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Summary

The application of fuel cells in the lower power range up to 10 kW de-
pends on the use of commercially available liquid fuels like gasoline, diesel
oil or methanol. This means a fuel conditioning to produce a hydrogen con-
taining crude gas, which can best be consumed by a fuel cell with an acidic
electrolyte.

The possibilities for fuel conditioning are described. The crude gas can
be oxidized at different non-noble metal catalysts, e.g. WC, which are not
poisoned by crude gas components such as CO. This report also reviews var-
ious cathode catalysts. A conceptual design of a battery able to operate in
diluted acids at higher temperatures is described. '

Zusammenfassung

Die Anwendung von Brennstoffzellen des unteren Leistungsbereiches
bis 10 kW setzt die Verwendung von handelsiiblichen, fliissigen Brennstoffen
wie Benzin, Dieselkraftstoff oder Methanol voraus. Diese Brennstoffe miissen
zu einem wasserstoffhaltigen Rohgas aufbereitet werden, das am glinstigsten
in einer Brennstoffzelle mit saurem Elektrolyten umgesetzt werden kann.

Es werden die verschiedenen Moglichkeiten einer Brennstoffaufbereitung
diskutiert. Das Rohgas kann an Nichtedelmetallkatalysatoren, vor allem WC,
anodisch oxidiert werden, ohne dass eine Vergiftung des Katalysators durch
einzelne Rohgaskomponenten wie CO eintritt. Weiter wird {iber verschiedene
Kathodenkatalysatoren berichtet und der Aufbau einer Batterie mit saurem
Elektrolyten beschrieben.

1. Introduction

The advanced state of technical development of fuel cells* has already
been demonstrated by their use in supplying energy for space craft [1, 2].

*For basic information on fuel cells reference may be made to [1, 57 - 60].
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However, despite this, due to the unsatisfactory economics, terrestrial utilisa-
tion of these fuel cell assemblies has not been achieved.

The most essential feature in a terrestrial application of fuel cells is the
use of a cheap, liquid fuel which is readily obtainable commercially, such as a
hydrocarbon (petrol or diesel oil) or methanol, which can be produced from
oil or coal [3, 4] . The desired direct conversion of these liquid fuels is not
yet possible, since, with the exception of methanol in an alkaline medium
[5] suitable electrocatalysts are not available, causing the loss of electrolyte
through the formation of carbonate. Apart from a few substances which are
uneconomic for energy production, such as hydrazine and formic acid, the
only suitable working materials for fuel cells are hydrogen and oxygen, both
relatively expensive gases which also give rise to transport and storage prob-
lems. A crude gas containing hydrogen must therefore be produced from
commercially available liquid fuels, in a preparatory stage coupled to the fuel
cell battery. For financial reasons, air is used as the oxidizing agent. Under
these conditions, it is advisable to choose a fuel cell with an acidic electrolyte,
since in this case the CO, content of the fuel gas and air does not cause the
formation of carbonate, and the troublesome purification process can then
be omitted.

The following is a report on such batteries with an acidic electrolyte, in
the lower output range of up to about 10 kW.

2. Fuel reforming

The possibilities for converting commercially available liquid fuels into
fuel gas containing hydrogen are sufficiently well-known [6-9]. In large
scale production, hydrogen is made from petrochemical raw materials; the
processes used are well established. In connection with fuel cells, difficulties
are caused by the need to adjust the fuel conditioning to the comparatively
low hydrogen requirement of a fuel cell battery. In addition to being light
and compact, the reformer unit, including the control and monitoring ap-
paratus, should be of robust and simple construction, to guarantee low main-
tenance during operation over a long period of time. These factors should be
considered both in the construction of the reforming unit and in the choice
of the initial fuel.

2.1. Hydrocarbons

If hydrocarbons such as petrol, diesel oil, JP-4, liquid gas etc. are to be
used as the initial fuel, the following processes may be considered: partial
oxidation, steam reforming, and thermal cracking.

Of these, partial oxidation for fuel preparation can be excluded, since
using air, with its high proportion of nitrogen, as an oxidizing agent results
in a crude gas with a relatively low hydrogen content.

Both steam reforming and catalytic thermal cracking can be used. How-
ever temperatures of 800 °C or 1000 °C to 1100 °C are necessary: only in
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[10] does one find a description of steam reforming at an operational temper-
ature of 500 °C.

