in part, from the interaction which occurs between
platinum and carbon to cause a modification of the surface
properties of the platinum. Greater attention should be paid
to determining the extent to which variation of the carbon
support influences the effectiveness of platinum catalysts,
or for that matter bimetallic catalysts. Such studies should
be linked to work on the characterization of the carbon
supports.

It must not be forgotten that the published studies of
fuel and air electrode catalysts have been concerned with

small-scale laboratory tests of activity and stability. There
will undoubtedly be problems with scaling-up such cat-

Ž .alytic electrodes to full size e.g., 25 cm=25 cm , e.g.,
conductivity of carbon substrate, geometry of electrodes.
Thus, research should commence into clarifying the magni-
tude of such difficulties and devising appropriate remedial
strategies.

With respect to the air electrode, the major question is:
noble or non-noble metal catalyst? At this stage, it is
inadvisable to concentrate on one to the exclusion of the
other—too many questions remain unanswered. In the
USA, considerable effort has been devoted to improving
the activity and long-term stability of platinum-based air
electrodes, admittedly with a different goal in mind, viz., a
practical fuel cell for stationary applications. For electric
vehicles, the main concern is the stability of platinum
catalysts over long periods under onroff operation. It
would be helpful to have more data on the magnitude of
the problem associated with deactivation of platinum under
these conditions and what are the real benefits of the
various alloying strategies under consideration. The im-
pressive progress made by Ballard Power Systems with
transportation fuel cells using hydrogen or reformed hydro-
carbons should help to bridge this gap in knowledge.

In the case of chelate and other polymeric catalysts, the
interaction between carbon and the catalyst that occurs
during heat treatment can produce large increases in activ-
ity and long-term stability. A detailed understanding of the
processes which occur during heat treatment has still to be
obtained. Also, it is necessary to examine the influence of
different carbons and other conducting supports on the
heat-treatment effect. Equally importantly, scale-up tech-
niques need to be devised in order to produce practical air
electrodes based on such catalysts. Finally, with respect to
the possibility of using non-noble metal fuel electrocata-

w xlysts, Parsons and van der Noot 28 have suggested metal
porphyrins since these compounds offer the possibility of
tailoring the catalyst towards the specific reaction of inter-
est in relation to its ability to adsorb carbonaceous species.
Also, it could be possible to prepare noble-metal catalysts
with small, perhaps trigonal, clusters of platinum atoms
and thus create an ideal geometrical site for the oxidation
of methanol.

8. Conclusions

An evaluation has been made of the status and prospects
of direct methanol–air fuel cells for road transportation.
This has not been an easy task, since there are no such fuel
cells in operation, or even being built and tested. Thus, the
approach has been to outline the history, the problems and
the progress, as well as to highlight those areas where
advances are required before such a fuel cell becomes a
practicable proposition. In the main, the problems are
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electrocatalytic, and are indeed immense. Nevertheless,
there is much scope for improvement—certainly with re-
spect to enhancing the performance of the catalyst used for
methanol oxidation. Those areas where significant further
progress is expected and where future work should be
concentrated have been identified. Effective solutions to
the present problems could be aided by more effective
participation of the great talent residing in the heteroge-
nous catalysis community. The reward for success is high,
since a direct fuel cell offers the most practical means for
powering electric vehicles from all points of view.

References

w x Ž .1 A.J. Appleby, J. Power Sources 37 1992 223–239.
w x Ž .2 W.R. Grove, Philos. Mag. Ser. 3 14 1839 127.
w x Ž .3 A.J. Appleby, J. Power Sources 37 1992 ix–xi.
w x Ž .4 K.R. Williams, J.W. Pearson, W.J. Gressler, in: D.H. Collins Ed. ,

Batteries 2. Research and Development in Non-Mechanical Electri-
cal Power Sources, Pergamon, Oxford, 1965, p. 337.

w x Ž .5 J.W. Pearson, in: K.R. Williams Ed. , An Introduction to Fuel
Cells, Elsevier, 1966, p. 307.

w x Ž .6 M.R. Andrew, R.W. Glazebrook, in: K.R. Williams Ed. , An
Introduction to Fuel Cells, Elsevier, 1966, p. 127.

w x7 D.A.J. Rand, R. Woods, R.M. Dell, Batteries for Electric Vehicles,
Research Studies Press, Taunton, England, 1998.

w x Ž .8 W. Vielstich, Chemie-Ingr.-Tech. 35 1963 362.
w x Ž .9 M.W. Breiter, J. Electroanal. Chem. 14 1967 407–413.