The sulphur content [11] or the presence of higher-boiling fractions
reduces the activity of the catalysts used in fuel conditioning. The long-term
behaviour is also unfavourably influenced. One must in addition take into
account the fact that discontinuous process operation for thermal cracking
increases apparatus and investments [12, 13].

However the main problem with fuel cell assemblies of the range under
consideration (up to 10 kW) remains the high temperatures which are neces-
sary for the conditioning of hydrocarbons. This gives rise to:

—higher insulation requirements for the reactor, with the associated dis-
advantages of increased specific weight and volume;

—a considerable start-up time at the beginning of the operation,

—and the necessity of cooling the fuel gas before conducting it into the
fuel cell.

In addition, further preparatory stages such as desulphurization, gas
purification, or hydrogen enrichment are scarcely acceptable for these rela-
tively small assemblies, because of the negative effects on size, weight and
performance level: the simple construction of the assembly and hence the
operation at low maintenance would also suffer. This means in effect that
the hydrocarbons can only be used when one succeeds in developing a simple
straight-forward conditioning process.

2.2, Methanol

The use of methanol as the initial fuel results in decidedly fewer prob-
lems. Methanol is a synthetic fuel, and therefore contains, apart from higher
alcohols, hardly any impurities. The second positive and extremely important
aspect is the low reforming temperature for methanol. Both steam reforming

CH3;0H + H,O0 ~» CO, + 3H,
and thermal cracking
CH3OH -> CO + 2H2

take place, with the corresponding catalysts, at temperatures below or around
300 °C. For both processes, catalytic systems based on zinc oxide—chromium
oxide, copper oxide—zinc oxide, or copper—zinc oxide—aluminium oxide can
be used.

The methanol:water ratio is chosen between 1:1 and 1:3 for steam re-
forming. Both reactions are endothermic, so that it is necessary to heat the
reactor. This can be done as shown in Fig. 1 by burning the waste gas from
the fuel cell. In the case of thermal cracking the CO content of the cracked
gas is sufficient to produce the heat required for decomposing the methanol
[14]. In the fuel cell battery, the best possible conversion rate of the hydro-
gen can be achieved through cascading (series connection) the gas flow.

For steam reforming, on the other hand, a certain portion of hydrogen
must be left in the fuel cell waste gas to ensure the heating of the reactor.
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Fig. 1. Schematic diagram of an indirect methanol/air fuel cell assembly with an acidic
electrolyte,

According to {15] there is hardly any difference in the thermal efficiency of
the two methods of methanol conditioning.

In selecting the process for conditioning the methanol the composition
of the fuel gas in relation to the fuel-cell battery employed, and the availabil-
ity of the fuel components—in one case CH3OH, in the other CH;O0H and
water—constitute the determining factors. Methanol cracking seems on this
basis a somewhat better process.

Our experiments have shown that the cracking can be done in a simple
tubular reactor (Fig. 2). Here the heating in the central tube is caused by
burning the exhaust gases from the fuel cell, whilst the catalyst is situated
between the two concentric tubes. The efficiency of this fairly small unit is
presented in Fig. 3. Gas chromatography studies show that, above 300 °C,
the composition of the cracked gas is independent of gas output (Fig. 4).
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Fig. 3. Performance characteristics of the methanol cracker: cracked gas yield as a function
of amount of methanol used (parameter: cracking temperature).
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Fig. 2. Reactor for cracking methanol.

The reactor illustrated in Fig. 2 for a 1-1.5 kW assembly has been in
operation for more than 4 months, without any loss of performance. Nor
does the presence of resin or condensed products (from the recycling of the
unconverted methanol) cause any impairment of the copper/zinc-oxide/
aluminium-oxide catalyst, obtained from Imperial Chemical Industries.

3. Fuel cell

The conditioning processes described above always result in gas mixtures
which contain not only hydrogen, but also CO and CO, in differing propor-
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Fig. 4. Percentage composition of the cracked gas as a function of the amount of crude
gas at 280 °C and 320 °C.

tions, and small amounts of other substances. In choosing the type of fuel
cell, one should ensure that the hydrogen in the gas mixtures will be electro-
chemically oxidized without any reduction occurring in the activity of the
anode catalyst.

There are two means of achieving this:

—cells with Pt-anodes and working temperatures of 150 °~180 °C, or

—cells with catalysts made from non-precious metals, which are resistant
to catalyst poisoning.

In cells with Pt-anodes, the CO content has a particularly negative effect
on the catalyst [16, 17]. To prevent this, precious metal alloys are used, or
the working temperature is raised to 150 °~180 °C. Since the blocking action
is based on an extremely stable adsorption of the CO on Pt, an appreciable
reduction of the poisoning effect can be achieved by this temperature increase.

Furthermore, when using cells with Pt-anodes, conditioning processes
which produce a fuel gas with the lowest possible CO content should be con-
sidered: namely, steam reforming of CH;OH and of hydrocarbons, in the
latter case providing for a conversion of the CO with steam to H, and CO,.
The disadvantage of the required high operating temperature for the fuel cell
lies in a continuous loss of activity of the Pt catalyst through recrystallization
[18-20].

This line of research is being pursued chiefly in the U.S.A.~especially by
Pratt & Whitney, Engelhard Industries and Energy Research Corporation. In
the process, the phosphoric acid matrix cell with Pt-electrodes has been de-
veloped, operating at temperatures up to 180 °C [21 - 23].

It does not lie within the scope of this report to give further details of
this method: attention will be focused on the second possibility mentioned
above, whereby the conversion of the conditioned fuel gas takes place in
cells with non-precious metal anodes, at temperatures below 100 °C, in an
electrolyte of dilute sulphuric acid.
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3.1. Catalysts

In contrast to the U.S.A., efforts in Europe have been concentrated on
replacing the precious metals with non-precious metals, not only because of
the sensitivity to CO, but also for cost considerations.

Since in the meantime it has become possible to greatly reduce the Pt
content of the electrodes [24], these cost considerations and the argument
of availability are only relevant if large numbers of fuel cells are being made:
the sensitivity of platinum to CO therefore becomes the main factor.

A number of demands are made of an electrocatalyst used in an acidic
electrolyte:

~highest possible catalytic activity;

—stability in acid electrolytes under the conditions in fuel cells;

—electrical conductivity;

—immunity to catalyst poisons;

—-availability and low price.

The second point in particular limits the number of elements and com-
pounds that could be considered suitable, since, with the exception of the
precious metals, most substances are not sufficiently stable in hot sulphuric
acid over long periods of time. Nevertheless a few catalysts made from non-
precious metals have been developed, which can be used as electrode mate-
rials in fuel cells.

3.1.1. Anode catalysts

The first non-precious metal catalyst to be found was tungsten carbide
[25]. Of the large group of hard materials tungsten carbide was the sole
member to show noticeable activity [26, 27]. The commercial grade tungsten
carbide displays however only a low activity in H,-conversion. Firstly by
the development of a suitable production process we were able to improve
significantly the catalytic properties of WC (Fig. 5). Then reduction of the
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Fig. 5. Developments in the WC-catalyst with time: current-voltage curve for WC-anodes
under Hy at 60 °C in 2N HyS0,.
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carburizing temperature, the use of carbon monoxide as the carburizing gas,
and a partial oxidation of the carbide [28],which might form tungsten oxides
on the surface, all had a favourable effect on the activity of the material. The
rate determining step in the oxidation of the hydrogen is either the dissocia-
tion of the hydrogen or the adsorption of the hydrogen molecule, dependent
on the activity of the material [29-31]. The resistance of tungsten carbide

to catalyst poisons is particularly worthy of note [32] ; and the behaviour
with regard to CO is of special importance. When CO is present in the fuel
gas, only the polarization increases, to an extent corresponding to the reduc-
tion in partial pressure of the hydrogen: a poisoning effect is not evident.

The life-time of a tungsten carbide catalyst is exceptionally long. We
were able to operate tungsten carbide electrodes in a small test battery for
more than 40,000 hours, without any lo8s of performance: the life-time was
limited by the carbon cathode and the contact to it.

It is perhaps also useful to mention that organic substances, such as
aldehydes and formic acid, can also be converted at tungsten carbide [33],
but that the direct conversion of methanol or other alcohols is not possible.