w x Ž .10 M.W. Breiter, J. Electroanal. Chem. 15 1967 221–226.
w x Ž .11 M.W. Breiter, J. Electroanal. Chem. 19 1968 131–136.
w x Ž .12 M.W. Breiter, J. Electroanal. Chem. 23 1969 173–182.
w x Ž .13 V.S. Bagotzsky, Yu.B. Vassiliev, Electrochim. Acta 11 1966

1439–1460.
w x Ž .14 V.S. Bagotzsky, Yu.B. Vassiliev, Electrochim. Acta 12 1967

1323–1343.
w x Ž .15 T. Biegler, D.F.A. Koch, J. Electrochem. Soc. 114 1967 904–909.
w x Ž .16 P. Stonehart, Ber. der Bunsengesell. fur Phys. Chem. 94 1990¨

913.
w x Ž .17 M.R. Andrew, B.D. McNicol, unpublished work 1976 .
w x18 B.I. Podlovchenko, E.P. Gorgonova, Dokl. Akad. Nauk SSSR 156

Ž .1964 673.
w x19 S.S. Beskorovainaya, Yu.B. Vassiliev, V.S. Bagotsky, Elek-

Ž .trokhimiya 2 1966 167–174.
w x Ž .20 J. Giner, Electrochim. Acta 9 1964 63–77.
w x21 B.I. Podlovchenko, O.A. Petrii, E.P. Gorgonova, Elektrokhimiya 1

Ž .1965 182–187.
w x Ž .22 V.E. Kazarinov, G.Ya. Tysyachnaya, Elektrokhimiya 7 1971

1552–1557.
w x Ž .23 V.E. Kazarinov, G.Ya. Tysyachnaya, Elektrokhimiya 8 1972

731–734.
w x24 A. Wieckowski, J. Sobkowski, A. Jablonska, J. Electroanal. Chem.

Ž .55 1974 383–389.
w x Ž .25 D.A.J. Rand, R. Woods, in: M.W. Breiter Ed. , Proc. Symp.

Electrocatalysis, San Francisco, 13–15 May 1974, The Electro-
chemical Society, Princeton, USA, 1974, p. 140.

w x26 V.S. Bagotzsky, Yu.B. Vassiliev, O.A. Khazova, J. Electroanal.
Ž .Chem. 81 1977 229–238.

w x27 S. Wilhelm, W. Vielstich, H.W. Buschmann, T. Iwasita, J. Elec-
Ž .troanal. Chem. 229 1987 377–384.

w x Ž .28 R. Parsons, T. van der Noot, J. Electroanal. Chem. 257 1988
9–45.

w x29 L.C. Potter, G.A. Hards, Direct Methanol Fuel Cells Review,
ETSU Report No. F103r00077RED, 1995.

w x Ž .30 G. Bogdonovskii, Kinetics and Catalysis 12 1971 443.

w x31 V.E. Kazarinov, B.N. Andreev, G.Ya. Tysyachnaya, Elek-
Ž .trokhimiya 8 1972 927–930.

w x Ž .32 A. Capon, R. Parsons, J. Electroanal. Chem. 45 1973 205–231.
w x33 R.R. Adzic, A.R. Despic, D.N. Simic, D.M. Drazic, National

Bureau of Standards Special Publication 455, Electrocatalysis on
Non-Metallic Surfaces, 1976, p. 191.

w x34 B. Beden, F. Kadirgan, C. Lamy, J.M. Leger, J. Electroanal. Chem.
Ž .127 1981 75–85.

w x35 B. Beden, C. Lamy, A. Bewick, K. Kunimatsu, J. Electroanal.
Ž .Chem. 121 1981 343–347.

w x Ž .36 B. Beden, C. Lamy, A. Bewick, ISE Extended Abstracts 33 1982
49.

w x37 B.D. McNicol, P.A. Attwood, R.T. Short, J.A. van Amstel, J.
Ž .Chem. Soc. Faraday 1 76 1980 2310.

w x38 B.D. McNicol, P.A. Attwood, R.T. Short, J. Chem. Soc. Faraday 1
Ž .77 1981 2017–2028.

w x Ž .39 K.R. Williams, M.R. Andrew, F. Jones, in: B.J. Baker Ed. ,
Hydrocarbon Fuel Cell Technology, 1965, p. 143.

w x40 G.J. Burstein, C.J. Barnett, A.R.J. Kucernak, K.R. Williams, J.
Ž .Electrochem. Soc. 143 1996 L139–L140.

w x41 J.M. Leger, C. Lamy, Ber. der Bunsengesell. fur Phys. Chem. 94¨
Ž .1990 1021.

w x42 A. Hamnett, B.A. Weeks, B.J. Kennedy, G. Frocyhtion, Ber. der
Ž .Bunsengesell. fur Phys. Chem. 94 1990 1014.¨

w x43 M.R. Andrew, B.D. McNicol, R.T. Short, J.S. Drury, J. Appl.
Ž .Electrochem. 7 1977 153–160.