The sulfides of tungsten and molybdenum, WS, and MoS,, can also
catalyze H, conversion [34]. For these substances, one should note the high
activity, in comparison to hydrogen, for CO conversion. The same current
densities under H, and CO can be achieved with suitably prepared charges
[85]. However, the activity with at most 20 mA cm™2 at 200 mV polariza-
tion is too low for use in fuel cells. A mixed catalyst made from molybdenum
oxides and sulfides has also been described as catalytically active [36]. A
further catalyst for H, conversion is cobalt carbide [37], which however is
not sufficiently stable for long operating times.

Catalytic activity for hydrogen oxidation is also shown by various binary
phosphides and arsenides, as well as by some ternary compounds (FePS,
CoPS and CoAsS) [38]. Of these compounds, CoP; is described as the most
active: at 100 mV polarisation, a current density of 180 mA cm ™2 can be
maintained with hydrogen in 2.5 M H,SO, at 70 °C. Since however this value
is measured without taking the IR-drop into account, a direct comparison of
the catalyst CoP3—which is deposited on activated carbon as a carrier-with
other catalysts cannot be made.

CoPy, too, is not irreversibly altered by carbon monoxide; but a larger
reduction in current density, for a CO content of 2%, is evident than is the
case with tungsten carbide. Whilst only a change in current density correspond-
ing to the reduction in H, partial pressure is observed for tungsten carbide,
CoP; seems to adsorb carbon monoxide rather more strongly: in which case
CoP; would be classified as lying between tungsten carbide and Pt with
regard to CO.

3.1.2. Cathode catalysts

As for anode materials, attempts have also been made to develop non-
precious metal catalysts for cathodes. However, this is a much more difficult
task, since cathode materials must be stable at the high potential of oxygen
electrodes in an acidic electrolyte.
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Fig. 6. Organic electrocatalysts for oxygen reduction in acid solution.

A possible catalytic material is activated carbon. Carbon is not only
cheap and easily available, but also stable at the potentials used [39]. Dif-
ferent activated carbons manifest different activities for O, reduction in an
acid medium. The activities found are however relatively low, but an improve-
ment in the catalytic properties can be achieved by a further activation with
ammonia at high temperatures (900 °C - 1000 °C) [40]. (A similar activation
process has already been reported for carbon electrodes used in an alkaline
medium [41].) The current density can be increased by as much as a factor
of 2 using such a process: at a potential of Uy = 600 mV, electrodes of NHj-
activated carbon could be loaded with 120 mA cm™2 (60 °C, 2N H,S0,).
The effect of the NH;-activation apparently depends on the incorporation of
nitrogen containing groups on the carbon surface.

Activity similar to that of carbon catalysts can also be arrived at by
thermal degradation of plastics containing nitrogen, such as polyacrylonitrile
[38].

Possibly one is dealing in both cases with carbon catalysts of the same or
of similar composition: in the first case, nitrogen is incorporated, whilst in
the second, the nitrogen content of the PAN is reduced by the thermal treat-
ment.

Inorganic compounds, particularly resistant to acid are the tungsten
bronzes. According to [42], it should be possible to use tungsten bronze as
a cathode material.

The activity of the specimens was however caused by traces of platinum
[43]. Pure sodium tungsten bronzes even of large specific surface area, show
hardly any O, reduction activity; a synergistic effect using a tungsten bronze/
platinum catalyst can also be discounted [44, 45].

Similarly, oxygen could be reduced on sulphides [46], but the activity
is not sufficient.

Besides the inorganic substances, a number of organic complex com-
pounds are used as cathode catalysts: monomeric and polymeric phthalo-
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cyanines {47], tetra aza annulenes [48] and substituted porphyrines [49] .
As can be seen from the formulae in Fig. 6, these are all structurally similar
compounds. Essential factors for the activity are the central atom, the meth-
od of preparation—-the complexes are deposited onto carbon as a conducting
carrier—and, in the case of porphyrines, the substituents of the benzene ring
[49]. The adsorption of the O,-molecule on the central atom is assumed to
take place. This is confirmed by the low activity of the non-metallic com-
plexes. An attempt to explain the activity with the help of the MO-theory has
been made {49].

Although the complex compounds manifest very noticeable activity,
their application has hitherto failed due to insufficient stability. A continuous
reduction of activity must be taken into account, particularly at high temper-
atures. For Fe-phthalocyanine at 30 mA cm 2 and 70 °C in 4.5 N H,S0, a
reduction of the potential from about 700 mV to 500 mV within 500 hours
is reported [50].

There is, therefore, no known non-precious metal cathode catalyst, with
the exception of activated carbon, which can only be used for cells with a low
power density. One is, then, forced to use the precious metals, trying how-
ever to keep the precious metal content per cm? of the electrode as low as
possible [24, 51, 52]. With the help of radioactively marked platinum, it was
shown that the oxygen conversion on hydrophobic electrodes takes place on
the electrolyte side in a layer only 100 - 150 um thick [53]. It is, then, possible
to concentrate the Pt content in a layer of this thickness only, or to use cath-
odes of only this thickness. According to [24], more than 200 mA cm™? can
be obtained with O, and about 40 mA cm ™2 with air from electrodes with
a Pt content of only 0.25 mg cm™2 in 20% H,SO, at 70 °C at a potential of
700 mV against the H, electrode in the same solution. The platinum is depos-
ited onto activated carbon as carrier. The measurements were made in a
half-cell assembly.

3.2. Cells

Considering the various possibilities which result from the presently
known catalysts, a WC/C(Pt)-cell would seem to be the most suitable for con-
verting the impure hydrogen produced from methanol conditioning in bat-
teries with outputs up to 10 kW.

Figure 7 shows the current—voltage characteristics of a WC/C(pt)-cell
with a cathode containing 4 mg Pt cm™2 in comparison with a WC/C-cell with
NH;-activated carbon. These results were obtained from test cells with small
electrodes of 5 cm? surface area.

3.3. Batteries

In the case of cells and batteries with large surface area electrodes in an
acidic medium, it is particularly difficult to obtain an even contact over the
whole electrode surface. Good conducting materials such as the metals cannot,
with the exception of the precious metals and tantalum, be used for current
collection because of corrosion; and both the precious metals and tantalum
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Fig. 7. Current--voltage and performance curves of WC/C and WC/C(Pt)-test cells using Hy
and Og at 60 °C (2N H580,); electrode area 5 em?.

are too expensive for consideration. The only effective solution known to
date is the use of graphite as a contact material. Since hydrophobic electrodes
possess, because of their plastic content, only a fairly low surface conducti-
vity, the electrode must make contact with the conducting element at as
many places as possible. This should not, however, hinder the gas supply to
the electrode, and one can ensure this by using a contacting element with a
ribbed surface.

In addition to the contact element, all of the other components of the
battery, such as the gaskets, end plates and frames, must be stable under the
operating conditions of a fuel cell. The requirement of resistance to acid
greatly limits the number of plastics that can be used. The polyolefin types
and the phenol-formaldehyde resins are the only ones which have proved
suitable, apart from a few mixed polymers and rubbery polymers.

The batteries are generally constructed according to the bipolar concept.

Construction using electrodes with current collectors could also be
considered, in which case, due to the low conductivity of the graphite, the
contact element should be made from a perforated metal foil coated with
graphite [14]. It has however become apparent that the graphite coating can
only be made absolutely acid-proof in individual cases: faults invariably occur
in large scale production—partly through damage in the subsequent process-
ing—so that the metal foil corrodes during operation of the battery.

With the bipolar concept, the whole cross-section of the battery serves
as a connection from cell to cell, rendering the use of metal foil redundant.
Ribbed graphite plates [20] or plates of graphite/plastic compounds are used
as contact elements. Graphite/plastic compounds are much more flexible
than pure graphite plat s, so that any danger of breaking when assembling the
battery is avoided.

The construction of our bipolar battery is presented in an explosion
diagram (Fig. 8). Various characteristics of this battery have proved particular-
ly advantageous. The use of special rubber O-rings as cell frames makes the
battery absolutely leak-proof. The demands made by temperature changes
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do not cause any loss of electrolyte. Gas losses were prevented by changing
the main gas channels from the cell frames to the electrolyte chambers [54].
The reaction water formed is carried away from the cathode by the air flow.
To maintain the water balance, the amount of air flow must be controlled

in relation to the current density or, alternatively, the excess water carried
away must be condensed and returned to the system. The heat due to ener-
gy losses is brought out by the electrolyte circulation in connection with a
heat exchanger.