w x44 D.A. Landsman, F.J. Luczak, Report FCR-3463, United Technolo-
gies Power Systems, 1981.

w x Ž .45 A.A. Adams, H.J. Barger Jr., J. Electrochem. Soc. 121 1974
987–990.

w x46 A.A. Adams, R.T. Foley, Research on Electrochemical Energy
Conversion Systems, 6th Interim Progress Report, USAMERDC
Contract No. DAAK 12-72-C-0084, 1974.

w x47 V.B. Hughes, B.D. McNicol, M.R. Andrew, R.B. Jones, R.T.
Ž .Short, J. Appl. Electrochem. 7 1977 161–174.

w x Ž .48 L. Fabes, T.A.W. Swaddle, Can. J. Chem. 53 1975 3053.
w x Ž .49 A. Adams, R.T. Foley, J. Electrochem. Soc. 127 1980 2646–2647.
w x Ž .50 H. Nakajima, J. Chem. Tech. Biotech. 50 1991 555.
w x51 S. Gottesfeld, S.J.C., Cleghorn, X. Ren, T.E. Springer, M.S. Wil-

son, T.A. Zawodzinski, Proc. Fuel Cell Seminar, Orlando, FL,
USA, 1996, p. 521.

w x52 S.F. Narayama, W. Chun, T.L. Valdez, B. Jeffries-Nakamura, H.
Frank, S. Sukampudi, G. Halpert, Proc. Fuel Cell Seminar, Or-
lando, FL, USA, 1996, p. 525.

w x Ž .53 A. Kuver, W. Vielstich, J. Power Sources 74 1998 211–218.¨
w x Ž .54 US Patent 4, 242, 421 1980 .
w x Ž .55 UK Patent 2, 023, 445A 1980 .
w x Ž .56 M.M.P. Janssen, J. Moolhuysen, Electrochim. Acta 21 1976

869–878.
w x Ž .57 K.J. Cathro, Electrochem. Technol. 5 1967 441.
w x Ž .58 K.J. Cathro, J. Electrochem. Soc. 116 1969 1608–1611.
w x59 B.D. McNicol, R.T. Short, A.G. Chapman, J. Chem. Soc. Faraday

Ž .1 72 1976 2735.
w x Ž .60 M. Watanabe, S. Motoo, J. Electroanal. Chem. 60 1975 267–273.
w x61 R.T. Short, Proc. 31st ISE Conference, Poster Session, Venice,

1980.
w x62 D.F.A. Koch, D.A.J. Rand, R. Woods, J. Electroanal. Chem. 70

Ž .1976 73–86.
w x Ž .63 B.D. McNicol, R.T. Short, J. Electroanal. Chem. 81 1977 249–

260.
w x64 V.L. Snoeyink, W.J. Weber Jr., Progr. Surf. Membrane Sci. 5

Ž .1972 63, See, for example.
w x Ž .65 B.D. McNicol, in: D.A.J. Rand, G.P. Power, I.M. Ritchie Eds. ,

Progress in Electrochemistry, Proc. Fifth Electrochemistry Confer-
ence, Perth, Western Australia, 18–27 August 1980, Elsevier,
Lausanne, Switzerland, 1981, pp. 71–87; also published as J.

Ž .Electroanal. Chem. 118 1981 pp. 71–87.



( )B.D. McNicol et al.rJournal of Power Sources 83 1999 15–31 31

w x Ž .66 P.A. Attwood, B.D. McNicol, R.T. Short, J. Catal. 67 1981 287.
w x67 T. Mahmood, J.O. Williams, R. Miles, B.D. McNicol, J. Catal. 72

Ž .1981 218.
w x68 T.E. Mallouk, E. Reddington, C. Pu, K.L. Ley, E.S. Smotkin, Proc.

Fuel Cell Seminar, Orlando, FL, USA, 1996, p. 686.
w x Ž .69 B.D. McNicol, in: B.D. McNicol, D.A.J. Rand Eds. , Power

Sources for Electric Vehicles, Elsevier, Amsterdam, 1984, pp.
807–838.

w x70 M.W. Breiter, Electrotechnical Processes in Fuel Cells, Springer,
Berlin, 1969.

w x71 J. O’M Bockris, S. Srinivasan, Fuel Cells and Their Electrochem-
istry, McGraw-Hill, New York, 1969.

w x Ž .72 S. Srinivasan, J. Electroanal. Chem. 118 1981 51–69.
w x73 J. Bett, J. Lundquist, E. Washington, P. Stonehart, Electrochim.