The current-voltage curves of a WC/C(Pt)-cell with an electrode area of
150 cm? for H,y/O, and crude gas/air are shown in Fig. 9. Since short circuit
losses can be practically ignored as a result of the extremely narrow cell chan-
nels to the individual electrolyte chambers, additive values, corresponding to
the number of cells, can be taken for the batteries.

When using gas mixtures such as crude gas and air, the limitation on dif-
fusion causes a reduction in power in comparison to Hy/O, values. This reduc-
tion is mainly due to the air cathode, both the low partial pressure and the
diffusion coefficient of oxygen playing decisive roles. At the anode, on the
other hand, the high partial pressure of the hydrogen and the good diffusion
characteristics of H, have positive effects. In both cases, however, one must
work with a correspondingly high gas flow, to prevent H, or O, impoverish-
ment of individual electrode areas. In Fig. 10, the dependence of the cell
voltage at constant current (5A) on the amount of crude gas flowing through
is shown. The measurements were made for a 10-cell battery with 260 cm?
electrode area; oxygen was supplied to the cathodes. It is obvious from the
diagram that only a slight increase in polarization occurs at the WC-anodes
when the supply of crude gas is sufficient.

Figure 11 is a photograph of the new construction of a 40-cell battery
with 260 cm? electrodes, which operates at 60 °C to 70 °C with circulation
of 2N H,80, electrolyte. The life-time of the WC/C(Pt)-batteries is satisfactory.
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Fig. 9. Current—voltage and performance curves of a fuel cell with 150 em? WC-anodes
and C(Pt)-cathodes at 60 °C in 2N HoSOy.

Fig. 10. Dependence of the voltage of a 10-cell battery on the gas flow at 5A.

A battery has up until now been in operation for more than 4,300 hours,
without any decline in power [55]. This result was expected, following the
successful operation of a test battery with small electrodes (5 cm?) for
40,000 hours.

However, despite these positive results, the WC/C(Pt)-battery must be
further improved. Particularly important is the transfer of the good half-cell
values that have been achieved with small electrodes to the large 260 cm?
electrodes. In addition, the difference in output between operating with
hydrogen/oxygen and with crude gas/air should be reduced. One possibility
is by decreasing the thickness of the electrodes—particularly the cathodes—
which at the moment are 0.8 mm, and thereby decreasing the diffusion limi-
tation.

4. Applications of fuel cell assemblies with acid electrolytes

The use of fuel cells is particularly interesting because of their mobility,
low maintenance, long life, low noise and very low emission of air pollutants.
However despite these positive characteristics, fuel cells will only stand a real
chance in technical applications when they can compete economically with
conventional systems.

Applications of agsemblies in the lower power ranges can be categorized
into three groups: the so-called ‘“‘island’ application, mobile uses, and emer-
gency plants. “Island’’-applications are those in which, due to lack of a mains
supply system, other sources of electrical energy must be found. These in-
clude signal facilities, warning systems, radio link systems, TV-transposers,



190

g

Fig. 11. WC/C(Pt)-battery of 40 cells; electrode area 260 cmz, weight 7.5 kg, volume
7.561

weekend cottages etc. Mobile uses refer only to special applications, such as
the slow heavy transport with electric utility trucks, or fork-lift trucks. The
idea of using fuel cells in private cars, often mentioned in the context of city
traffic, is at the moment, on the basis of the technical specifications of fuel
cells, particularly on account of the power to weight rate, a purely utopian
one. A comparison of costs for fuel cells with electric motors and the internal
combustion engine also clearly favours the conventional solution.

Emergency plants should, in the case of a breakdown in the mains sup-
ply, be able to supply electrical energy reliably to the consumers: this should
be realisable with a suitably designed fuel cell assembly.

In all three areas of application, the main competitors to fuel cells are
accumulators or the combination of combustion engine and generator [56]
reports on an assessment of the economics of fuel cells in comparison with
conventional systems in three particular types of application. As the examples
of the electric freight truck, fork-lift truck and radio link system show, based
on the realisation of the given assumptions, possibilities do indeed exist for
the economic application of a fuel cell operating on methanol, as the primary
fuel, and air.
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