Ž .Acta. 18 1973 343–348.
w x74 K.F. Blurton, P. Greenberg, H.G. Oswin, D.R. Rutt, J. Elec-

Ž .trochem. Soc. 119 1972 559–564.
w x75 P.N. Ross, 173rd ACS Meeting, New Orleans, USA, 1977, Paper

no. 70.
w x Ž .76 A.C.C. Tseung, S.C. Dhara, Electrochim. Acta 20 1975 681–683.
w x77 L.B. Welsh, R.W. Leyerle, G.L. Helbert, K.J. Youtsey, Proc. 27th

Power Sources Symposium, Atlantic City, PSC Publications, Red
Bank, NJ, 1976, p. 175.

w x Ž .78 U.S. Patent 4, 202, 934 1980 .
w x Ž .79 A.J. Appleby, in: K. King Ed. , EVE 80, Flinders University,

Adelaide, South Australia, 26–29 August 1980, South Australian
Energy Council, 1980, pp. 267–290.

w x80 R.R. Adzic, A. Tripkovic, R.A. Atanasoki, J. Electroanal. Chem.
Ž .94 1978 231–235.

w x81 A.J. Appleby, private communication.
w x Ž .82 U.S. Patent 4, 316, 944 1982 .
w x Ž .83 U.S. Patent 4, 880, 911 1989 .
w x Ž .84 German Patent Appl. 2, 202, 898 1973 .
w x85 E. Yeager, National Bureau of Standards Special Publication 455,

Electrocatalysis on Non-Metallic Surfaces, 1976, p. 203.
w x Ž .86 W.J. King, A.C.C. Tseung, Electrochim. Acta 19 1974 485–491.
w x Ž .87 A.C.C. Tseung, H.L. Bevan, J. Electroanal. Chem. 45 1973

429–438.
w x Ž .88 R. Jasinski, J. Electrochem. Soc. 112 1975 526–528.
w x Ž .89 H. Alt, H. Binder, W. Lindner, G. Sandstede, in: G. Sanstede Ed. ,

From Electrocatalysis to Fuel Cells, University of Washington
Press, Seattle, USA, 1972, p. 113.

w x Ž .90 H.G. Jahnke, M.F. Schonborn, Nachr. Chem. Technol. 18 1970
319.

w x91 M. Savy, P. Andro, C. Bernard, G. Magner, Electrochim. Acta 18
Ž .1973 191–197.

w x92 F. Beck, W. Dammnert, J. Heiss, H. Hiller, R. Polster, Z. Natur-
Ž .forschung 28a 1973 1009.

w x93 R. Larrson, L.Y. Johansson, L. Jonsson, J. Appl. Electrochem. 11¨
Ž .1981 489–492.

w x94 A.C.C. Tseung, Proc. Fuel Cells Catalysts Workshop, Palo Alto,
CA, USA, 1975, EPRI SR-13, 1975, p. 89.

w x Ž .95 J.A.R. van Veen, C. Visser, Electrochim. Acta 24 1979 921–928.
w x Ž .96 F. Beck, J. Appl. Electrochem. 7 1977 239–245.
w x97 H.G. Jahnke, M.F. Schonborn, G. Zimmerman, Bosch Techn. Ber.

Ž .4 1973 98.
w x Ž .98 J. Manassen, J. Catal. 33 1974 133.
w x Ž .99 J. Manassen, Rev. Sci. Eng. 9 1974 223.

w x100 H.G. Jahnke, M. Schonborn, G. Zimmerman, Fortschr. Chem.
Ž .Forsch. 61 1976 133.

w x101 A. Fuhrmann, K. Wiesener, I. Iliev, S. Gamburzev, A. Kaisheva, J.
Ž .Power Sources 6 1981 69–81.

w x Ž .102 W. Seeliger, A. Hamnett, Electrochim. Acta 37 1992 763–765.
w x103 C. Fabjan, G. Frithuim, H. Hastl, Ber. der Bunsengesell. fur Phys.¨

Ž .Chem. 94 1990 933.
w x Ž .104 K.J. Cathro, J. Electrochem. Soc. 118 1971 1523–1529.
w x105 B.D. McNicol, G.T. Pott, Shell Science and Technology Newsletter

No. 44, 1977, p. 5.
w x Ž .106 F.B. Dias, J.B. Fernandes, J. Power Sources 74 1998 1–7.
w x107 P.A. Attwood, private communication.
w x Ž .108 K.J. Cathro, C.H. Weeks, Energy Conversion 11 1971 143–148.
w x Ž .109 D.F.A. Koch, Australian Patent 400 1969 006.
w x110 A. Hamnett, G.L. Troughton, Chemistry and Industry, July 1992, p.

480.


